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ABSTRACT 

 

The Late Cretaceous (89-82 Ma) Niobrara Formation is one of the primary targets for 

unconventional horizontal well activity in several Rocky Mountain basins. With such an abundance of 

horizontal activity, the question of lateral heterogeneity becomes paramount in evaluating individual 

wells’ performance by a purely geologic standpoint, in lieu of an engineering standpoint that considers 

drilling and completions. This study incorporates detailed core description, high resolution 

chemostratigraphy, and petrophysical analyses from four near-surface cores taken at the CEMEX Lyons 

Quarry in order to assess lateral heterogeneity. Cores were originally intended to determine the 

geochemistry and areal extent of the Fort Hays Limestone Member of the Niobrara Formation, the 

primary target for cement production. However, due to the cores’ proximity to one another (400-2000 ft) 

and the presence of not only the Fort Hays Limestone but also the petroliferous chalks and marls of the 

Lower Smoky Hill Member, the dataset can also be used as a proxy to model hypothetical changes along 

a pseudo-horizontal wellbore. Initial findings suggest lateral bentonite discontinuity, trace element 

variations, and distinct changes in sedimentary structures. These findings imply small-scale depositional 

heterogeneity. The root cause for these subtle changes was likely paleobathymetry with slopes as high as 

0.44º. Bathymetric fluctuations likely controlled bioturbation patterns, chemocline elevation, redox 

conditions, current pathways, and resulting sedimentation.  
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CHAPTER 1 

INTRODUCTION AND FIELD AREA 

 

The Niobrara Formation is a petroliferous marine succession that was deposited in the Western 

Interior Seaway (WIS) during the late Cretaceous. Its chalks, marlstones, and limestones currently serve 

several economic roles—as hydrocarbon source rocks, unconventional reservoirs, and aggregate for 

cement production (Sonnenberg, 2011). Oil and gas originally generated from the Niobrara Formation 

make up most of the production in the prolific Denver Basin located in northeastern Colorado, 

southeastern Wyoming and western Nebraska and Kansas (Fig. 1.1). With the recent advances in 

horizontal drilling and multi-stage hydraulic fracturing, the Niobrara Formation has received more 

attention as one of the United States’ premier unconventional plays.  

Figure 1.1: Map of the Denver Basin showing the major oil (green) and gas (red) producing fields. The 

Laramide Front Range uplift bounds the basin to the west, with the Hartville Arch and Chadron-

Cambridge Arch to the north and east, and the Apishapa Uplift and Las Animas Arch to the south and 

east. Structure contours in ft on top of the Niobrara Formation. Modified from Sonnenberg (2011).  
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1.1: Motivation and Importance 

 

Because of its recent attention as a prolific unconventional play, understanding the geology and 

depositional environment of the Niobrara Formation has become paramount for operators and investors. 

Operators commonly employ factory drilling efforts (multiple lateral wells per section) in order to access 

the most rock. This method of drilling requires an assumption of homogeneous reservoir properties and 

rock characteristics over a geographically large area—at least the distance of the horizontal well. This is a 

dangerous assumption. By drilling a well as if the rock were the same across the lateral, operators ignore 

potential depositional and diagenetic heterogeneities that could affect how the well is drilled, stimulated, 

and produced. While operators may not be able to avoid these heterogeneities while drilling, 

understanding how the rock changes across a horizontal well length may help operators recognize a cause 

for variable production rates.  

 

1.2: Purpose and Hypothesis 

 

 The purpose of this study is to understand the geochemical, textural, sedimentological, and 

biological variability of the Niobrara Formation along a pseudo-horizontal well length. By assessing these 

attributes, the study will address the hypothesis that the Niobrara Formation is far more heterogeneous 

than previously thought in terms of its sedimentology, ichnology, geochemistry, and therefore reservoir 

qualities. This heterogeneity may have implications for the depositional environment and also for the 

productivity of new horizontal wells.  

  

1.3: Field Area:  

 

To address the hypothesis, the author will utilize a unique dataset from the CEMEX Lyons 

Quarry in Lyons, CO (Fig. 1.2, pg. 3). The CEMEX Quarry is located approximately 2.5 mi northeast of 

the town of Lyons along the eastern side of the Front Range in north-central Colorado. The Quarry targets 

Fort Hays Limestone member of the Niobrara Formation for cement production. In 2011, operators drilled 

24 exploration cores to determine the lateral and volumetric extent of the Fort Hays Limestone. These 

exploration cores are oriented in a grid pattern approximately 300 ft from one another within a 60 acre 

grassy field (Fig. 1.3, pg. 4). ConocoPhillips acquired the rights to the cores in exchange for in-kind 

geochemical data of the Fort Hays Limestone, the quarry’s primary focus. The quarry maintains the rights 

and withholds the core boxes for most of the Fort Hays Limestone. However, the remaining boxes were 

transferred after 2011 to Triple O Slabbing in Denver, CO.  
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Four of the cores were slabbed and photographed by Triple O Slabbing. These include Layne #1, 

#3, #17, and #21. Layne #1 contains 10 ft of the Fort Hays Limestone. Layne #3 contains 2 ft of the 

Codell Sandstone and 154 ft of the Smoky Hill Member of the Niobrara Formation. Layne #17 contains 9 

ft of the Codell Sandstone and 57 ft of the Smoky Hill Member. Finally, Layne #21 contains 10 ft of the 

Codell Sandstone and 150 ft of the Smoky Hill Member. Photographs of each of the cores were taken and 

described when core was not available. Core analysis took place at Triple O Slabbing.  

 

 

 

 

A A’ 

1 mi 

Figure 1.2: Aerial photograph of the field area showing the town of Lyons, the CEMEX Quarry and the 

exploration cores drilled in 2011 (red circles with crosses). Note east-dipping strata and north-south 

geomorphologic trends from the Front Range uplift to the west. Please refer to Figure 2.4 for a cross-

sectional view from A to A’. 
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Figure 1.3: Higher resolution aerial photograph of the field area showing the CEMEX Quarry, 

quarry expansions from 2012-2015, numbered exploration cores, and the geographic distribution 

of the studied cores. Petrophysical logs were taken on Layne #17. White trace on west side of 

photograph represents the outcrop of the Fort Hays Limestone unit of the Niobrara Formation. 

500 yds 
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CHAPTER 2 

BACKGROUND GEOLOGY AND PREVIOUS WORK 

 

This chapter will introduce the regional structure and stratigraphy of the Western Interior Seaway 

and the Denver Basin. It will then discuss the sequence stratigraphy and sedimentology of the Niobrara 

Formation in particular, with special emphasis on previous stratigraphic and chemostratigraphic work. A 

discussion on the Niobrara Total Petroleum System will conclude the chapter.  

 

2.1: Structure  

 

 The Niobrara Formation was deposited in the Western Interior Seaway (WIS)—an asymmetric 

foreland basin forming as a response to Sevier orogenic activity during the Mid-Late Cretaceous (Dean & 

Arthur, 1998; Fig. 2.1). The WIS Basin spanned west to east from the flanks of the Sevier Orogeny to the 

stable cratonic interior of present day Kansas, Nebraska, and South Dakota. The Late Cretaceous to Early 

Eocene (65-40 Ma) Laramide Orogeny partitioned the large foreland basin into smaller basins that can be 

seen today, including the Denver, Piceance, and Powder River Basins among others (Fig. 2.2, pg. 6). This 

Figure 2.1: Paleogeographic reconstruction of the mid-late Cretaceous (80-90 Ma). Note the Sevier 

Orogenic belt to the west and the broad, the shallow epicontinental seaway stretching from the Boreal Sea 

in the north to the Tethyan Ocean in the south. Modified from Blakey (2010). 
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study will focus on the Niobrara Formation found along the northwestern flank of the Denver Basin.  

The Denver Basin, like the WIS, is an asymmetric foreland basin with a steeply-dipping western 

flank along the Front Range Uplift and a gradually shallowing eastern limb (Fig. 2.3, pg. 7). It is bound to 

the south by the Apishapa Uplift and the Las Animas Arch and to the north by the Hartville Uplift and the 

Chadron Arch (Sonnenberg, 2011). Present day basin depths exceed 10,000 ft along the basin axis near 

Denver and Greeley but thins to < 500 ft along the eastern border of Colorado (see Fig. 1.1, pg. 1).  

Figure 2.2: Map showing the fragmented Rocky Mountain Basins from the Western Interior Seaway basin 

(DB: Denver Basin; NPB: North Park Basin; SPB: South Park Basin; FCCB: Florence-Cañon City Basin; 

RB: Raton Basin; SJB: San Juan Basin; UB: Uinta Basin; PB: Piceance Basin; GGRB: Greater Green 

River Basin; WRB: Wind River Basin; BB: Bighorn Basin; PRB: Powder River Basin; WB: Williston 

Basin). Oil accumulations are highlighted in green and gas accumulations are highlighted in red, and the 

depositional limit of the Niobrara Formation is highlighted in brown. From Sonnenberg (2011). 
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The western margin of the Basin is defined by the Front Range Uplift, a series of thick-skinned 

thrusts that uplifted 1.7 Ga Precambrian metamorphic and igneous rocks against Paleozoic-Mesozoic 

sedimentary rocks (Tweto & Sims, 1963; Weimer, 1968). A series of north-south striking, southward 

plunging, shallow folds expose much of the sedimentary section near the field area in Lyons, CO (Collins, 

2012). One of these exposed folds near the town of Lyons is the Dowe Flats Syncline. This syncline 

preserves much of the lower to middle Cretaceous section along its axis including the Dakota Sandstone 

(Kd), the Benton Group (Kb) and the Niobrara Formation (Kn), with Jurassic (Jrm) and older strata 

outcropping along the flanks (Fig. 2.4; Fig. 1.2; Matthews et al., 1975). The CEMEX Lyons Quarry is 

also located along the syncline axis.  

Figure 2.4: Cross sectional view from west to east of the Dowe Flats Syncline, containing the 

CEMEX Lyons Quarry. Please refer to Figure 1.2 for the map. Note the preservation of the younger 

Niobrara Formation (Kn) along the syncline axis and erosion along the Rabbit Mountain Anticline 

to the east. Modified from Collins (2012), originally from Matthews and others (1975). 

Figure 2.3: Cross sectional view of the Denver Basin with the associated stratigraphy and basin geometry. 

Note the gas accumulation in the lower Cretaceous rocks (Kl) (including the Niobrara Formation) in the 

deepest portion of the Basin—approximately 10,000 ft Also note the asymmetric geometry with the 

steeply dipping western limb and the shallow-dipping eastern limb. From Nelson & Santus (2011). 
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2.2: Stratigraphy 

 

In addition to the foreland basin accommodation from the Sevier Orogeny, the Late Cretaceous 

was also a time of high eustatic sea level, resulting in a north-south oriented epicontinental seaway from 

the Boreal Sea to the nascent Gulf of Mexico or Tethyan Ocean (Fig 2.1; i.e. Weimer, 1984; Blakey 

2010). Despite the generally high eustatic sea level, several episodes of 3rd order transgression and 

regression resulted in the mixed lithologies of the WIS basin stratigraphy (Kauffman, 1977; Kauffman & 

Caldwell, 1993; Luneau et al., 2011; Fig. 2.5). Two pertinent transgressive-regressive cycles will be 

discussed herein: the Cenomanian-Turonian Greenhorn Cycle (depositing the Benton Group: Graneros, 

Greenhorn, and Carlile Shale), and the Turonian-Campanian Niobrara Cycle (Fig. 2.5).  

Figure 2.5: Generalized Cretaceous Stratigraphy of the Denver Basin (not to scale) including the Dakota 

Sandstone, the Benton Group (including the Graneros-Greenhorn successions), the Niobrara Formation, 

and the Pierre Shale. Modified from Sonnenberg (2011). 



9 

 

2.2.1: Dakota Sandstone 

 

The Dakota Sandstone (97.2 Ma, late Albian in age) contains various lithologies including 

conglomeratic sandstone, silty sandstone, and mudstone (Weimer, 1970; Obradovich, 1993). The overall 

thickness of the unit also varies throughout the Denver Basin from 140 ft along the western flank to more 

than 250 ft in the basin center (Weimer, 1970). The environments of deposition include fluvial channel, 

floodplain, deltaic, and marginal marine/beach deposits. Within the field area, the interpreted environment 

of deposition of the Dakota Sandstone is shoreface sands with frequent marine incursions resulting in 

interbedded shale and sandstone intervals. The upper Dakota Formation records the initial incursion of the 

Greenhorn transgressive cycle represented by the Graneros and Greenhorn formations (Kauffman, 1977).  

 

2.2.2: Benton Group: Graneros Shale 

 

Unconformably overlying the Dakota Formation is the Graneros Shale (97.2-94.9 Ma, early 

Cenomanian), which is comprised of three members: lower shale, middle Thatcher Limestone, and the 

upper shale (Obradovich, 1993; Kauffman, 1977). The lower and upper shales are generally fissile, dark 

grey, non-calcareous, laminated mudstones with limited bioturbation and limited macrofossil biodiversity 

(Kauffman, 1985). The “Thatcher Limestone” member is a thin (< 3 ft) peloidal and silty limestone with 

higher ichnologic and macrofossil biodiversity (Anderson & Lewis, 2014). The interpreted environment 

of deposition for the Graneros Shale is a shallow, low-energy, oxygen depleted seaway as the Greenhorn 

transgression progressed southward from the Boreal Sea throughout the lower Cenomanian stage (Blakey, 

2010). An expansively correlative ash bed dated at 94.9 Ma called the X-Bentonite separates the 

underlying Graneros Shale from the overlying Greenhorn Formation (Obradovich, 1993).  

 

2.2.3: Benton Group: Greenhorn Formation 

 

 The Greenhorn Formation (94.9-92.1 Ma, late Cenomanian to early Turonian) includes three 

members, the Lincoln Limestone, the Hartland Shale, and the Bridge Creek Limestone (Obradovich, 

1993; Kauffman, 1977). The main distinguishing feature of the overall Greenhorn Formation is the 

increased abundance of calcareous material including planktonic foraminifera, Inoceramid shell 

fragments, and coccoliths (Sageman, 1996). The Lincoln Limestone includes cross-stratified calcarenites, 

shell lags, and interbedded mudstone units. The overlying Hartland Shale is composed of dark grey to 

black, organic-rich (3-4% total organic carbon (TOC)) calcareous shale (Sageman, 1985). The Bridge 



10 

 

Creek Limestone also contains varied lithologies including micritic limestone, fossiliferous limestone, 

bioturbated marlstones, rippled calcarenites, and laminated mudstones (Elder & Kirkland, 1985).  

The Lincoln Limestone represents a mixed-energy depositional system characterized by storm 

events and periods of quiescence. Organic-rich mudstones of the Hartland Shale correspond to a lower 

energy environment during an ocean-wide anoxic event dubbed OAE-II by Sageman and others (2006). 

Finally, the various lithologies of the Bridge Creek Limestone are the result of maximum transgression 

during the Greenhorn transgressive cycle (Kauffman, 1977). High eustatic sea level during this time 

resulted in deposition of calcareous mudstones and fine-grained limestones characteristic of open marine 

settings.  

 

2.2.4: Benton Group: Carlile Shale and Codell Sandstone 

 

 The Carlile Shale (92.1-90.5 Ma, mid-late Turonian) contains three members: Fairport Shale, 

Blue Hill Shale, and the Codell Sandstone (Obradovich, 1993; Hattin, 1962). The Fairport Shale (or 

chalk) includes chalky limestone, marly chalk and shell lag beds (Hattin, 1962). By comparison, the Blue 

Hill Shale is much less calcareous, containing mudstones and fine-grained siltstones (Hattin, 1962). The 

Codell Sandstone unconformably overlies the Blue Hill Shale and contains two main facies: a strongly 

bioturbated silty to muddy sandstone and a laminated muddy sandstone (Lewis, 2013). Bioturbated 

sections contain a variety of trace fossils including Thalassinoides, Teichichnus, Planolites, Paleophycus, 

Helminithoida and Zoophycus.  

The Fairport Shale/Chalk continues the transgressive highstand that peaked during the Bridge 

Creek Limestone member of the Greenhorn Formation (Kauffman, 1977). Thereafter, the terrigenous 

Blue Hill Shale shows the gradual shallowing of the seaway during the latest Turonian (Fig. 2.6, pg. 11). 

As the sedimentologically coarsest member of the Carlile Shale, the Codell Sandstone member represents 

the maximum regression during the interlude between the two transgressive cycles. It was likely 

deposited as tidal sand belts throughout the Denver Basin, but was never subaerially exposed despite the 

bounding unconformities (Weimer, 1960, Hattin, 1962; Weimer, 1984; Meissner et al., 1984; Lewis, 

2013). Instead, unconformities can be attributed to subaqueous erosional events likely caused by storm-

generated waves that coincided with the initial transgression of the Niobrara cyclothem (Lewis, 2013). 

The waves likely scoured away sand randomly throughout the basin leaving topographically higher and 

lower areas that were subsequently infilled by the overlying Fort Hays Limestone and the Smoky Hill 

Member of the Niobrara Formation.  
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2.2.5: Niobrara Formation 

 

 The Niobrara Formation (89.5- 83 Ma, late Turonian – early Campanian) unconformably overlies 

the Codell Sandstone and contains two members: the Fort Hays Limestone and the Smoky Hill Member 

(Obradovich, 1993; Sonnenberg, 2011). The Fort Hays Limestone is approximately 15-20 ft thick (rarely 

up to 30 ft) and contains bioturbated micritic limestone-mudstone couplets, abundant Inoceramid shell 

fragments, and some bentonites (Kauffman et al., 1985). The Smoky Hill Member conformably overlies 

the Fort Hays Limestone, is approximately 250-300 ft thick, and includes seven different lithologic 

members in ascending order: D Chalk and Marl, C Marl, C Chalk, B Marl, B Chalk, A Marl and A Chalk 

(Fig. 2.7, pg. 12; Sonnenberg, 2011). The chalks are characterized by high levels of bioturbation, low 

TOC, calcite-rich peloids, pelagic foraminifera, Inoceramid shell fragments, and abundant coccoliths 

(Hattin, 1981). The marls are generally laminated, darker in color, have lower degrees of bioturbation, 

higher TOC, and fewer shell fragments, foraminifera, and coccoliths (Longman et al., 1998). Only the 

Fort Hays Limestone, D Chalk and Marl, the C Marl and a small portion of the C Chalk are represented in 

the cores from the field area in Lyons.   

Figure 2.6: Interpreted sea-level curve for the Cretaceous including the second-order Graneros-Greenhorn 

transgressive/regressive cycle and the Niobrara cycle. The entire Cretaceous period from 142 Ma to 65.4 

Ma represents one first-order sequence with the maximum transgression during Niobrara time. Note 

smaller third-order sequences. Modified from Kauffman & Caldwell (1993). 
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The Fort Hays Limestone represents a rapid transgression and highstand period after the 

regressive sands of the Codell Sandstone (Kauffman et al., 1985). The fossiliferous micritic limestone 

was likely deposited in a relatively shallow open marine setting with frequent incursions of terrigenous 

sediment and volcanic ash (Locklair & Sageman, 2007). The limestone-mudstone couplets are thought to 

represent Milankovitch climatic cycles, with the limestones deposited during higher sea levels and the 

mudstones deposited in relative lowstands (Kauffman et al., 1985).  

Alternating chalk and marl sequences of the Smoky Hill Member suggest shorter 4th order 

transgression-regression cycles (Kauffman et al., 1985). The chalky intervals were likely deposited during 

transgression and relative highstand when coccoliths and foraminifera could proliferate without 

siliciclastic dilution (Longman et al., 1998). Abundant bioturbation and limited TOC suggests a well-

oxygenated water column during chalk deposition. In contrast, the marly intervals were likely deposited 

during regression or relative lowstand with increased terrigenous input (Longman et al., 1998). The dearth 

of bioturbation and high TOC within the marls suggests that suboxic to dysoxic and even euxinic water 

conditions prevailed (Kauffman et al., 1985). Some authors (e.g. Zelt, 1985) have attributed these 

organic-rich marls to be another oceanic anoxic event or OAE III.  

Figure 2.7: Stratigraphy and interpreted sea level curve for the Niobrara Formation (not to scale). The 

maximum regression (R5) took place during Codell Sandstone deposition, and the maximum 

transgression took place during B Chalk deposition. Nomenclature for the subunits of the Smoky Hill 

Member varies throughout the basin; however, listed names above will be used for the purposes of this 

thesis. Modified from Sonnenberg (2011), originally from Kauffman & Caldwell (1993). 
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Figure 2.8: Paleoenvironmental trends of the WIS during Niobrara deposition. Terrigenous inputs from 

the Sevier Orogeny drives the clay and sand and %TOC trends, with maximum dilution to the west. 

Temperatures and CaCO3 increase with decreasing latitudes due to the warmer Tethyan waters to the 

south that foster enhanced carbonate productivity. From Longman and others (1998).  
 

  In addition to the vertical stratigraphic variability within the Niobrara Formation, there is 

extensive lateral variability both on the regional and local scale. Terrigenous siliciclastic sediments 

dominated in the western part of the WIS and distal clay and pelagic carbonate-rich facies dominated in 

the future Denver Basin to the east (Fig. 2.8). Lateral heterogeneities are likely a result of the following: 

proximity to siliciclastic sources, alternating currents from both the cold Boreal Sea and the warm Tethys 

Ocean, and paleobathymetric highs and lows (Longman et al., 1998). Furthermore, these depositional 

trends result in highly variable thickness of the Niobrara Formation throughout the Rocky Mountain 

basins—from 1,800 ft in the proximal Piceance Basin to the west and only ~300 ft in the distal Denver 

Basin to the east (Krueger, 2013; Sonnenberg, 2011).  
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Figure 2.9: Chalk and marl classification system as defined by the Colorado School of Mines Niobrara 

Consortium. From Stout (2012). 

2.3: Niobrara Sedimentology 

 

The sedimentology of the Niobrara Formation is equally as varied as its stratigraphy. For the 

purposes of this thesis, the chalks and marls will be defined based on the classification scheme devised by 

the Niobrara Research Consortium at the Colorado School of Mines (Fig. 2.9). In this scheme, the 

carbonate content defines the lithology: <10% CaCO3 is a mudstone, 10-30% CaCO3 is a calcareous 

mudstone, 30-70% CaCO3 is a marl, 70-90% CaCO3 is an chalky marl, and >90% CaCO3 is a 

chalk/limestone. The carbonate fraction in all lithologies is in the form of micritic lime mud, 

coccolithosphere platelets, pelagic and benthic foraminifera, Inoceramid shell fragments, and other 

macroinvertebrate shell fragments including oysters and pelecypods (Hattin, 1981). The non-carbonate 

fraction includes clays of various mineralogies (illite, smectite, and mixed-layer), quartz silt, and 

authigenic pyrite. Bentonites (diagenetically altered volcanic ash beds) can also be found within both 

members of the Niobrara Formation (Obradovich, 1993; Kauffman et al., 1985).  
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2.4: Previous Stratigraphic and Chemostratigraphic Work 

 

 Meek and Hayden (1861) first described the Niobrara Formation at an outcrop along the Niobrara 

River in northern Nebraska, hence its name. Thereafter, Williston (1892) and Cragin (1896) defined the 

two members of the formation: the Fort Hays Limestone for an outcrop near Ft Hays, Kansas, and the 

Smoky Hill Member for an outcrop along the Smoky Hill River in Kansas. These early geologists 

observed the key lithologic difference between the relatively pure limestones of the Fort Hays Limestone 

and the marly successions of the Smoky Hill Member.  

 Gilbert (1895) sought to explain the cyclicity in the chalk and marl sections of the Smoky Hill 

Member of the Niobrara Formation through detailed outcrop observations. Further research attributed the 

marl-chalk alternations to climatic changes (Arthur & Dean, 1991), Milankovitch cycles (Kauffman, 

1977; Kauffman et al., 1985; Kauffman & Caldwell, 1993), and other eustasy-explained phenomena 

(LaFerriere, 1987). These explanations relied heavily on lithology, mineralogy and ichnology. Later 

studies (e.g. Longman et al., 1998; Locklair & Sageman, 2007) used wireline petrophysical data in 

conjunction with core descriptions to better correlate the cyclicity of the Niobrara Formation across the 

fragmented Rocky Mountain basins.  

 Longman and others (1998) assigned intervals to widely available petrophysical data to 

understand several trends of the Smoky Hill Member. They found that 1) siliciclastic sediments are more 

abundant to the west, 2) CaCO3 fraction increases to the south and 3) TOC abundance increases to the 

east where it is less diluted by terrigenous sediments (Fig. 2.8). This study in particular provides a well-

developed regional stratigraphic framework for the laterally heterogeneous Smoky Hill Member.  

 Dean and Arthur (1998) posited the first chemostratigraphic analysis of the Niobrara Formation 

in the Denver Basin using laboratory XRF and XRD devices. This study made important links between 

elemental fractions and provided more information on the geochemical environment of deposition. Dean 

and Arthur (1998) found that the Ca content varied inversely with Al and Si, which corresponded to 

decreases in carbonate deposition during times of terrigenous influx. Similarly, trace elemental data 

corresponded with major elemental and TOC data—Sr spiked with higher Ca levels; and Mo, U and V 

were higher in organic-rich layers. Building on inorganic elemental analyses, Stout (2012) sought to 

provide a chemostratigraphic framework for the Niobrara Formation in the Denver Basin by using carbon 

and oxygen stable isotope deviations. With the advent of the portable XRF device, Nakamura (in press, 

2015) is using inorganic and stable isotope chemostratigraphy to correlate the Niobrara Formation 

throughout the entire Denver Basin.  
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Figure 2.10: Vitrinite reflectance isocontours of the Denver Basin showing highest heat flow in the 

Wattenberg Core area along the Colorado Mineral Belt (COMB). Note strong SW-NE trending 

lineaments inferred to be related to Precambrian shear zones. Vitrinite reflectance data from near the 

quarry indicates values from 0.7-0.9% R0. From Thul (2012), originally from Higley (1988). 

2.5: Niobrara Total Petroleum System 

 

 Petroleum exploration for the upper Cretaceous section has been active since 1881 when 

wildcatters drilled the first oil well in Colorado targeting the Pierre Shale in the Florence-Canon City 

embayment (Sonnenberg, 2011). Subsequent exploration throughout the 20th Century focused on more 

conventional plays like sandstone facies in the Pierre Shale (known as the Sussex and Shannon Members) 

and the D and J Sandstones of the Graneros-Greenhorn succession. With the recent advancements in 

horizontal drilling and hydraulic fracturing, the Niobrara Formation—long known to be the primary 

source rock for most of the conventional wells—has garnered much interest as an unconventional target.   

 As mentioned earlier, the marls of the Niobrara Formation contain high TOC—usually ranging 

from 2.0-8.0 % by weight, and therefore can be classified as a good to excellent source rock (Landon et 



17 

 

al., 2001). Organic material found in the Niobrara Formation is predominately Type II amorphous 

marine/algal kerogen with a much smaller amount of Type III land-derived vitrinite (Sonnenberg, 2011). 

The preponderance of Type II kerogen makes the organic content in the Niobrara Formation oil-prone 

during subsequent burial and catagenesis. Besides oil, biogenic gas can be found along the shallow 

eastern margin of the Denver Basin; and thermogenic gas can be found in areas with high heat flow 

including the Wattenberg Core area, where anomalously high heat flow is likely caused by the 

intersection with the Colorado Mineral Belt (Fig. 2.10; Lockridge & Scholle, 1978; Sonnenberg, 2011). 

Thermal maturity in the basin varies from 0.6% Ro in eastern Colorado to 1.4% Ro in the Wattenberg 

Field (Fig. 2.10; Smagala et al., 1984; Higley, 1988). Thermal maturity near the field area in Lyons 

ranges from 0.7-0.9% Ro. 

 For unconventional oil production, the chalks within the Niobrara Formation act as the reservoir, 

as they commonly have enhanced porosity compared to the tighter, more clay-rich marls (Longman et al., 

1998). With the increased clay content, the marls also act as the seal to the system. Therefore, the 

Niobrara Formation contains all aspects of a total petroleum system: a source, reservoir, and seal, making 

it a classic unconventional target (Sonnenberg, 2011). As an unconventional target, though, the Niobrara 

Formation requires horizontal drilling and hydraulic fracturing (the process of injecting high-pressure 

fluids into the rock to propagate fractures) to be economically viable. Horizontal drilling and hydraulic 

fracturing both accomplish one primary goal: increase the surface area accessed by the wellbore. This 

type of drilling is much more expensive, averaging around $4.0 Million for a well in the Wattenberg Core 

area compared to a vertical well that is generally less than $500,000, but can almost guarantee at least 

some production with proper source rock characteristics (TOC content, maturity, natural fractures, 

porosity, etc.) (Jaffe, 2013).  

With the recent advancements in directional and horizontal drilling and the application of 

hydraulic fracturing, Colorado crude oil production has surged from 17 MMbbl in 2001 to over 64 

MMbbl in 2013 with the majority coming from the Niobrara Formation in the Denver Basin (EIA, 2014). 

Most of this production has emerged from factory drilling efforts in the Wattenberg Field where 

companies may drill several lateral wells on each section assuming that reservoir characteristics are the 

same.  
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Figure 3.1: Schematic diagram of the ThermoScientific Niton XL3t energy-dispersive handheld XRF 

analyzer. First, an x-ray is generated from bombarding a silver filament with electric pulses. This x-ray 

then excites an inner-orbital electron which is ejected from the atom. An outer-shell electron then fills the 

vacancy and in doing so releases a photon with a unique energy spectrum. The device then records the 

amplitude and spectrum of this resultant energy and determines the bulk elemental concentration. From 

http://www.niton.com/en/portable-xrf-technology/literature.  
 

CHAPTER 3 

METHODS 

 A variety of field and laboratory methods were used to understand the characteristics of the 

Niobrara Formation. These methods include: detailed core descriptions, x-ray fluorescence (XRF) 

analyses, thin section petrography, and petrophysical logging.  

 

3.1: Core Descriptions 

 

 Four cores (#1, #3, #17 and #21) from the field area were described in detail documenting 

lithology, ichnology, texture, primary and secondary sedimentary structures, fossil assemblages, fractures, 

and color (Fig. 1.3). Cores were described using methods and techniques from Dr. Bill Morris from 

ConocoPhillips. Bioturbation indices or ichnofacies were determined during routine core description 

using the ConocoPhillips bioturbation index chart. These classifications were later confirmed by Barlow 

& Kauffman (1985). Quarry managers removed boxes containing the Ft Hays Limestone from all four 

cores. For these sections of core, photographs were described instead of the physical core. Core 

descriptions are plotted using Golden Software Strater software. X-ray fluorescence analyses were taken 
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during the process of core description.  

 

3.2: XRF Analyses 

 

 X-ray fluorescence measures the bulk elemental concentration of a sample by reading unique 

energy spectra of elements in a non-destructive manner. For this research, a handheld energy-dispersive 

XRF analyzer was employed for its ease of use, consistency, and reliability. Specifically, the Niton 

ThermoScientific XL3t XRF analyzer was used for this project (Fig. 3.1).  

The process of x-ray fluorescence begins by bombarding a sample with x-ray photons. A silver 

filament is first targeted with electric pulses to generate x-ray photons that travel through a beryllium 

glass viewing window and a thin plastic port to the sample (Somarin, pers. comm. 2013). As the photons 

hit the sample, electrons housed within inner orbitals of atoms are ejected from the atom. Once the 

bombarding stops, outer-shell electrons then fall into the inner orbitals and release a photon with an 

energy spectrum unique to each element. The Niton XRF analyzer then records the energy of the released 

photons from the different elements and determines relative abundances of each element by determining 

the strength of the response. In order to analyze a broader spectrum of elements, the Niton XRF analyzer 

uses energy-dispersive analysis—using a varied range in original photon voltages that are proportional to 

the fluorescing photon energies. 

In order to detect different elements by energy-dispersive analysis, the Niton XRF analyzer has 

three different modes: soil, mining, and TestAllGeo. For this study, the TestAllGeo mode was employed, 

which uses different initial voltages to detect the following elements: Mo, Zr, Sr, U, Rb, Th, Pb, Au, Se, 

As, Hg, Zn, W, Cu, Ni, Co, Fe, Mn, Cr, V, Ti, Sc, Ca, K, S, Ba, Cs, Te, Sb, Sn, Cd, Ag, Pd, Nb, Bi, Re, 

Ta, Hf, Al, P, Si, Cl, and Mg. The analyzer reports readings in parts per million (ppm) or in weight 

percent depending on the abundance of the element in question. When the level of detection was not met 

for a given element (seen as < LOD on the data output), the value was considered to be 0 for calculation 

and plotting simplicity. 

Dr. John Humphrey and Kazumi Nakamura (see Nakamura, in press, 2015) developed the 

methodology for the Niton XRF when the device was purchased by the Colorado School of Mines. They 

found that 180 seconds of testing in the TestAllGeo mode was the best timeframe to acquire reliable 

results. Within this 180 second testing interval, 60 seconds are devoted to the major elements in the soil 

mode (e.g. Si, Al, Ca, K, etc.) and 120 seconds are devoted to minor- and trace elements in the mining 

mode (e.g. Mo, U, Zn, Zr).  

XRF testing was completed in six inch intervals in order to provide high-resolution 

chemostratigraphy. Noteworthy features including fracture fill, bentonites, slickensides, and bituminous 
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Figure 3.2: Photograph of the Niton XL3t XRF analyzer and accompanying stand used to measure the 

elemental abundances for Niobrara core.  

 

 
 

zones were also tested. Before analysis, each piece of core was cleaned with water and paper towels to 

reduce the possibility of contamination from drilling and slabbing fluids. Sample testing was completed 

directly on the flat slab core, making sure to maintain a flush contact between the analyzer and the core, 

or was performed using the accompanying stand (Fig. 3.2).  

 

3.3: Thin Section Petrography 

 

 Thin sections were taken to better understand the constituent mineralogy, micro-textures, micro-

sedimentary structures, and other key details of the Niobrara Formation. Specific locations for each thin 

section were chosen to acquire representative samples of different facies and to observe interesting or 

unique qualities. Triple O Slabbing in Denver, CO prepared the 1.0” x 2.0” thin section slabs which were 

then sent to Petrographic Services in Montrose, CO for thin section preparation. Thin sections were 

impregnated with blue epoxy and were half-stained with alizarin red and potassium ferricyanide dye for 

carbonate analysis. Petrographic analyses were completed on a polarizing optical epifluorescent Leica 

microscope outfitted with a Zeiss camera system.  
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Figure 3.3: Borehole conditions before clean-out procedures. Note the lack of casing material, which 

allowed for extensive bridging and borehole collapse. 

Figure 3.4: Photograph of the wet cleanout system utilizing a water truck, two 100-ft hoses, and a power 

sprayer that attempted to remove the bridging and borehole collapse and prepare the well for 

petrophysical logging. 

3.4: Petrophysical Logging 

 Quarry operators did not log the wells during the coring process in 2011 as it was not necessary 

for their operations. However, for the scope of this project, the relationship between what can be observed 

in the cores and their associated petrophysical logs is crucial to understand. Therefore, the last part of this 

project was to acquire petrophysical logs from the core holes.  

 Since 2011, the holes were exposed to wind, rain, and snow resulting in cave-ins and bridging 

(Fig. 3.3). In order to acquire useful data, the holes needed to be cleaned out before logging. With help 
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Figure 3.5: Photograph of the COLog logging truck during petrophysical data acquisition.  
 

from Dr. Mike Batzle, Austin Bistline, and Mason Bridges in the Mines Geophysics Department, a 

makeshift wet cleanout system was devised. This system utilized a power sprayer to remove any bridging 

material and a supplementary hose to force sediment out of the hole (Fig. 3.4, pg. 21). This method 

seemed to work while operating, but the system decidedly did not work after testing the borehole 

conditions at a later date. Instead, quarry operators agreed to use their own dynamite drilling rig to clean 

out the wells. This process worked for one of the two wells chosen for logging—the Layne #17 well.  

 After the cleanout process, COLog was hired to acquire the petrophysical logs (Fig. 3.5). Spectral 

gamma, neutron, density, resistivity, and sonic logs were acquired on the Layne #17 well and were 

processed by COLog and the Mines Geophysics Department. The logs were then analyzed and interpreted 

using IHS Petra Software.  
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CHAPTER 4 

SEDIMENTOLOGY AND PETROLOGY 

 

 This chapter will discuss the sedimentology and petrology of the lower Niobrara Formation of the 

four cores from the quarry in Lyons, CO. General facies classification, common sedimentary structures, 

and bioturbation facies will be examined in the context of their stratigraphic position within the Niobrara 

section.  

 

4.1: Lithologic Facies Nomenclature 

 

 The heterogeneity of the Niobrara Formation requires special nomenclature to designate different 

lithologic facies. The formation contains a wide spectrum of lithologies based on color, appearance, and 

CaCO3 content—including mudstones, calcareous mudstones, marlstones, chalky marlstones and chalks 

(Fig. 2.9). Lithology often exerts control on the types of sedimentary structures and bioturbation that can 

be seen within the core. For example, chalks generally have more bioturbation than the less calcareous 

lithofacies, and marlstones are generally darker in color. However, this is not always the case—

sometimes chalky lithologies can be dark because of the presence of organic material. Because of these 

discrepancies inherent to the formation, a composite of lithologic, depositional, bioturbation, and 

chemostratigraphic facies will be used to characterize the sedimentology and stratigraphy. For 

classification purposes, though, lithologies are determined by their overall appearance and verified by the 

Ca concentration based on the Niobrara Consortium’s chalk and marl classification chart (Fig. 2.9). 

 

4.2: Depositional Facies Nomenclature 

 

 Four general depositional facies were identified during core observation: traction-dominated, 

bioturbation-dominated, suspension-dominated and massive bedding. The diagnostic appearance of 

traction-dominated includes laminations and ripples. Bioturbated facies are dominated by the presence of 

burrows or trace fossils that obfuscate any original depositional fabric. Suspension-dominated facies are 

generally limited to bentonites with gravity-suspension deposition as the primary depositional 

mechanism. Finally, massive bedding includes featureless mudstones lacking sedimentary structures or 

recognizable burrows.  
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Figure 4.1: (a) Foraminifera-accentuated planar laminations found in Layne #3 at 117 ft. Note 

anastomosing calcite-filled fracture swarm obliquely cutting through original planar laminations;  (b)  

Planar laminations, micro-ripples, and starved ripples less than 0.5 cm in height found in the Layne #3 

core at 121 ft; (c) wavy laminations, Inoceramid shell fragments, and foraminifera found in Layne #3 at 

135 ft. Note the strong color difference between the wavy laminations and the surrounding 

 

4.3: Sedimentary Structures 

 

 A wide variety of primary sedimentary structures can be seen through normal core observation. 

These structures include planar laminations, micro-ripples, starved ripples, wavy laminations, shell lag 

deposits, and a wide variety of burrowing or bioturbation. 

Planar laminations, micro-ripples and starved ripples are present in the traction dominated 

sections of the Niobrara Formation. Planar laminations are generally thin, ranging from 0.2 to 0.4 inches 

thick, and are often accentuated by foraminifera or fecal pellets along the top bedding surface (Fig. 4.1a). 

Laminations often exhibit graded textures, with larger foraminifera or fecal-pellets grading into finer 

sediment. Micro-ripples range in size from 0.2 to 0.5 inches long and no more than 0.2 inches tall (Fig. 

4.2). Similarly, starved ripples are only seen in the laminated zones and are defined by isolated ripples 

less than 0.2 inches high with a definitive ripple tail behind (Fig. 4.1b).Wavy laminations appear as 

stacked ripples < 0.4 inches thick with the wavy forms no more than 0.5 inches long (Fig. 4.1c). Soft 

sediment deformation can also be observed in thin section with large foraminifera or Inoceramid shell 

fragments deforming the underlying laminated sediment (Fig. 4.4).  

A 

 

B C 
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Figure 4.2: Soft-sediment deformation of laminations by an Inoceramid shell fragment and preferred 

pyritization of shell (20x magnification). 

Figure 4.3: Shell lag zone with large (up to 4 inches thick) Inoceramid shell fragments and smaller oyster 

shell fragments. Found in Layne #3 at 35.5 ft. 

Shell lag deposits are also characteristic of traction-dominated facies. They contain predominately 

Inoceramus shell fragments of varying degrees of preservation ranging in size from < 0.4 inch to over 4 

inches (Fig. 4.3). The shell lags themselves are between 0.4 and 3 inches thick and do not appear to have 
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Figure 4.4: Laminations and ripples onlapping onto large Inoceramid shell fragments. Also note en 

echelon calcite-filled fractures. From Layne #3 at 46 ft. 

 

any internal structure like imbrication or sorting. Some shell lags contain oyster and pelecypod shell 

fragments in addition to the Inoceramus shell fragments. These are generally much smaller than the 

Inoceramus fragments. Isolated shell fragments as opposed to shell lag zones can be found in all 

lithologies and depositional facies. Sediment commonly drapes over and onlaps onto large shell fragments 

(Fig. 4.4). Pyritization commonly occurs on the underside of isolated Inoceramid shell fragments (see 

Fig. 4.2) 

 

4.4: Bioturbation Facies 

 

Preserved burrows and other trace fossils are one of the most salient aspects of Niobrara cores. 

Because of this, ichnology (i.e. the study of trace fossils and associated stratigraphic stacking patterns) 

has been thoroughly studied in the Niobrara Formation, indeed most of the entire WIS sedimentary 

section (e.g. Barlow & Kauffman, 1985; Savdra and Bottjer, 1993; Mieras et al., 1993; Savdra & Bottjer, 

1989). Bioturbation is the presence of traces of formerly living organisms within sedimentary rocks 

(Seilacher, 1967). When considering the Niobrara Formation, the trace fossils represent the biological 

habits of organisms living on and within the substrate. 
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Table 4.1: Ichnofacies chart developed by Morris (2013) and confirmed by Barlow & Kauffman (1985). 

Bioturbation index (i.e. ichnofacies) ranges from 0 (without any burrows) to 4 (the most diverse and 

larges burrows). Associated depositional styles and sedimentary structures are also noted. The interpreted 

oxygen content and organic material (OM) preservation potential are based off observations by Savdra 

and Bottjer (1993). 

 In general, the biodiversity of trace fossils can be used as a proxy to dissolved oxygen content at 

the sea floor during the time of deposition (Savdra & Bottjer, 1989). Certain ichnogenera (individual trace 

fossil types) can represent specific paleoenvironments based on their morphology, size, and distribution 

(Savdra & Bottjer, 1993). However, ichnology is notoriously ambiguous in terms of relating the trace 

fossil to a specific burrowing organism; inferences can be made, but no definitive conclusions can be 

drawn. In order to simplify the wide biodiversity, trace fossils with similar behavior and appearance are 

commonly grouped into different categories called ichnofacies or bioturbation indices (Barlow & 

Kauffman, 1985; Morris, 2013).  

Morris (2013) and Barlow and Kauffman (1985) developed methodologies to group trace fossils 

into five ichnofacies (Table 4.1). The number associated with the ichnofacies/bioturbation index 

corresponds with the types of trace fossils observed, the depositional style, and the inferred oxygen 

content at time of deposition (Savdra and Bottjer, 1993). Increasing numbers correspond to increasing 

oxygen within the system. Bioturbation index 0 contains no visible trace fossils and a preponderance of 

preserved primary sedimentary structures including laminations and ripples. Bioturbation index 1 contains 
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Figure 4.5: (a) Chondrites burrows as observed in core below 142 ft in Layne #3. Chondrites burrows 

appear as ovate, rarely branching, 0.4 to 2.0 mm blebs with contrasting color fill than the surrounding 

sediment. (b) Photomicrograph of the end of a Chondrites burrow. Note the lighter-colored infill of the 

burrow, and the abundant brown organic material (OM) in the surrounding sediment. The presence of 

fragmented foraminifer tests within the burrow with mainly complete tests outside of the burrow suggests 

that the responsible burrowing organism broke down tests through digestion 

 

only Chondrites and to a lesser degree Helminithoida. Bioturbation index 2 adds small Planolites to the 

assemblage of bioturbation index 1. Bioturbation index 3 displays increasing biodiversity including the 

previous trace fossils and Zoophycus, Teichichnus, and Paleophycus. Finally, bioturbation index 4 

contains the greatest biodiversity including Thalassinoides and all other trace fossils.  

 

4.4.1: Chondrites 

 

 Chondrites are the smallest trace fossil seen during core observation. They are composed of small 

0.4 mm to 2.0 mm oval-shaped burrows that contrast in color with surrounding sediment (Fig. 4.5a). 

Some branching is observed in a few slabbed sections, but is not common throughout. They typically 

form in clusters that span the width of the core (20 cm). In thin section, Chondrites burrows also display a 

much lighter color than the surrounding sediment and frequently contain broken foraminifera shell 

fragments (Fig 4.5b). Chondrites are commonly the only trace fossil present sometimes with 

Helminithoida in bioturbation index 1, and are present in more diverse ichnofacies. The Chondrites trace 

A 

B 
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Figure 4.6: Helminithoida burrows as seen during core description. Found in Layne #3 at 150 ft. 

 

fossil represents a deep feeding or mining burrow, and is therefore diagnostic of low-oxygen contents 

(Pemberton, 1992). Lithologically, Chondrites traces typically are found in marlstones or calcareous 

mudstones.  

 

4.4.2: Helminithoida 

 

 The burrows of the Helminithoida trace fossil are 1.0-3.0 mm in length and less than 0.5 mm in 

height and appear as horizontal to sub-horizontal, shallow, u-shaped or ovate blebs with a contrasting 

color than the surrounding sediment (Fig. 4.6). On a horizontal bedding surface they appear as concentric 

rings, yet this perspective was never seen during core observation (Pemberton, 1992). Helminithoida 

traces can be found with Chondrites in bioturbation index 1 and also with Planolites and Paleophycus in 

bioturbation index 2. The Helminithoida trace fossil represents a grazing trace fossil, where the burrowing 

organism extracting organic material from the sediment surface. Helminithoida are found primarily in 

marlstones.  
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Figure 4.7: Planolites burrows as seen during core description. Note darker-colored infill of the burrow 

and general large oval shape. Found in Layne #3 at 160 ft. 

 

4.4.3. Planolites 

 

 Planolites trace fossils range in size from 4.0 to 20.0 mm and exhibit a simple unlined oval 

morphology in cross section and elongated lath shape when slabbed parallel to the principal direction 

(Fig. 4.7). They typically are horizontal to subhorizontal when seen in slabbed core. Planolites occurs in 

some abundance with every other trace fossil. The size of the Planolites burrow distinguishes the different 

ichnofacies from one another; with the smallest size (4.0-10.0 mm) most commonly associated with 

Chondrites and Helminithoida (bioturbation index 1 and 2), and the larger (10.0-20.0 mm) associated 

with Zoophycus and Thalassinoides (bioturbation index 3 and 4). Planolites represents a feeding/mining 

burrow at intermediate depth compared to the deep feeding of Chondrites (Savdra & Bottjer, 1993). 

Planolites are found in all of the lithologic facies: chalks, marly chalks, marlstones, and calcareous 

mudstones. 
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Figure 4.8: Teichichnus trace fossils in the Codell Sandstone in Layne #21 at 217 ft. Notice diagnostic 

spreiten backfill structures perpendicular to burrow primary direction. In terms of the sedimentology, note 

the dark grey to black clay drapes and extensive bioturbation. 

4.4.4: Teichichnus 

 

 Teichichnus trace fossils are vertical 3.0 to 7.0 mm wide and 4.0 to 7.0 mm tall and contain a 

diagnostic v-shaped backfill called spreiten that formed as the burrowing organism moved through the 

sediment and backfilled its burrow (Fig. 4.8). They often cross-cut other trace fossils to create a complex 

burrowing pattern. Teichichnus is commonly found with Zoophycus and Paleophycus in marly chalks and 

chalks and is the diagnostic trace fossil in bioturbation index 3. Its ichnofacies association with 

Zoophycus and similar morphology led Savdra and Bottjer (1993) to believe that the same worm-like 

burrowing organism was responsible for both trace fossils.  

 

4.4.5: Zoophycus 

 

 Like Teichichnus, the Zoophycus trace fossil also exhibits spreiten backfill structures (Fig. 4.9). 

However, the burrow is horizontal to sub-horizontal instead of vertical and measures from 4.0 to 6.0 mm 

wide and up to 80 mm long. The spreiten structures are not always visible depending on the orientation of 

the slab. It can be found alongside Teichichnus and Paleophycus in bioturbation index 3, and is nearly 

always found in chalks and marly chalks. The Zoophycus trace fossil also represents a feeding or mining 

structure (Savdra & Bottjer, 1993).  
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Figure 4.9: Photograph displaying the similar morphology of spreiten backfill from Teichichnus (vertical) 

and Zoophycus (sub-horizontal) burrows. Found in Layne #3 at 132 ft. 

 

4.4.6: Paleophycus 

 

 Morphologically Paleophycus trace fossils are lined oval to lath shaped and range in diameter 

from 6.0-12.0 mm. The lining within the trace fossils distinguishes it from Planolites. The lining is less 

than 1.0 mm in thickness and is commonly darker than the burrow fill. Paleophycus is predominately 

associated with Teichichnus, Zoophycus in bioturbation index 3, and is most commonly found in chalks 

and marly chalks. It is considered to be a dwelling structure (Mieras et al., 1993).  

 

4.4.7: Thalassinoides 

 

 With burrows that range from 10 to 30 mm in width, Thalassinoides is the largest trace fossil 

observed in the studied core. The burrows exhibit branching patterns with proper slab orientation or are 

large ovate structures in pure cross-section (Fig. 4.10). Thalassinoides is found exclusively in chalks and 

marly chalks and can be found with Zoophycus, Teichichnus, Paleophycus, and Planolites. It is the 

diagnostic trace fossil of well-oxygenated environments (bioturbation index 4) that can support larger 

burrowing organisms and higher biodiversity (Savdra and Bottjer, 1993). The burrow represents either a 

feeding or mining structure or a dwelling structure (Mieras et al., 1993).  
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Figure 4.10: Photograph of Thalassinoides trace fossil with darker infill than surrounding sediment. Note 

large size (up to 5 cm) compared to other trace fossils. Pyritization occasionally replaces burrow sediment 

seen at the top of the photograph. From Layne #3 at 152 ft. 

 
4.5: Massive Bedding 

 

 Massive bedding characterizes zones where neither recognizable trace fossils nor original 

sedimentary structures are observed. Although relatively uncommon, this type of bedding is found in both 

chalk and marlstone lithologic units. There are two possible causes of massive bedding: 1) homogeneous 

bioturbation without contrasting sediment fill; or 2) extensive diagenesis where dissolution, 

reprecipitation and other diagenetic processes destroy original sedimentary structures.  

 

4.6: Facies Descriptions 

 

 This section will categorically describe a composite of observed facies using descriptions from 

the four described cores and thin section petrography. The available cores contain the following facies in 
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Figure 4.11: Petrographic overview of the Codell Sandstone. Fine quartz sand grains between 50-100 µm 

dominate the mineralogy. Other clastic grains including plagioclase and biotite are within the field of 

view as well. Illite (yellow birefringence) and calcite (third order pink and purple birefringence) 

commonly fill the intergranular porosity. 

ascending order: Codell Sandstone, Fort Hays Limestone, D Chalk and Marl, C Marl and a portion of the 

C Chalk.  

 

4.6.1: Codell Sandstone  

 

 The Codell Sandstone is a light grey to medium grey, moderately sorted, muddy, heavily 

bioturbated, fine- to very-fine quartz sandstone. At the Berthoud State #3 core, located 7.75 mi away from 

the field area, the Codell Sandstone is 23 ft thick. The core data from Layne #3, #21 and #17 represent 

only a portion of the Codell Sandstone and do not include any stratigraphic contacts with the underlying 

Carlile Shale or the overlying Ft Hays Limestone. Thus, the true thickness at the Lyons quarry cannot be 

ascertained from the current data.  

 Texturally, the portion of the Codell Sandstone studied is homogenously bioturbated (Fig. 4.8, 

pg. 31). Common trace fossils include Zoophycus, Teichichnus, Thalassinoides, and Planolites, and are 

large in size, up to 7.0 cm in length and 2.0 cm in diameter. Other features include abundant dark grey 
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Figure 4.12: Photomicrograph of the Codell Sandstone at 20x magnification showing authigenic (?) illite 

coating the rims of detrital quartz grains. 

mud drapes and clay horizons that contrast with the rest of the sediment. In addition, there are two 

different colors of cement—light grey and medium grey that suggest bimineralogic cement composition.  

 Petrographically, the Codell Sandstone is a fine-grained to very fine-grained, moderately sorted, 

quartz, plagioclase, and biotite sandstone with calcite, quartz, and illite matrix and cement (Fig. 4.11). 

The clast mineralogy includes 40% angular to sub-angular 0.15 to 0.20 mm monocrystalline quartz 

grains, 10% sub-angular to rounded 0.20 to 0.25 mm polycrystalline quartz (chert) grains, 7% blocky to 

angular 0.15-0.20 mm plagioclase grains that have been partially weathered to illite along the edges, 5% 

lath-shaped 0.20 mm long, 0.05 mm wide partially deformed biotite grains, 2% opaques (likely pyrite or 

magnetite) ranging in size from 0.10 to 0.15 mm, and < 1 % small (0.1 mm) accessory minerals including 

zircon, rutile, and tourmaline. Calcite cement, quartz overgrowths, and detrital/authigenic illite fill most 

of the intergranular porosity. Calcite is erratically distributed through the thin section, ranging from 0 to 

30% of the overall mineralogy. It can often poikilotopically enclose quartz grains and can range from 0.25 

to 0.30 mm in size. Quartz cement is limited to quartz overgrowths on original quartz clasts and makes up 

<3 % of the total mineralogy. Finally, illite can be found as <0.10 mm grain coatings (Fig. 4.12) and as 

intergranular porosity fill. The observed porosity is less than 2%.  

 Mud drapes found within the Codell Sandstone have a TOC content of 1.69% with a Tmax of 

453°C, a hydrogen index of 113 and an oxygen index of 25. The hydrogen index can be indicative of 

Type II (amorphous/algal) or Type III (terrestrial) kerogen.  
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Figure 4.13: The Fort Hays Limestone as seen in thin section at 2.5x magnification showing the abundant 

foraminifera shell fragments and tests, Inoceramid fragments and prisms, and micritic lime mud matrix. 

4.6.2: Fort Hays Limestone 

 

 The Fort Hays Limestone is a light grey, highly bioturbated, micritic and fossiliferous limestone 

with abundant clay drapes and clay seams. The thickness for the Ft Hays Limestone is approximately 21 

ft at the CEMEX Quarry in Lyons. No contacts between overlying or underlying units are found from the 

Layne #1 core, the only core containing the Ft Hays Limestone.   

 In core, the Fort Hays Limestone appears homogenously bioturbated by four major trace fossils: 

Thalassinoides, Zoophycus, Teichichnus, and Planolites placing it within the bioturbation index #4 

designation. Burrows are often filled with color-contrasting sediment. The limestone contains abundant 

macroinvertebrate fossils including Inoceramus and oyster shell fragments ranging in size from < 1.0 cm 

to over 10.0 cm. These are sometimes rounded and are found both in concentrated shell lag zones and 

isolated within the micritic matrix. Structurally, 0.3-0.5 mm thick vertical and horizontal stylolites are 

prevalent in the limestone portions of the section. The clay drapes and clay seams range from 1.0 to 10.0 

cm in thickness and exhibit fissility.  

 In petrographic thin section, the Fort Hays Limestone is classified as a bioturbated, fossiliferous, 

foraminifera-Inoceramus-wackestone (Fig. 4.13). It contains up to 30% Inoceramus shell fragments of 

highly variable sizes (0.15-10.0 mm) including full fragments, 10-15% nektonic uniserial and triserial 

foraminifera ranging in size from 0.05 mm to 0.15 mm including full-calcite or pyrite filled tests and 

broken fragments, 5% pyrite as 0.1 to 0.2 mm euhedral to framboidal concretions, 5% brown clays in 0.1 
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Figure 4.14: Foraminifera tests in the Fort Hays Limestone with pink-stained calcite shells and unstained 

dolomitic infill. The cause of this cementation phenomenon is unknown. 

mm laminations, and 50-55% micritic lime mud speckled with submicroscopic foraminifera fragments. 

The foraminifera shell tests are stained pink by the Alizarin Red and potassium-ferricyanide staining 

indicating pure calcite, while the vuggy fill remains unstained suggesting some dolomite content (Fig. 

4.14). Burrow fill is generally less fossiliferous than the bulk of the sample.  

 

4.6.3: Smoky Hill Member 

 

 The Smoky Hill Member is difficult to classify as one succinct lithology because of its 

heterogeneous characteristics. The overall unit is classified as an Inoceramid-foraminifera organic-rich 

laminated to bioturbated mudstone to wackestone. Its characteristics change on the centimeter scale, so it 

is more appropriate to characterize the rock on a lithologic spectrum ranging from two end members: a 

minimally calcareous laminated mudstone to a nearly pure bioturbated chalk. The major designations (C 

Marl, C Chalk etc.) do not represent just one facies, but rather a combination of nearly the entire 

aforementioned lithologic spectrum. Operators targeting the Niobrara Formation typically utilize picks 

from gamma and resistivity curves to determine the chalk and marl designated zones. However, 

petrophysical data on the entire unit was not available for this study. Thus, the designations are based on 

calcium content from the XRF data.  
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Figure 4.15: Bioturbated zone in the D Chalk and Marl facies at 2.5x magnification showing randomly 

oriented foraminifera tests, Inoceramid prisms, and sporadic organic phytoclasts. No apparent fabric can 

be discerned from bioturbated zones. 

4.6.4: D Chalk and Marl 

 

 The D Chalk and Marl of the Smoky Hill Member is a lithologically variable unit overlying the 

Fort Hays Limestone. The entire zone displays depositional cyclicity in regards to bioturbation levels, 

textures, and chalk/marl designation. Facies of the unit contain fluctuating degrees of bioturbation and 

variable sedimentary structures, with chalky zones containing more burrows compared to the marly 

intervals. No contacts with the underlying Fort Hays Limestone are present in core besides in core 

photographs from Layne #21, making accurate thickness measurements difficult. From the missing boxes, 

though, the inferred thickness of the D Chalk and Marl ranges from 72 to 81 ft.  

 The D Chalk and Marl in the Layne #21 core is variable in color ranging from light grey to dark 

grey, and contains examples of all 5 bioturbation indices. In addition, Inoceramid shell fragments up to 

5.0 cm in length can be found isolated within the sediment and along shell lag zones. Abundant 

foraminifera give core a speckled appearance. Shifts between different lithofacies (e.g. calcareous 

mudstone to marl) and between different bioturbation indices are nearly always gradational with the 

exception of the boundary between bioturbated and laminated sections. At least 12 distinct bentonites can 

be found within the D Chalk and Marl ranging in thickness from 1.0 to 8.0 cm. Some bentonites are 

highly pyritic, glauconitic or calcified.  

 Petrographically, the D Chalk and Marl is classified as a laminated to bioturbated foraminifera 

mudstone to wackestone. The bioturbated zone is homogenously mixed with limited organic material, 



39 

 

Figure 4.16: Photomicrograph of the D Chalk and Marl facies at 2.5x showing horizontal planar 

laminations defined by both foraminifera (whitish grey) and organic phytoclasts (dark brown). Some 

small silt-sized detrital quartz may also be present. 

Figure 4.17: Contact of laminated zone and bioturbated zone of the D Chalk and Marl facies at 2.5x 

magnification. The laminated portion of the D Chalk and Marl contains abundant brown organic 

phytoclasts while the bioturbated zone below is entirely devoid of organic material. 

randomly-oriented foraminifera and allochem fragments (Fig. 4.15). Bioturbated zones contain 15-20% 

foraminifera tests between 0.1 and 0.7 mm in size, 5% framboidal pyrite up to 0.1 mm, 4% angular quartz 

grains less than 0.1 mm, 4% Inoceramus shell fragments less than 0.2 mm, 2% organic material as 

isolated phytoclasts 0.1 mm in size and disseminated through the micritic matrix, and 60% indiscernible 

micritic lime mud or clay. Foraminifer tests are filled with sparry calcite and sparry dolomite. The 

laminated portion exhibits thin (1-3 mm) laminations with laterally continuous laminae defined by both 

foraminifera and organic phytoclasts (Fig. 4.16).  

Compositionally, laminated facies are similar to bioturbated zones with a few key exceptions. 

These zones contain 10-15% whole foraminifera tests from 0.4 to 0.7 mm in size, 6% angular to sub-

angular quartz grains, 6% organic material as brown amorphous phytoclasts 0.05 mm wide and 0.3-1.0 
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Figure 4.18: Photomicrograph of the C Marl at 2.5x magnification with profusion of brown organic-rich 

phytoclasts, foraminifera shell fragments and whole tests, laminations, and micro-rippled textures. Through-

going calcite-filled fracture traverses directly through foraminifera tests. 

mm long, 5% framboidal pyrite, 3% Inoceramus and oyster shell fragments less than 0.2 mm, and 70% 

brown to tannish-grey micrite or clay. The matrix color in the laminated portion is discernably browner 

than the bioturbated zone indicating some kind of disseminated organic material (Fig. 4.17).  

Total organic carbon measurements for the D Chalk and Marl are generally very low—between 

0.3 to 1.7% by weight, averaging 0.7% by weight. Hydrogen indices are also low (69-130), and oxygen 

indices are generally high (50-215). The Tmax values are generally between 453 and 460°C. The low HI 

values suggest a combination of Type II and Type III kerogen.  

 

4.6.5: C Marl 

 

 The C Marl unit ranges from a laminated foraminifera mudstone to a lightly- to moderately 

bioturbated marly chalk with vertical lithologic heterogeneity. The total thickness of the unit ranges from 

52 to 56 ft within the study area. The C Marl is very cyclic in regards to the bioturbation intensity and 

lithology. The cyclic patterns begin with a laminated mudstone followed by gradually increasing 

bioturbation to bioturbation index 2 or 3 and finally an abrupt transition back to laminated facies. The 

laminated zones tend to be more calcareous than the bioturbated zones, contrasting sharply with the 

patterns seen in the D Chalk and Marl.  

Laminated zones of the C Marl unit contain sedimentary structures including: planar and wavy 

laminations, starved ripples, and ripple tails (Fig. 4.18). Most of these sedimentary features are defined by 
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concentrations of foraminifera along the top of the structure which provide color contrast. Furthermore, 

laminated sections may have rare burrows cross-cutting some of the laminations but not destroying the 

entire sedimentary fabric. The most common trace fossil observed is Chondrites, observed in both the 

more bioturbated zones and isolated among laminations. Some of the section does not contain laminations 

or bioturbation but is instead massive in character with no internal structure. Finally, there are as many as 

16 distinct bentonites within the C Marl unit ranging in thickness from 0.5 to 3.0 inches. Bentonites are 

commonly pyritized or calcified.  

  In thin section, the C Marl is classified as an oyster-Inoceramid-foraminifera-peloid organic-rich 

laminated wackestone. Components include 30-35% flat to oval dark brown to nearly opaque fecal pellets 

ranging from 0.05 to 0.15 mm, 10% nektonic foraminifera partially filled with dolomite from 0.10 to 0.50 

mm, 10% organic material in both pellets and disseminated in the matrix, 5% framboidal and 

displacively-growing concretionary pyrite from 0.10 to 1.00 mm, 3% oyster shell fragments <0.05 mm, 

2% Inoceramid shell fragments from 0.10 mm to 0.20 mm, and 30-40% brownish-tan micritic lime and 

clay mud.  

 Total organic carbon measurements for the C Marl vary from 0.91 to 5.08% by weight, averaging 

3.52%. Hydrogen indices are fairly high, ranging from 90 to 206, and oxygen indices are low from 4 to 

26. The samples are classified as Type II kerogen (Fig. 4.19, pg. 42).  

 

4.6.6: C Chalk  

 

 The C Chalk comprises the uppermost 35 ft of the Layne #21 core. The transition from the C 

Marl to the C Chalk is gradual, taking place over 4.0-5.0 ft of section. Due to its proximity to surficial 

processes, the topmost 25 ft has been heavily weathered in situ causing staining, dissolution, and 

reprecipitation of calcite. This process destroys the original textures and fabric found in non-weathered 

core, making observations of components and bioturbation facies difficult. Where visibly discernable, the 

bioturbation in the C Chalk is very high, containing Zoophycus, Teichichnus and Paleophycus trace 

fossils. Isolated and shell lag Inoceramid and oyster shell fragments are also very common. Similar to the 

D Chalk and Marl, the core is speckled in appearance from the abundance of foraminifera tests. No thin 

sections were taken from the C Chalk as to avoid the in situ weathering. 

 

4.7: Sedimentary Interpretations 

 

 Until very recently, most marine mudrock systems were considered pelagic or hemipelagic in 

depositional origin—a gradual settling out of particles within the water column (Prothero & Schwab, 
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Fig. 4.19: Modified van Krevelen diagram plotting the hydrogen index against the oxygen index of 

kerogen from the Source Rock Analyzer (SRA). Kerogen from the D Chalk and Marl (red squares) plots 

in the Type III-IV (terrestrial – inertinite), though this could be the result of very low (< 1.5%) TOC 

values. Kerogen from the C Marl plots firmly in the Type II (amorphous/algal) category. Finally, kerogen 

from the C Chalk plots between Type II-IV, also due likely to low levels of TOC. The maturity plot 

shows that the kerogen found in the cores at Lyons entered the oil and condensate/wet gas window which 

corroborates with Ro values of 0.7-0.9% from Smagala and others (1984). 

2004; Potter et al., 2005). This low-energy theory suggests that simple gravity-driven sedimentation is the 

dominant mechanism of transporting clay-sized and silt-sized grains to the ocean floor. Such pelagic 

sedimentation would then result in a laminated mudstone appearance with individual varves representing 

one episode of suspension deposition (Prothero & Schwab, 2004).  

 With the recent interest in the source rock characteristics of mudrock systems, new research has 

focused on truly understanding how the mud is deposited. Schieber and Southard (2009) and Schieber and 

others (2010) have recognized mud transport via currents as the primary system of deposition in 

supposedly low-energy pelagic systems. They found that laminations, micro-ripples, and starved ripples 

can all form via traction processes with currents ranging from 0.15 to 0.3 m/s. Egenhoff and Fishman 

(2013) have observed this phenomenon in the Upper Bakken Shale in the Williston Basin of North 

Dakota, suggesting that such currents would promote a diverse infaunal burrowing benthic community 

sustained on nutrients and food from the bottom currents.  
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 The laminated portions of the Smoky Hill Member of the Niobrara Formation are therefore 

indicative of either suspension deposition via gravity fall-out or traction deposition via bottom currents. 

The presence of laminations, micro-ripples, and starved ripples in conjunction would suggest that bottom 

currents are the likely mechanism of deposition and preservation. Sedimentary evidence suggests that 

after material had reached the sea floor from gravity-driven processes, it was reworked via bottom 

currents to form the ripples and laminations that can be seen today. The presence of ripple tails suggests 

ripple migration that likely occurred during reworking events by bottom currents. The presence of shell 

lag zones also supports the argument for strong currents likely associated with storm events. Further 

geochemical and stratigraphic evidence (Ch. 5 and 6) also relate to this higher-energy hypothesis.  
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CHAPTER 5 

ELEMENTAL CHEMOSTRATIGRAPHY AND GEOCHEMISTRY 

 

 When combined with detailed core description and TOC pyrolysis, elemental analyses are 

instrumental in determining depositional and diagenetic characteristics of fine-grained rocks like the 

Niobrara Formation. Details about terrestrial sedimentary influx, diagenesis, relative oxygen content of 

the seawater, euxinic conditions, and the preservation potential of organic material can be inferred from 

this data. This chapter will introduce the concept of chemostratigraphy and geochemical cross-plots and 

explain how they are used to determine depositional characteristics of the Niobrara Formation.  

 When using elemental chemostratigraphy necessitates a plethora of mineralogic assumptions 

must be made for interpretations. For example, if a black shale sample is found to contain 15% Fe and 

10% S (among other elements), it is assumed that most of the Fe and S resides in pyrite (FeS2). This 

assumption comes from general geochemical and geologic knowledge that pyrite is ubiquitous in organic-

rich black shales. X-ray diffraction data can be used to supplement elemental data, proving exactly where 

each of the elements resides within the mineralogic system. However, the scope of this particular study 

does not include any supplemental XRD data. Thus, mineralogic assumptions are based entirely on thin 

section petrography, previously published research, and the author’s own geochemical and geologic 

knowledge.  

5.1: Terrestrial Influx and Detrital Elements 

 Five diagnostic elements are indicative of terrestrially-derived sediments: Al, K, Rb, Zr, and Ti 

(Sageman & Lyons, 2009). Aluminum is highly useful as a detrital or terrestrial proxy due to its relative 

diagenetic stability and its presence in clay minerals and other silicates (Arthur & Dean, 1991). In a 

pelagic to hemipelagic chalk system like the Niobrara, the only geochemical source of Al would be 

terrestrially derived sediments or bentonites. Cross-plotting other major and trace elements against Al can 

show whether the element is associated with the detrital influx or not. A positive relationship suggests 

that the element in question is detrital and a negative relationship suggests that it is authigenic or 

diagenetic (Tribovillard et al., 2006). All cross-plots hereafter are derived from data from the Layne #21 

core—the most complete core studied.  

 In addition to Al, four other minor and trace elements help to verify the detrital/terrestrially-

derived hypothesis. In fine-grained sedimentary rocks, K and Rb are found predominately in potassium 

feldspars that are derived from the weathering of felsic igneous intrusions. Likewise, Zr is found in 
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zircons (ZrSiO4), which also only form through igneous processes. Zircons are diagnostic of eroded 

igneous terranes (e.g. detrital) or bentonites—direct ash from the volcanic source. Mineralogically, Ti is 

found as the major constituent in rutile, sphene, and ilmenite or trace amounts in mafic silicates. All 

sources are derived from terrestrial systems (Sageman & Lyons, 2009). Titanium is used as a detrital 

proxy because of its diagenetic stability. Furthermore, the ratio of Ti to Al reflects the sediment transport 

mechanism. An increase in the Ti/Al ratio suggests more wind-transported sediment. This increase is due 

to the fact that eolian silt grains have more heavy Ti-bearing minerals in comparison with purely detrital 

clay material (Yarincik, 2000).  

 Cross-plotting Si to Al reveals the origin of silica in the system by either biogenic or detrital 

processes. If Si correlates positively with Al, then the silica is likely detrital alongside the clay fraction 

(Sageman & Lyons, 2009). Conversely, if Si has a negative correlation with Al, then the Si is likely 

biogenic in origin. The geochemistry of the Niobrara Formation as observed in Lyons with a distinctly 

positive covariance of Si to Al suggests a predominance of detrital silica (Fig. 5.1a). However, there does 

not seem to be a trend in terms of relating Si to Al in the Codell Sandstone or in bentonites. 

 The K-Al cross plots demonstrates the introduction of K along with clay minerals (Fig. 5.1b). In 

this cross-plot, it appears that there are two trendlines relating K to Al. These trendlines are probably not 

mineralogic (i.e. illite versus potassium feldspar) but rather lithologic, as they both have the same slope 

and therefore the same proportion of K to Al. This suggests that potassium originates from the detrital 

fraction and is likely only present in one mineralogic phase.  

5.2: Carbonate elements 

 Several elements, specifically Mg, Ca, Sr, and Mn are unique to the carbonate system and are 

used to identify differing carbonate processes and subsequent diagenesis. However, due to the 

unreliability of the Mg data from XRF, only Ca, Sr, and Mn will be reviewed (Nakamura, in press 2015). 

Ratios of the elements (i.e. Ca/Mn or Ca/Sr) are used to understand relative enrichments in lithologically 

dissimilar rocks.  

5.2.1: Calcium 

Calcium is the primary cation in most biogenic and authigenic carbonate minerals including 

calcite, aragonite, and dolomite. It is also found in other minerals including detrital anorthitic plagioclase 

feldspars. For the chalks and marls of the Niobrara Formation, Ca negatively covaries with Al, suggesting 

an authigenic or biogenic origin instead of a detrital origin (Fig. 5.1c). Thin section petrography offers 
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further support with observed calcite foraminifera and Inoceramid shell fragments. Calcium is also 

present within the submicroscopic matrix, composed of micritic lime mud and coccoliths.   

5.2.2: Strontium 

Strontium commonly replaces Ca in orthorhombic carbonate minerals like aragonite (Katz et al., 

1972). However, it does not generally replace Ca in rhombohedral minerals like calcite due to the crystal 

Figure 5.1: a) Geochemical cross plot of Si against Al from XRF data in Layne #21, showing a strong 

positive trend for the chalks and marls of the Niobrara Formation suggesting that Si is indeed a detrital 

element. The Codell Sandstone shows consistent levels of Si and Al without a clear trend. Bentonites 

exhibit very high Al concentrations with similar Si concentrations; b) cross plot of Al versus K, showing 

similar positive trend (R2 = 0.63) suggesting that K is entering the system with other detrital elements. 

The distinctive marly and chalky sections have similar slopes, implying  the same ratio of Al to K; c) 

cross plot of Al versus Ca, showing a strong negative trend suggesting that the Ca component is not 

related to detrital influxes, but rather is authigenically or  biogenically enriched; d) geochemical cross plot 

of Sr against Ca displaying a strong positive trend with a substitution ratio of 1:400 (Sr:Ca). The zone 

replete with both Sr and Ca is the C Chalk that has been saprolitized, with near surface diagenetic 

reactions concentrating both elements. 

a

dc

b
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lattice orientation and ionic radius restraints. Therefore, a relative increase in Sr indicates an increase in 

aragonite precipitation. Most of the carbonate material within the chalks and marlstones is derived from 

submicroscopic planktonic coccoliths that biogeochemically produce calcitic, not aragonitic, tests 

(Longman et al., 1998; Veizer & Mackenzie, 2009). Large stratigraphic increases in Sr concentration 

versus Ca are indicative of either: 1) a predominately aragonitic allochem (perhaps nektonic or benthic 

bivalves) or 2) some kind of diagenetic reaction that concentrates Sr in certain zones (Humphrey, pers. 

comm. 2015; Ando et al., 2006). Because of its dependent geochemical relationship, Sr concentrations 

closely mirror Ca, with an approximate ratio of 1:400 (Fig. 5.1d).  

5.2.3: Manganese 

Unlike Sr, Mn tends to replace Ca in rhombohedral carbonate species like calcite. In order to do 

so, it must be in its reduced valence state, Mn(II), instead of Mn(IV). In oxygenated waters, Mn(IV) is the 

thermodynamically favored species, allowing for precipitation as Mn-oxyhydroxides and oxides 

(Tribovillard et al., 2006). Other trace metals like Mo, V, Cu, and Zn commonly adsorb onto the Mn-

oxyhydroxide precipitate. This adsorption allows transport to the sediment-water interface. If the Mn-

oxyhydroxide reaches oxygen-deprived water, Mn(IV) converts to the more stable Mn(II) species. To 

complicate things further, the solubility of Mn(II) is much higher than Mn(IV), so any Mn that is 

transported to reducing conditions on the seafloor is commonly recycled into the water column after it 

converts from Mn(IV) to Mn(II). In order to enrich the rock with Mn, Mn(IV)-oxyhydroxides must be: 1) 

transported to the ocean floor in oxic conditions, 2) buried under oxic conditions, 3) isolated from the 

water column via lithification, and 4) reduced to Mn(II) during diagenesis and recrystallization.  Due to 

the varied solubilities and oxidation requirements of Mn species, it is not a good proxy to model ocean 

redox potential (Tribovillard et al., 2006). 

5.3: Redox-sensitive Trace Elements 

 The properties of certain elements including Mo, U, and V vary with differing dissolved oxygen 

levels. These elements provide key insights into the paleo-oxygen content of the WIS during time of 

deposition and thus the redox potential. This information is necessary to understand the distribution and 

preservation potential of organic carbon. Elements that correlate to anoxia or euxinia correlate to 

preserved organic carbon because reducing conditions prohibit bacterial and macrofaunal scavenging. 

Chromium can also be used as a redox indicator but displays positive covariance with Al suggesting that 

it is a terrestrially-derived element instead of an authigenic redox indicator (Fig. 5.2a).  
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5.3.1: Molybdenum 

 In normal oxygenated natural waters, molybdenum is found as the divalent molybdate anion 

(MoO4
2-, Tribovillard et al., 2006). Once the anion enters reducing dysoxic to anoxic waters, Mo is 

Figure 5.2: a) Cross plot of Al versus Cr with a weak positive covariance (R2 = 0.19), implying that Cr 

enrichment may be attributable to the detrital component in addition to authigenic enrichment through 

redox processes (Tribovillard et al., 2006). Chromium, therefore, cannot be considered  a robust indicator 

of different redox conditions; b) cross plot of S against Mo with a weak positive relationship (R2 = 0.25) 

showing its relationship to pyrite via Mo-Fe-S compounds during authigenic enrichment; c) cross plot of 

Mo versus TOC (from Layne #21) with a moderate covariance (R2 = 0.48). This suggests that euxinic and 

anoxic conditions indicated by enriched Mo compared to the average grey shale also favored the 

preservation of organic carbon; d) cross plot of U versus TOC with a weak relationship (R2 = 0.24). 

However, the presence of several 0 values makes the use of U tenuous as a redox indicator; e) cross plot 

relating TOC to V, showing a strong positive enrichment (R2 = 0.74); f) geochemical cross plot of Mo 

against V showing a moderate relationship (R2 = 0.39) suggesting that Mo and V follow similar 

authigenic enrichment pathways; g) cross plot of S versus V displaying moderate covariance (R2 = 0.67) 

showing that its enrichment may also follow pyrite precipitation. 
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liberated from the oxygen and adsorbs onto Mn-oxyhydroxide complexes. The only method to 

incorporate Mo into the sediment in appreciable amounts is through authigenic enrichment in euxinic or 

H2S-rich waters. Under these conditions, free Mo from the reduction of the molybdate anion forms 

organic thiomolybdates (Mo-S organic compounds) and Mo-Fe-S complexes. Thereafter, thiomolybdates 

and Mo-Fe-S complexes are scavenged by authigenic pyrite or by S-rich organic molecules. Because of 

this close relationship to pyrite and organic molecules, Mo displays a weak to moderate positive 

covariance with both S and TOC (R2 = 0.25 and 0.48, respectively) (Figs. 5.2b & 5.2c).  

5.3.2: Uranium 

 Uranium is found as a highly soluble U(VI) cation bonded to carbonate anions in normally 

oxygenated marine waters (Tribovillard et al., 2006). This oxygenated valence state is not affected by 

reducing conditions within the water column itself, but rather by reducing conditions within the sediment. 

In this case, U(VI) diffuses across the sediment-water interface and is enriched if the sediment exhibits 

reducing conditions to form U(IV), which subsequently precipitates as uraninite (UO2). The water 

conditions are therefore not important to U enrichment unlike Mo. While U remains an important 

sediment redox indicator, the data from the XRF are limited because of several cases when the 

concentration of U was less than the level of detection. Despite this pitfall, U still shows a weak positive 

relationship to TOC (R2 = 0.24) but is probably not the best indicator of anoxia or dysoxia (Fig. 5.2d). 

5.3.3: Vanadium 

 The redox geochemistry of vanadium closely resembles that of molybdenum (Fig. 5.2e, 5.2f, 

5.2g). In oxygenated waters, V is most commonly in its V(V) valence state in vanadate oxyanions VO4
2- 

(Tribovillard et al., 2006). Like Mo, V commonly adsorbs onto Mn and Fe-oxyhydroxides allowing 

transport to bottom sediments. With reducing anoxic conditions in the water column, V(V) is reduced to 

V(IV) to form insoluble vanadyl hydroxide compounds that precipitate out in the presence of organic 

acids. Unlike Mo, however, the presence of euxinic conditions does not necessarily increase V 

enrichment in the sediment compared to anoxia or dysoxia (Fig. 5.3.3). Therefore, V is an excellent 

indicator of anoxia but not necessarily euxinia. Accordingly, it displays excellent covariance with TOC 

(R2 = 0.74) and S (R2 = 0.67), but only a moderate correlation with Mo (R2 = 0.39) 

5.4: Organophillic Trace Elements 

 In addition to the redox indicator elements, certain elements including Cu, Ni, and Zn are 

preferentially enriched in organic molecules themselves—either as organometallic complexes or ligands 
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due to their status as micronutrients (Tribovillard et al., 2006). These elements are therefore indicative of 

paleoproductivity—the degree to which organic material formation occurred within the water column.   

5.4.1: Copper 

 Copper is found in the water column as organometallic ligands, serves as a micronutrient for 

marine organisms, and is found in hemocyanin, the oxygen transporting compound in molluscs including 

Inoceramids, pelecypods, and oysters (Tribovillard et al., 2006; Waxman, 1975). Copper enrichment 

occurs via two different processes: 1) adsorption onto Mn- and Fe-oxyhydroxides, and 2) settling of Cu-

ligand-rich organic material. Under anoxic or euxinic conditions, Cu within organic complexes or 

oxyhydroxides reduces from Cu(II) to Cu(I) and is subsequently incorporated into Cu2S which in turn 

may be incorporated into Fe-sulfides (Tribovillard et al., 2006). Copper displays a moderate positive 

relationship to TOC measurements for the Niobrara Formation with an R2 of 0.54 (Fig. 5.3a). It also 

displays a weak positive relationship with S, suggesting that Cu may be related to pyrite content (R2 = 

0.21) (Fig. 5.3b).  

5.4.2: Nickel 

 Nickel, like Cu, is present as a micronutrient for marine organisms in the water column and is 

found adsorbed onto organic acids (Tribovillard et al., 2006). It is transported to the sediment via organic 

material settling processes. After organic material begins to decay and remove oxygen from the water, Ni 

is released and binds with any available S to form Ni-S compounds that may be incorporated into pyrite 

(Fig. 5.3c). As an organophillic micronutrient, Ni also displays moderate positive covariance with TOC in 

the Niobrara Formation with an R2 of 0.41 (Fig. 5.3d) 

5.4.3: Zinc 

 Zinc is found adsorbed onto organic acids and Mn- and Fe-oxyhydroxides and is a micronutrient 

for marine organisms (Tribovillard et al., 2006). It becomes enriched in fine-grained sediment through 

processes similar to those of Ni and Cu—deposition via settling, reduction, and subsequent sulfide 

precipitation as ZnS and as Zn-Fe-S compounds. Zinc correlates with increasing TOC content but only 

weakly correlates with increasing S concentrations (R2 = 0.57 and 0.16, respectively) (Fig. 5.3e and 5.3f).  

5.5: Euxinia Proxies 

 Euxinia represents a aqueous geochemical state where anoxia (ocean waters depleted with respect 

to dissolved oxygen) has evolved via sulfogenic microbial proliferation to waters with a toxic 

concentration of H2S, up to 7000 µM (Meyer & Kump, 2008). The cause of widespread oceanic euxinia is 

still in question, but is believed to be the result of oceanic stagnation, nutrient trapping, and eustasy. The 
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high H2S concentration has a profound effect on minor- and trace metals and on the mineralogical 

enrichment of pyrite. In addition to Mo enrichment as discussed above in section 5.3.1, two other 

Figure 5.3: a) Cross plot of TOC versus Cu with a moderately strong positive trend (R2 = 0.54); b) 

geochemical cross plot of S versus Cu with a weak positive trend (R2 = 0.21) with outlying pyritic 

samples seen above; c) similar cross plot of S versus Ni with a weak positive trend and pyritic outliers; d) 

cross plot of TOC versus Ni showing moderate positive trend (R2 = 0.40); e) geochemical cross plot of S 

versus Zn showing weak positive relationship (R2 = 0.15) and outlying pyritic samples; f) cross plot of 

TOC versus Zn with moderate positive trend (R2 = 0.57). The positive trends for organophillic trace 

elements (Cu, Ni, Zn) and S and TOC all suggest that authigenic enrichment took place via organic 

productivity and preservation via anoxic and euxinic processes; g) geochemical cross plot of Al versus Fe 

with a slight detrital enrichment (R2 = 0.33) with likely a strong authigenic component. Bentonites are the 

obvious outliers with high Al concentrations; h) geochemical cross plot of Zr versus Fe showing an 

extremely weak correlation (R2 = 0.03) including all data points (bentonites etc.). Without the outlying 

bentonites, Fe shows a very weak correlation with Zr suggesting a combination of detrital and authigenic 

provenance; i) geochemical cross plot of S versus Se showing a weak positive relationship (R2 = 0.32) 

along the 1.0 part per thousand (ppt) substitution of Se for S; j) cross plot of Se versus TOC displaying a 

very strong positive correlation (R2 = 0.85) suggesting that Se can be considered both a redox sensitive 

element and an organophillic trace element. 
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geochemical markers may represent proxies to euxinic environments: the Fe/Al ratio and selenium. 

5.5.1: Fe/Al Ratio 

 The valence speciation of Fe (i.e. Fe(II) or Fe(III)) is highly dependent on ocean oxygen levels 

and ocean acidity. Like other trace elements, the valence speciation is crucial in determining solubility 

and behavior in differing geochemical conditions. In general, Fe enters the ocean system via detrital 

mechanisms and should roughly follow other detrital indicators like Al (Fig. 5.3g). However, because of 

the interpreted presence of both anoxic and euxinic conditions during Niobrara deposition, Fe is highly 

subject to authigenic enrichment, thereby skewing other detrital cross-plots like Zr (Fig. 5.2h). Authigenic 

enrichment occurs in the following four steps: 1) detrital transport of Fe(III) oxyhydroxides into the 

system, 2) dissolution and reduction of Fe(III)-oxyhydroxides to Fe(II) via suboxia, 3) transport of 

dissolved Fe(II) into more basinal and euxinic settings, and 4) euxinic scavenging of Fe(II) by S to 

precipitate pyrite (FeS2) (Raiswell & Anderson, 2005). Proceeding the second step, Fe(II) is decoupled 

from the strongly detrital Al component, enriching euxinic environments in Fe with respect to Al (Meyer 

& Kump, 2008). Thus, elevated Fe/Al ratios are considered proxies to euxinic environments when 

observed in conjunction with other indicators like Mo enrichment.  

5.5.2: Selenium 

 Selenium is in the same periodic group as S and exhibits similar behaviors in geochemical 

processes (Luttrell, 1959; Fig. 5.3i). Selenium concentrations are very low (<120 ppb) in seawater and 

therefore plays a limited role as a micronutrient (Nakayama et al., 1989). Similar to the other redox-

sensitive elements, Se commonly adsorbs onto Mn- and Fe-oxyhydroxides and organic molecules 

(Luttrell, 1959). If euxinic conditions are met, Se can substitute for S in pyrite as it precipitates out of the 

water column. Therefore, Se can be considered both a quasi-organophllic indicator and a proxy of euxinic 

conditions with excess S. It displays an excellent correlation with TOC (R2 = 0.85) but only a moderate 

correlation with S (R2 = 0.32) (Fig. 5.3j).  

5.6: Chemostratigraphic Descriptions and Interpretations 

 The following section will systematically describe the four studied cores with special emphasis 

on detrital indicators, carbonate/diagenesis-prone elements, organophillic elements, and redox/euxinia 

indicators. Herein, enrichment is determined by comparing actual elemental concentrations to the 

corresponding values of the standard grey shale by the following equation (Eq. 5.1; Wedepohl, 1971).  

 Equation 5.1)  Enrichment = XNiobrara / XStandard * 100, where X = any given element 
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In the following chemostratigraphic figures, concentrations greater than the average grey shale 

for trace elements are shaded in grey. 

5.6.1: Layne #1 Chemostratigraphy 

The Layne #1 core contains 10 ft of the Fort Hays Limestone consisting of limestone and 

mudstone/bentonite couplets (Fig. 5.4). The limestone portions contain very high Ca (>400,000 ppm), Sr 

(1000 ppm), and Mn (850-1100 ppm), and very low Si and Al concentrations (40,000-50,000 and 10,000-

20,000 ppm, respectively). Conversely, the mudstone/bentonite layers exhibit very high Al and Si values 

(100,000 and 200,000 ppm, respectively) and high K, Rb, Zr, Nb, and Ti. Redox-sensitive and 

organophillic trace elements are not enriched in either the limestone or the mudstone. The Ca/Mn ratio 

varies dramatically between the mudstones and the limestones but is generally between 150-220 for the 

mudstone and 400-550 for the limestone. Total thickness of the Fort Hays Limestone cannot be 

determined by the available core data, but core photographs indicate that it is approximately 21 ft thick in 

the Layne #21 well.  

5.6.2: Layne #1 Chemostratigraphic Interpretation 

 Major element chemostratigraphy for the Fort Hays Limestone tells little more than routine core 

description and petrography. However, trace element data for both the carbonate zones and the 

mudstone/bentonites does relay information regarding the environment of deposition and composition. 

Elevated values of Mn throughout the Fort Hays is likely attributed to rapid sedimentation rates and rapid 

burial in oxygenated waters. Rapid burial prohibits Mn from undergoing its typical recycling into the 

water column thereby concentrating Mn-oxyhydroxides within the sediment. Following deposition of the 

D Chalk and Marl reducing fluids reached the Fort Hays, and reduced Mn(IV) to Mn(II). This reduction 

allowed cationic exchange of Mn into calcite and other carbonate minerals during recrystallization in 

early diagenesis. Enhanced Sr values throughout the limestone section suggests abundant aragonitic 

allochems, corresponding well with observed bivalve fragments in thin section.  

The fine-grained dark material between limestone layers neither looks like a traditional detrital 

mudstone nor a bentonite during core description. The trace element chemistry provides insight to the 

ambiguous nomenclature. Bentonites within the Smoky Hill Member are chemostratigraphically 

discerned by high Zr concentrations (usually > 100 ppm). The Fort Hays contains six mudstone/bentonite 

layers with greater than 100 ppm Zr. These concentrations suggest that these six are bentonites. The 

remaining two mudstone sections at 27 ft and 31 ft may be mixtures of ash fall with some kind of 

terrestrially derived detrital material.  
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Figure 5.4: Limited chemostratigraphic profile for the Fort Hays Limestone in Layne #1 including the depth (ft), lithology, bioturbation index (see 

Table 4.1), Al, K, Zr, Si, Ca, Mn, and Sr from the XRF data. Note sharp spikes in detrital indicators for the mudstone zones and the strong Ca, Mn, 

and Sr for the limestone portions. Core photographs included both the Fort Hays Limestone and the Codell Sandstone but not XRF analyses were 

performed on the Codell Sandstone.  
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5.6.3: Layne #3 Chemostratigraphy 

Major element geochemistry of the Layne #3 core corresponds with the lithologic interpretation 

from core description. For marls and chalks this lithologic relationship shows that Ca values are inversely 

related to Si, Al, and K (Fig. 5.5). Calcium values are the highest in the chalky portion near the top of the 

D Chalk and Marl facies and in the C Chalk. Conversely, Si, Al, and K values are the highest in the C 

Marl facies and also in the marlier facies of the D Chalk and Marl. The Ti/Al grain size proxy is highest 

in the chalky portion at the top of the D Chalk and Marl and in the C Chalk. Bentonites contain the lowest 

Ca values and the highest Al values, denoted by sharp negative spikes and positive spikes, respectively. 

Pyritized bentonites and zones with abundant pyrite show positive Fe spikes. Strontium concentrations 

are consistently around 800 ppm throughout the section with the exception of the chalky portion at the top 

of the D Chalk and Marl from 102 - 88 ft where concentrations jump from 1700 ppm to 2000 ppm (Fig. 

5.6). Manganese concentrations steadily decline from 750 ppm at the base of the D Chalk and Marl to less 

than 200 ppm by the top of the C Marl. 

Redox-sensitive element geochemistry shows that marlstone sections are more enriched with 

respect to V, Mo, and U than chalk sections (Fig. 5.7). The lower section of the D Chalk and Marl (170 -

122 ft) is generally depleted in redox sensitive elements. Two dramatic spikes in V, Mo, and U 

concentrations occur between 122-112 ft and 96 -92 ft. The lower spike corresponds with high (5.7%) 

TOC values. The chalky portion at the top of the D Chalk and Marl is neither enriched nor depleted with 

respect to V and U, but slightly enriched with respect to Mo compared to the average grey shale 

(Wedepohl, 1971). The C Marl exhibits enrichment of V greater than 200 ppm (2.1x enrichment) 

throughout the entire section, with two pulses followed by gradual decline from 86 to 56 ft and from 56 to 

32 ft. Molybdenum and U follow this trend with a positive pulse followed by a gradual decline. Finally, 

the C Chalk is strongly enriched with respect to V, but only slightly enriched with respect to Mo and U.  

Organophillic trace elements are also preferentially enriched between 122-112 ft and for much of 

the C Marl, corresponding to higher TOC values (Fig. 5.8). Nickel and Zn are the only elements that are 

substantially higher than the standard grey shale. Copper and Cr are only slightly enriched in the noted 

section from 122 to 112 ft.  

 The overall thickness of the Fort Hays Limestone is inferred to be approximately 20-22 ft. If the 

Fort Hays Limestone is 22 ft thick, then the D Chalk and Marl Facies is 81 ft thick with the contact at the 

top of the chalky interval from 102-90 ft. The C Marl is approximately 60 ft thick with the upper C 

Marl/C Chalk contact at the point where Ca values are greater than 300,000 ppm.  
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Figure 5.5: Detrital and major element chemostratigraphy for Layne #3 including depth (ft), lithology (see key at top left for more detail), 

bioturbation index (see Table 4.1), Al, K, Zr, Ti/Al ratio, Si, and Ca. Note inverse trends between Ca and Si, Zr, K, and Al. Also note elevated 

Ti/Al ratios during the chalky portion at the end of the D Chalk and Marl facies. Lithology nomenclature based on initial core description. 
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Figure 5.6: Carbonate element (Ca, Sr, Mn) chemostratigraphy for Layne #3. Strongly elevated Ca and Sr 

values in the chalky portion at the top of the D Chalk and Marl may suggest an influx of aragonitic 

allochems. Manganese concentrations steadily diminish over the section (see analysis in section 5.6.4). 
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5.6.4: Layne #3 Chemostratigraphic Interpretation 

  Coupled with the lithologic and petrographic descriptions of the different facies, the major 

element chemostratigraphy of the Layne #3 core suggests that biogenic and authigenic Ca enrichment was 

consistent throughout deposition of the Smoky Hill Member. It is likely that the detrital influx varied 

during deposition, giving rise to the inverse relationship seen between Ca and detrital indicators (Al, Si, 

K, Zr). Increases in the detrital signatures correspond to dilution effects by mud and silt during marl 

deposition.  

Zones with high Ca concentrations (>350,000 ppm) represent times of very limited detrital input. 

Calcite-producing organisms like coccoliths and foraminifera could proliferate without any dilution 

effects. The Ti/Al ratio is also highest during these times, suggesting an increased eolian influx and thus a 

drier climate during chalk deposition. The high Ca concentration at the top of the D Chalk and Marl 

between 102 and 86 ft correlates to a period of very high (>1500 ppm) Sr concentration. An increase in Sr 

typically relates to aragonitic influxes. However, this type of influx is peculiar in a carbonate system 

dominated by coccoliths and foraminifera because these two organisms create their tests from low-

magnesian calcite. A possible explanation for this trend would be an abundance of submicroscopic 

bivalve fragments or some other aragonitic allochem, though thin-section petrography does not 

corroborate this hypothesis. 

Redox-sensitive and organophillic trace elements all suggest a period of sustained anoxia and 

perhaps even euxinia during deposition of the middle D Chalk and Marl facies from 124 -115 ft. Enriched 

V, U, Cu, Ni, and Zn point toward an anoxic water column with high paleoproductivity and organic 

preservation. Elevated values of Mo, Se and the Fe/Al ratio especially between 120 and 115 ft imply that 

oceanic anoxia may have evolved into euxinia during this time. Anoxia likely transitioned to suboxia 

towards the end of D Chalk and Marl deposition, as V, U, and the organophillic elements show decreasing 

enrichments. However, Mo and the Fe/Al ratio remain high during this time with the exception of section 

from 112 to 108 ft. This enrichment of euxinia indicators may suggest an elevated presence of H2S in the 

water column without strong anoxia.  

The C Marl records evidence of suboxia or anoxia but no euxinia, with strongly enriched V, Ni, 

and Zn values throughout. Anoxia was likely strongest at the onset of C Marl deposition (86’) followed 

by gradual replenishment of dissolved oxygen until 48’ when anoxia prevailed once again. These anoxia-

suboxia cycles may be caused by stagnation and refreshment cycles related to regression and 

transgression or climatic shifts as proposed by Kauffman and others (1985). 
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Figure 5.7: Redox-sensitive element chemostratigraphy for Layne #3. Vanadium, Mo, and U are shaded grey when enriched with respect to the 

average grey shale as defined by Wedepohl (1971). Similarly, TOC is shaded black when > 2.0 % by weight. Note relationship between trace 

element enrichment and elevated TOC contents.  
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Figure 5.8: Organophillic trace element chemostratigraphy (Cr, Cu, Ni, Zn, and Se) of Layne #3 with accompanying TOC data. Trace elements are 

shaded grey when the values are greater than the average grey shale (Wedepohl, 1971). Note relative enrichment for Ni, Zn and Se in zones with > 

2.0% by weight TOC (shaded black), and minimal enrichment for Cu and Cr.  
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5.6.5: Layne #17 Chemostratigraphy 

 Core from the Layne #17 well includes 13 ft of the Codell Sandstone, the most of all four cores. 

Therefore, this section will discuss the general geochemistry of the Codell Sandstone in addition to 

unique chemostratigraphic trends of the D Chalk and Marl facies of the Smoky Hill Member.  

 Major element geochemistry of the Codell Sandstone correlates with its lithologic and 

petrographic description. The formation includes greater than 300,000 ppm Si, 40,000-120,000 ppm Ca, 

and 30,000-70,000 ppm Al (Fig. 5.9). Potassium and Fe contents are generally low, ranging from 10,000 

to 20,000 ppm. In terms of minor elements, elevated Sr (up to 500 ppm) and Mn (up to 420 ppm) 

correspond with higher Ca values. Zirconium is strongly enriched compared to the Smoky Hill Member 

with concentrations between 300-400 ppm. Titanium and Nb do not show any degree of enrichment. 

Calcium to Mn ratios are between 350 and 480.  

 Trends in the D Chalk and Marl major element geochemistry exhibit variable Ca content 

depending on the lithology, and an inverse relationship between Ca and Si, Al, K, and Zr. Strontium 

matches well with changes in the Ca curve but Mn displays a gradual depletion throughout the section. In 

terms of redox-sensitive and organophillic trace elements, there is a pronounced and lasting spike in Mo, 

U, V, Cu, Ni, and Zn concentrations between 54 ft and 46 ft and another spike of Mo at 26 ft (Fig. 5.10). 

Copper, Ni, and Zn remain enriched throughout the rest of the section from 48 - 22 ft, but Mo, U, and V 

assume a more erratic appearance without prolonged enrichment.  

 The total thickness of the Codell Sandstone and the Fort Hays Limestone cannot be ascertained 

by the available core data or core photographs. The D Chalk and Marl facies is likely greater than 84 ft 

thick, as the upper contact with the C Marl is also missing without the diagnostic chalky portion at the top 

of the D Chalk and Marl.  

5.6.6: Layne #17 Chemostratigraphic Interpretation 

 The geochemistry of the Codell Sandstone supports its classification as a fine-grained 

moderately-sorted, calcite-cemented quartz sandstone with the abundant Si and moderate Ca values. 

Petrography indicates the presence of plagioclase, biotite, and clay minerals within the sandstone, 

represented by the moderate levels of Al and K. A small amount of the Ca may be related to anorthitic 

plagioclase instead of the calcite cement. Iron found in biotite or clays explains the small presence of iron 

found in the bulk chemistry.  

Strontium and Mn concentrations are relatively high considering the small percentage of calcite 

cement. Elevated Sr and Mn concentrations may suggest that the cement matrix is derived from 
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precipitation of Mn-rich aragonite. A possible geochemical source of Sr and Mn could be diagenetic 

fluids that flowed from the Fort Hays Limestone during early diagenesis. Moreover, the Ca/Mn ratio for 

the calcite in the Codell Sandstone (350-480) is only slightly less than that of the Fort Hays Limestone 

(400-550). If this idea can be validated through other diagenetic studies, it could have profound 

implications for reservoir quality in the Codell Sandstone and the associated paragenetic sequence. 

The spike in redox-sensitive and organophillic trace elements at 54 – 46 ft correlates with a 

similar spike near the top of the D Chalk and Marl for Layne #3 at 122 – 112 ft. Coupled with TOC 

measurements and supporting trace element data, the presence of this spike in both cores suggests a field-

area-wide anoxic or euxinic event. Organic productivity likely remained high throughout the rest of the D 

Chalk and Marl, but ocean chemistry probably maintained suboxic conditions, never reaching anoxic or 

euxinic conditions again.   

5.6.7: Layne #21 Chemostratigraphy 

 Layne #21 major element chemostratigraphy has similar trends to that of Layne #3 for most of the 

section except for the C Chalk (Fig. 5.11). Like Layne #3, Ca is inversely proportional to Si and other 

detrital indicators (such as Zr and Ti) for the entirety of the section. Aluminum and K both maintain 

nearly consistent concentrations throughout the entire interval with the exception of the C Chalk. The 

uppermost 15 ft of the section contains greater than 400,000 ppm Ca and less than 50,000 ppm and 

20,000 ppm Si and Al, respectively. Within the D Chalk and Marl, Sr concentrations rise from ~800 ppm 

to around 1200 ppm at the top. Concentrations then rise substantially to 1800-2000 ppm in the C Chalk 

from 35-20’.  

  Redox-sensitive trace elements follow similar trends in Layne #3, with one key difference (Fig. 

5.12). The lowermost portion of the D Chalk and Marl from 180 – 108 ft lacks any appreciable amounts 

of V, Mo, or U and has less than 1.5% TOC on average. During this interval, Mn concentrations decline 

steadily from a high of 700 ppm at 180 ft to around 250 ppm at 108 ft. Between 108 ft and 99 ft there is a 

prolonged spike in V, Mo, and U concentrations correlating with an increase in TOC up to 5.2%. Another 

pair of spikes in Mo and V at 88 ft and 80 ft also correlate to an increase in TOC from 1.7% to 4.6%. 

Unlike Layne #3, the C Marl exhibits cyclically fluctuating high concentrations of V and Mo. 

Concentrations of V, Mo, and U are all higher on average in the C Marl in Layne #21 than the C Marl in 

Layne #3. The C Chalk at the top of the core shows depletion with respect to V, Mo and U and a 

precipitous drop in TOC values to less than 2.0%. The Fe/Al ratio maintains consistent 0.3-0.4 readings 

except for the zone between 108 ft and 99 ft where it rises to 0.6-0.7.  This zone of enriched Fe/Al content  

displays a lobed appearance consistent with the rise in TOC.  
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Figure 5.9: Detrital and carbonate element chemostratigraphy for Layne #17. Missing data with associated facies description due to availability of 

core photographs without actual core. Note inverse relationship of Ca and Sr with Si, Al and K. Also note spikes in Zr and Al correlating with 

bentonites. 
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Organophillic trace elements show similar trends to the redox-sensitive elements with some minor 

differences (Fig. 5.13). Copper is enriched relative to the standard grey shale between 108’ and 40’, with 

enrichment factors up to 1.5x (Wedepohl, 1971). Likewise, Zn is enriched up to 2.3x the standard grey 

shale in the same interval from 108’-40’. Nickel is enriched for the entire interval from the base of the D 

Chalk and Marl through the C Chalk, but is strongly enriched up to 3 times during the same interval as Cu 

and Zn. The enrichment between 108-40’ corresponds with higher TOC values.  

 According to core observations, the thickness of the Fort Hays Limestone is 21 ft The D Chalk 

and Marl as defined by the lithology is 92 ft thick, and the C Marl is 51 ft thick. However, bedding planes 

of the Layne #21 core varies from 36º at 139 ft to 42º at 109 ft from the horizontal. Therefore, true 

stratigraphic thicknesses of the Fort Hays Limestone, D Chalk and Marl, and C Marl after trigonometric 

calculations using an average of 38º are 16.6 ft, 72.5 ft, and 40.3 ft, respectively. Total thickness of the C 

Chalk cannot be determined by available core and core photographs.  

 5.6.8: Layne #21 Chemostratigraphic Interpretation 

 Consistent Al and K levels throughout the section suggest that the detrital clay influx remained 

relatively constant. The strong increase in Ca at the top of the section is likely depositional—related to 

increase in coccolith volumes in the C Chalk interval. An increase in the concentration of Ca could also 

be attributed to saprolitization (in situ weathering) whereby calcite concentrations increased relative to 

other minerals by dissolution and reprecipitation from surficial weathering processes. Increases in Sr 

concentrations in the C Chalk are likely attributed to an influx of aragonitic allochems (likely bivalves) 

during deposition.  

 The spike in V and U between 108 ft and 99 ft indicates that anoxic conditions were likely 

present in the water column. In addition, enrichment of Mo and a higher Fe/Al ratio suggests anoxic 

conditions evolved into euxinic conditions. This preempted the preservation for levels of TOC greater 

than 5%. Anoxic conditions with some periods of euxinia likely persisted throughout the C Marl, 

contrasting with the interpreted suboxic to anoxic conditions for the Layne #3 well. Concentrations of Cu, 

Ni, and Zn suggest that organic productivity was the highest from the end of the D Chalk and Marl 

deposition throughout the C Marl. Higher enrichment factors for Ni and Zn compared to that of Cu may 

suggest that the preserved organisms preferentially incorporated Ni and Zn compared to Cu through 

biogenic processes through anoxic preservation.   
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Figure 5.10: Redox-sensitive and organophillic trace element chemostratigraphy for Layne #17 with V, Mo, U, Cu, Ni, and Zn all shaded grey 

when higher than the average grey shale (Wedepohl, 1971). Note strong enrichment in all trace elements at 50’. 
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Figure 5.11: Detrital and carbonate element chemostratigraphy for Layne #21. Note Zr and Al spikes with bentonites, and inverse relationship of 

Ca with Si and Al.  
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Figure 5.12: Redox-sensitive element chemostratigraphy of Layne #21. Trace element curves shaded grey when enriched relative to the average 

grey shale (Wedepohl, 1971). Note strongly enriched V and Mo concentrations with the high TOC in the C Marl and at the top of the D Chalk and 

Marl. Also note the continually decreasing Mn concentrations throughout the entire section. Total organic carbon shaded black when greater than 

2.0% by weight. 
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Figure 5.13: Organophillic trace element chemostratigraphy for Layne #21. Trace element curves shaded grey when enriched relative to the 

average grey shale (Wedepohl, 1971); TOC shaded black when > 2.0% by weight. Note enrichment of Cu, Ni, Zn, and Se in the TOC-rich top D 

Chalk and Marl and throughout the C Marl. 
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Figure 5.14: Photograph of a 3.0 in thick bentonite at 123 ft in Layne #21. Note sharp contact with the 

underlying marl, occasional burrows throughout, and calcite-filled microfracture.  
 

5.7: Bentonites 

 While not considered within the context of normal chemostratigraphy, bentonites offer a wide 

array of information regarding the depositional environment and paleovolcanic context. This subsection 

will discuss the origin, mineralogic composition, trace element geochemistry, and applications of 

bentonites.  

5.7.1: Background Information 

Bentonites are diagenetically altered volcanic ash beds that are deposited within the sedimentary 

section as volcanos erupt ash into the basin. As observed in core, bentonites are typically 1.0-3.0 inches 

thick (rarely up to 4.5 in), tannish grey in color, and are often pyritized and bioturbated (Fig. 5.14). They 

have a much higher chance of preservation in low-energy, fine-grained sedimentary rock packages like 

the Niobrara Formation and the other shales deposited in the Cretaceous WIS (Bohor & Triplehorn, 

1993). As laterally extensive single-event beds, bentonites are excellent time markers and have been 

thoroughly studied in the WIS (e.g. Borchardt et al., 1971; Elder, 1988; Obradovich, 1993; Christensen et 

al., 1994). In addition to biostratigraphy, 238U-206Pb zircon age dating of bentonites constrains the timing 
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Figure 5.15: Photomicrograph of a bentonite at 20x magnification displaying the overall ratty texture from 

the abundance of smectite and illite. The visible mineralogy includes quartz with ratty edges, euhedral to 

rounded zircon grains, deformed biotite, authigenic pyrite, and the blue-stained ferroan calcite that is 

unique only to bentonites within the entire observed section.  
 

and rates of deposition within the WIS. A full exploration of this topic can be found in Obradovich 

(1993).  

 In addition to their stratigraphic and geochronological significance, bentonites offer clues about 

concurrent volcanic activity during Niobrara deposition. The mineralogy of the bentonites is often 

correlative with the type of volcano that originally erupted the ash. Furthermore, trace element 

geochemical ratios can distinguish the paleovolcano type, ultimately determining provenance of the ash. 

This in turn has profound implications about paleoweather conditions (i.e. primary wind direction) and 

paleogeography (e.g. Elder, 1988).  

5.7.2: Mineralogy 

Two thin sections were taken from bentonites to gain a perspective on the types of minerals 

present and contact characteristics between bentonites and surrounding marl or chalk. The mineralogy of 

the petrographically analyzed bentonites includes 50% clays (likely illite, kaolinite or montmorillonite) 

replacing other grains and filling interparticle porosity, 15% angular to sub-angular monocrystalline 

quartz grains from 0.1 to 0.2 mm in size, 12% subhedral to euhedral displacive/secondary ferroan calcite 

(found nowhere else besides bentonites), 8% biotite as 0.05-0.15 mm lath-shaped grains with undulose 

extinction and some ferroan calcite rimming, 7% rounded to sub angular ratty plagioclase feldspar, 6% 

euhedral to polycrystalline opaques (likely pyrite or magnetite), less than 1% accessory minerals 

including zircon and rutile, and less than 1% foraminifera shells (Fig. 5.15). The texture of the bentonites 

is often obscured by the ubiquity of clay grains. Porphyritic textures nevertheless are observed with larger 
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quartz and plagioclase phenocrysts amongst the finer matrix.  

 Bentonites originate as volcanic glass shards that, once erupted into the atmosphere, immediately 

remineralize. Once the ash hits water, further diagenetic reactions take place based on the aqueous 

geochemistry and the ash’s own geochemistry (Bohor & Triplehorn, 1993). To understand aspects of 

aqueous geochemistry, researchers have relied on clay characterization. In general, ash that falls in fresh 

water predominately turns into kaolinite, while ash falling in salt water transforms into montmorillonite, 

although several exceptions exist based on clay minerals’ inherent fickle nature. Accurate clay 

characterization is very difficult without clay-specific XRD, but estimations can be made using a K-Th 

cross plot. This method uses chemical ratios in different clays to estimate the mineralogy of the most 

abundant clay, and is primarily used in spectral gamma analysis.  

Based on Schlumberger (1985) K-Th ratios, bentonites from the Niobrara Formation contain 

Figure 5.16: Potassium-thorium cross plot of all bentonites analyzed by XRF showing widespread clay 

mineralogy distribution including kaolinite, mixed I-S clays, montmorillonite, and illite using the 

template from Schlumberger (1985). Further work on understanding the mineralogy of the clays using 

XRD is critical as this plot is only a guideline. 
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mainly mixed-layer clays, kaolinite, illite, and montmorillonite in decreasing abundances (Fig. 5.16, pg. 

71). This widespread distribution of clay types does not elucidate specific details about the geochemistry 

of the seawater in the WIS. However, the presence of kaolinite implies that waters were possibly not as 

saline as normal seawater.  

Overall mineralogy suggests that the chemistry of the volcanic eruptions were likely felsic to 

intermediate based on the high percentage of biotite and the presence of zircons which tend to concentrate 

mostly in felsic, non-alkaline magmas (Belousova et al., 2002). Presence of ferroan calcite as 

interparticle-filling cement suggests that diagenetic fluids reacted with excess Fe(II) from biotite or other 

Fe-bearing minerals. As previously mentioned, XRD analysis both for clays and other minerals would 

greatly help in understanding the paleovolcanic context for Niobrara time. However, available XRF data 

can help to verify the felsic to intermediate chemistry as postulated above.  

5.7.3: Trace Element Geochemistry 

Trace element geochemistry of volcanic tuffs and ash layers has been used for correlative 

purposes and to theorize provenance (Borchardt et al., 1971; Winchester & Floyd, 1977). Researchers 

commonly use whole rock geochemistry to understand the major elemental distribution, which has a 

direct correlation to the type of volcano. For example, felsic magmas commonly have higher 

concentrations of Si, Na, and K than mafic magmas which are rich in Fe, Mg, Ca, and Ti (Winter, 2010). 

Major element geochemistry works well for unaltered volcanic tuffs, but since bentonites are by nature 

strongly diagenetically altered, a different method must be used.  

Lithophillic diagenetically stable trace elements can be used in lieu of major elements to discern 

differences in original magma geochemistry. Winchester and Floyd (1977) employed Y, Ti, Zr and Nb as 

diagenetically stable trace elements. Because the Niton XRF does not analyze Y concentrations, Sc was 

chosen as a replacement based on similar geochemical trends (Eby, 1973). Niobium typically substitutes 

for Zr in zircons and therefore concentrates in late stage magmas, making both it and Zr lithophillic felsic 

indicators (Parker & Fleischer, 1968). Conversely, Sc and Ti both preferentially substitute for Mg and Fe 

in ferromagnesian minerals (pyroxenes and amphiboles), and are thereby enriched in mafic magmas 

(Winter, 2010). Plotting Zr/TiO2 versus Nb/Sc allows for estimation of the original magma chemistry 

(Fig. 5.17, pg. 73; Winchester & Floyd, 1977).  

The modified Winchester & Floyd plot suggests that original magma chemistry was likely 

intermediate—including andesitic and rhyodacitic melts. This data verifies the initial assessment of a 

felsic to intermediate chemistry based on the mineralogy. Furthermore, it is compatible with the assumed 

paleogeography at the time of deposition. In the paleogeographic model, moderately steep Andean-style 
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subduction created the Sevier Orogeny (Coney, 1978). This type of subduction and resulting orogeny 

produced a mixture of melted oceanic and continental rocks, and created volcanoes in present day Idaho, 

Nevada, California, and Arizona and the intermediate chemistry as seen in the trace elements of the 

bentonites (Christiansen et al., 1994) 

Finally, chemostratigraphic trends in the same diagenetically stable trace elements including Zr 

and Nb show signs of enrichment up-section (Fig. 5.18, pg. 74). This evidence suggests that the magma 

bodies are fractionating and maturing over time (Winter, 2010). Further investigation into these trends 

incorporating bentonites from the entire WIS sedimentary succession would provide better interpretations 

to these preliminary results. 

5.8: Conclusions 

1) The inverse relationship of detrital indicators (Al, Si, Zr, K, and Ti) with Ca suggests that the detrital 

input was the key variable during deposition. Calcium enrichment likely remained constant over the entire 

Figure 5.17: Modified Winchester and Floyd plot of Zr/TiO2 versus Nb/Sc indicating the inferred magma 

type producing the bentonites found in the Niobrara Formation. Plot was drawn with data from 

Winchester & Floyd (1977) using Sc in lieu of Y for its similar geochemical behavior. All data is from 

XRF analysis. Titanium oxide was calculated from the XRF-derived Ti concentration. Plot suggests that 

the magmas producing the bentonites were intermediate in chemistry including andesitic and rhyodacitic 

sources. 
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Figure 5.18: Bentonite chemostratigraphy from Layne #3 showing gradually increasing Zr and Nb values 

over time suggesting differentiation of the magma chamber over time producing more and more felsic 

melts (Winter, 2010; Winchester & Floyd, 1977).  
 

interval and eustasy controlled the degree to which detrital elements could dilute the biogenic Ca fraction 

(Locklair and Sageman 2007; Sageman et al., 2009).  

2) The non-limestone lithology within the Fort Hays Limestone is likely a combination of ashfall deposits 

and detrital influx. 

3) Manganese concentrations in the Fort Hays Limestone suggest that it was deposited rapidly under 

oxygenated water conditions and subject to early diagenesis via suboxic to anoxic reducing fluids 

emanating likely from the organic-rich Smoky Hill Member above.  

4) Similar Mn and Sr concentrations in the Codell Sandstone suggest that the same fluids may have 

precipitated calcite cement during early diagenesis, possibly reducing reservoir quality early on in the 

diagenetic history.  
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5) Steadily depleting Mn concentrations through the Lower Smoky Hill Member suggest that reducing 

fluids steadily increased throughout deposition of the D Chalk and Marl allowing Mn-recycling to take 

place back into the water column. 

6) Anoxic and probably euxinic conditions persisted during the end of the D Chalk and Marl facies 

resulting in enriched concentrations of Mo, U, V, Cu, Ni, Zn, and Se, an elevated Fe/Al ratio, and 

elevated TOC concentration. This trend can be seen across all three wells, and lasted for approximately 10 

ft of depositional history.  

7) Layne #21 was likely subject to higher degrees of anoxia during C Marl deposition than Layne #3, as it 

contains higher concentrations of Mo, V, Cu, and Ni and TOC.  

8) Variable thicknesses of the D Chalk and Marl facies in the three cores suggests preexisting undulatory 

bathymetry on top of the Fort Hays Limestone.  

9) Even on the small 600 m scale, lithologic trends do not necessarily correlate to redox-element trends 

suggesting substantial lithologic heterogeneity during deposition, as the redox elements likely record a 

time-correlative interval.  

10) Paleosalinity for the WIS may have been less than normal seawater based on inferred bentonite clay 

mineralogy.  

11) Intermediate andesitic and rhyodacitic magmas likely produced the bentonites found within the 

Niobrara Formation.  

12) The volcanic system that produced bentonites shows some evidence of magma fractionation over 

time.  
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CHAPTER 6 

CORRELATION RESULTS AND INTERPRETATIONS 

 

 Combined with the previous stratigraphic, petrographic, and geochemical data, this chapter will 

scrutinize correlation methods including lithostratigraphy, bioturbation, trace elements, total organic 

carbon, and bentonites in order to assess lateral heterogeneity. An interpretation about the specific 

environment of deposition regarding ocean geochemistry, sedimentation patterns, paleobathymetry, 

bioturbation patterns, and underwater current trends will also be provided. Ultimately, this chapter will 

link geochemical and lithologic characteristics of the core with collected petrophysical logs to provide a 

manner in which this information can and applied to the rest of the Denver Basin. Information from this 

chapter suggests that the Niobrara Formation varies substantially across the field area simulating 

theoretical changes across a horizontal well. A schematic illustration of the depositional environment will 

summarize the major arguments for lateral heterogeneity 

 

6.1: Lithostratigraphic Correlation 

 

 Throughout the Denver Basin, petrophysical logs are used to correlate the chalk and marl 

sequences of the Niobrara Formation (e.g. Longman et al., 1998). For this process, geologists typically 

observe gamma ray logs noting that marl units typically have a higher gamma compared to the chalk 

units. Alternative correlation methods had to be used in this study because of the proximity of the cores to 

one another and the fact that only one logged hole was available. Lithostratigraphy was first chosen as a 

potential correlation method. Lithologies were determined first by their appearance (e.g. color, 

sedimentary structures) and confirmed by their XRF-measured Ca concentration. They were then traced 

between the wells using core descriptions.  

 Lithologic correlations provide a good framework for main facies but are strongly affected by 

small-scale changes. Figure 6.1 provides a lithostratigraphic chart with the cores arranged by Ca content 

and corresponding rock type. General trends help define the main facies: the Codell Sandstone, Fort Hays 

Limestone, D Chalk and Marl, C Marl and the bottom of the C Chalk in their stratigraphic order. 

Limestone and chalky marl classifications between 110-90 ft in both Layne #21 and Layne #3 define a 

particularly calcareous portion of the D Chalk and Marl, and are correlative between the two wells. 

Similarly, the C Marl is defined primarily by marlstones and calcareous mudstones. The individual facies 

(i.e. marlstone to marlstone) are not correlative, but rather the general trend of low Ca values persists 

across the cores.  



77 

 

Figure 6.1: Lithostratigraphic correlation of the four analyzed wells. In most cases for the Smoky Hill 

Member, the lithology does not correlate between the four cores because of the highly variable Ca content 

and the discrepancies related to the spectrum of lithologies. In general, though, the top of the D Chalk and 

Marl (highlighted in green) is particularly calcareous (> 350,000 ppm Ca by weight) and is correlative 

across Layne #3, #21 and #17. 

Despite its usefulness on the basin-wide scale, correlating lithologies within the small scale of the field 

area poses some issues. First, lithologies are not necessarily time-transgressive—two seemingly 

correlative chalk layers like those found at the top of the D Chalk and Marl in Layne #21 and #3 were 

probably not deposited at the same time after observing other correlation methods. Second, since the 

lithology scale (i.e. mudstone, calcareous mudstone, marl etc.) is a gradational scale, laterally continuous 

units that vary slightly with respect to Ca content may be classified as two wholly separate rock types.  

Finally, the process of collecting XRF data without homogenization and crushing may affect Ca values, 

as the distribution of foraminifera and other Ca-rich allochems could have skewed some readings.  

  

Lithostratigraphic correlations, therefore, do provide some insight into correlating the major chalk 

and marl successions in the small field area. They remain crucial to understand basin-wide trends in the 
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Figure 6.2: Observations by Barlow & Kauffman (1985) regarding the cyclicity of bioturbation within the 

Fort Hays Limestone and Lower Chalk (i.e. the D Chalk and Marl) of the Niobrara Formation. Note 

gradual increases in bioturbation followed by an abrupt laminated package. Type 1 bioturbation represents 

Chondrites and small Planolites. Type 2 bioturbation includes Zoophycus and Paleophycus, and type 3 

bioturbation includes Thalassinoides. Vertical scale is approximately 20-30 cm. Barlow & Kauffman 

attribute these packages to Milankovitch orbital cycles.  
 

character of the Niobrara Formation but have shortcomings that make their usefulness tenuous at the 

meso- and micro-scale.   

 

6.2: Bioturbation Correlation 

 

 While the distribution of burrowing organisms on the seafloor may certainly be random at any 

given time, overall stratigraphic trends of bioturbation follow a definitive pattern across the cores. Barlow 

and Kauffman (1985) recognized bioturbation cyclicity within the marls of the Smoky Hill Member. 

These cycles are characterized by laminated zones that suddenly truncate packages of increasing 
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bioturbation (Fig. 6.2). They attributed these patterns to oxygenation-deoxygenation events caused by 

Milankovitch orbital cycles. 

The D Chalk and Marl facies in wells #3, #21 and #17 do not exhibit recognizable or repeating 

patterns. Instead, bioturbation indices through the three wells are typically between 2 and 3 with a few 

instances of 0 (refer to Table 4.1). The qualitative method of numerically assigning values to bioturbation 

facies lumps different burrow species with one another. Accordingly, the presence or absence of certain 

trace fossils may assign a value that does not represent the actual degree of bioturbation. Therefore, it is 

very difficult to correlate bioturbation patterns between wells in the D Chalk and Marl because of the 

generally high values and pitfalls in the system of bioturbation index categorization.  

Figure 6.3: Bioturbation correlation of Layne #3, #21 and #17. Correlations are only possible above the 

10 ft interval without any bioturbation at 120 ft in Layne #3 and 110 ft in Layne #21. Thereafter, 

bioturbation cycles were correlated based on stacking patterns and stratigraphic thicknesses. This diagram 

shows that correlation based on bioturbation may be possible, but is highly subject to qualitative 

measurements to group the bioturbation into ichnofacies/bioturbation indices and by lateral variability of 

burrowing organisms. 

Despite the lack of correlation in the D Facies, patterns in the C Marl agree with Barlow and 

Kauffman (1985) and can be correlative on the mesoscale. For example, the non-bioturbated (i.e. 
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laminated) zone between 122 and 112 ft in Layne #3 can be successfully traced to another 10 ft interval 

from 106 to 96 ft in Layne #21 (Fig. 6.3). Thereafter, cycles repeating every 4-5 ft can be reasonably 

well-correlated between the two wells for the remainder of the C Marl interval. Layne #21 shows the 

classic abrupt terminations as defined by Barlow and Kauffman (1985) while Layne #3 displays similar 

cyclicity, but with higher bioturbation index values on average.  

 Trends in the D Chalk and Marl suggest that bioturbation distribution was relatively inconsistent 

across the field area. Overall high values, though, can be attributed to well-oxygenated oceanic 

conditions, which agree with chemostratigraphic interpretations. The 10 ft thick laminated zone in Layne 

#3 and #21 is likely time-correlative and shows remarkable consistency across the field area. This interval 

devoid of bioturbation implies water conditions that might limit macrofauna activity (i.e. anoxia or 

euxinia). The cycles of the C Marl are also relatively consistent between the wells, but with some 

enhanced bioturbation in Layne #3 versus Layne #21. This suggests that conditions (dissolved oxygen 

Figure 6.4: Detailed chemostratigraphy and bioturbation patterns for the C Marl in Layne #21. Note 

bioturbation trends and associated patterns in trace element concentrations. With increasing bioturbation, 

Mo, V, and U concentrations diminish and with decreasing bioturbation, Mo, V, and U concentrations 

increase.  
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Figure 6.5: Trace element correlation of Layne #3, #21 and #17 using Mo and V as diagnostic trace 

elements. Because Mo and V are both authigenically enriched via environmental factors (e.g. 

paleooxygen content), they can be considered actual time markers compared to lithology or bioturbation 

which may not necessarily be time-transgressive. This diagram shows that Mo and V have a similar 

enrichment pattern at the top of the D Chalk and Marl suggesting field-wide anoxia and possibly euxinia. 

In the C Marl, though, both Layne #3 and Layne #21 show enrichment of Mo and V, with Layne #21 

containing >25 ppm Mo on average and Layne #3 containing >10 ppm. This difference in enrichment 

suggests locally variable paleoredox conditions. Cyclicity in Layne #21 in the C Marl can also be 

observed.  
 

content, bathymetry etc.) during C Marl deposition might have varied over a short lateral distance.  

When viewed in closer detail, the C Marl displays distinct trends between redox-sensitive trace 

element concentrations and bioturbation levels (Fig. 6.4). Zones with bioturbation indices of 0 or 1 have 

up to 50 ppm Mo, 500+ ppm V, and 20 ppm U. However, zones with higher bioturbation indices (2-3) 

generally exhibit concentrations less than 10 ppm Mo, 200 ppm V, and 0-5 ppm U. Trace element 

concentrations appear to follow bioturbation cyclicity. This geochemical observation corroborates the 

biologic response of burrowing organisms following gradual or abrupt oxygenation or deoxygenation 

cycles (Barlow & Kauffman, 1985).  
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Figure 6.6: Total organic carbon and Mo correlation of Layne #3, #21, and #17. The high concentration 

of TOC (> 5.0% by weight) in both Layne #3 and #21 is correlative and is also likely time-transgressive, 

confirming the idea of anoxic and euxinic conditions over the local field area. Organic carbon 

concentrations in the C Marl in Layne #21 are on average 2.0% greater than those in Layne #3, furthering 

the argument of lateral depositional and paleoredox heterogeneities. 

6.3: Trace Element and Total Organic Carbon Correlation 

 

 While lithostratigraphy and bioturbation can be used for generalized facies correlations, they do 

not correlate well for time-correlative or chronostratigraphic purposes. Observing chemostratigraphic 

trends for trace elements provides paleoenvironmental indicators of conditions that were likely 

widespread during deposition. Comparing these paleoenvironmental indicators to TOC concentrations 

across the field area also yields important information regarding organic preservation. 

All three wells exhibit ~10 ft enrichment zones of Mo and V with similar appearances and 

degrees of enrichment, with concentrations of Mo consistently above 50 ppm (rising to 150 ppm), and 

concentrations of V up to 1000 ppm (Fig. 6.5). This prolonged enrichment of V and Mo is accompanied 

by TOC values greater than 5% by weight, the highest of the entire interval (Fig. 6.6). The zone of Mo 
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and V enrichment is followed by lower concentrations for 15 ft and then a spike in Mo concentration up 

to 150 ppm. Thereafter, Mo concentrations remain between 8 and 15 ppm in Layne #3 but are 

consistently 15- 30 ppm in Layne #21. Vanadium concentrations are also enriched in Layne #21 

compared to #3. Total organic carbon content mirrors the discrepancies in Mo and V between Layne #21 

and #3, with greater than 4.2% TOC in the C Marl of Layne #21 and only 2.5% TOC in Layne #3. 

 

Prolonged enrichment of Mo and V in all three wells suggests field-wide anoxia and even euxinia 

took place at the end of D Chalk and Marl deposition. Euxinic conditions allowed for high preservation 

potential of organic carbon. Thereafter, euxinic conditions abated slightly but returned again briefly at the 

base of the C Marl. The discrepancies in Mo and V concentrations and correlative differences in TOC in 

the C Marl suggest two slightly different environments between Layne #3 and Layne #21. Molybdenum 

enrichment to 30 ppm in Layne #21 coupled with >4.5% TOC implies severe anoxia and euxinia during 

deposition. However, only moderate enrichment of Mo (to 15 ppm) and TOC in Layne #3 suggests only 

moderate depletion of dissolved oxygen—suboxia to slight anoxia. A change of this magnitude across 

only 2000 ft could be explained by paleobathymetry, where deposition of the C Marl in Layne #21 

occurred in a paleo-low beneath the suboxic-anoxic chemocline, and deposition of C Marl on Layne #3 

occurred on a paleo-high, well within suboxic waters.  

 

6.4: Bentonite Correlation 

 

 The next correlation step was to use what many have considered one of the best correlation 

methods: bentonites (Elder, 1988; Obradovich, 1993). Because bentonites are deposited in a geologic 

instant (i.e. a few hours to a few weeks), they make excellent time-markers. They are also often laterally 

continuous and can be traced hundreds of kilometers between wells. For example, the X-bentonite of the 

Greenhorn-Graneros succession can be traced from the Western Canadian Sedimentary Basin in Alberta 

to the Eagle Ford Formation in South Texas (Anderson, 2014). This particular bentonite changes 

dramatically in thickness and geometry over the lateral distance but is still correlative based on 

radioisotope dating (Elder, 1988). If the X-bentonite can be traced for hundreds of miles, then most 

bentonites found in a well only 2000 ft from another should also be laterally continuous.  

In order to correlate bentonites on the meso-scale, a distinguishable glauconitic green bentonite 

was first identified in all three wells. This glauconitic bentonite was then considered the benchmark for 

further correlations. Thereafter, stratigraphic distances between adjacent bentonites were measured and 

confirmed using Mo trace element data as a correlative guide.  
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Results suggest that most bentonites in the D Chalk and Marl correlate the 300 ft between Layne 

#17 and #21 (Fig. 6.7). Only four of thirteen bentonites do not correlate between the wells. Above the 

diagnostic green, glauconitic, and laterally continuous bentonite, the remaining bentonites in the D Chalk 

and Marl also correlate to Layne #3. However, according to bentonite stacking patterns, there appears to 

be six missing bentonites below the diagnostic green bed in Layne #3. In the C Marl, however, stacking 

patterns suggest a large degree of discontinuity, with 10 bentonites present in Layne #3 but absent in 

Layne #21, which is only 2000 ft away. 

 

 

*

**

***

Figure 6.7: Bentonite correlation between Layne #17, Layne #21 and Layne #3. Purple lines represent 

bentonites that are laterally continuous across all three wells. Red lines represent bentonites that are only 

continuous across two of the three wells. Black lines are laterally discontinuous bentonites only found in 

one well. Finally, the green line represents the diagnostic glauconitic bentonite used as a baseline for 

correlations. In addition to this diagnostic green bentonite, Mo and V spikes indicating a field-wide 

anoxic/euxinic event were also used to aid correlations. This diagram shows lateral discontinuity in the D 

Chalk and Marl from Layne #21 and #17 to Layne #3, and extreme discontinuity in Layne #21 compared 

to Layne #3 for the C Marl. Geochemical correlations found in Figure 6.9 are denoted by stars (*, **, and 

***) representing the correlative bentonites.  
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Figure 6.8: (a) Photomicrograph of a bentonite with a flat base and an upper contact with a diffuse 

texture. This texture is diagnostic of winnowing via bottom currents, (b) Photomicrograph of a bentonite 

contact with conglomerated fragments of ash mixed in with the surrounding sediment. This texture is 

likely produced by burrowing organisms.  
 

6.4.1: Bentonite-Marl Contact Characteristics 

 

 Thin section observations reveal that contacts between the bentonites and surrounding marl or 

chalks fall under three general categories: 1) diffuse ash within the sediment found mostly in laminated 

zones; 2) conglomerated fragments of ash within the sediment found primarily in bioturbated zones; and 

3) non-disruptive flat contacts found typically at the base of the bentonite (Fig. 6.8a & b).  

 Discontinuities in bentonites can be explained by two processes: 1) winnowing by bottom 

currents, and 2) selective bioturbation incorporating the ash into the marly sediment (Fig. 6.9a & b). 

These mechanisms are supported by apparent bentonite-marlstone contacts where there appears to be: 1) a 

diffuse pattern of ash within the sediment suggesting winnowing and subsequent incorporation, and 2) 

conglomerated fragments of bentonite within the sediment suggesting incorporation via burrowing 

organisms. The non-disruptive flat contacts are indicative of suspension deposition onto relatively flat-

lying marly sediment without evidence of winnowing or bioturbation.  

 

6.4.2: Geochemical Correlations 

  

The diagenetically stable lithophillic trace elements used to understand the paleovolcanic geochemistry 

(Zr, Nb, Sc, and Ti) can also bolster stratigraphic correlations for some of the laterally continuous 

bentonites. Comparing concentrations of these elements in correlative bentonites confirms the correlation, 

and introduces a new way to fingerprint bentonites for basin-wide correlation (Fig. 6.10). Not all 

A B 
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Figure 6.9b: Hypothesized bioturbation mechanism where burrowing organisms break-up and incorporate 

conglomerated fragments of ash within the sediment, akin to the observed pattern of broken foraminifera 

shells found in Chondrites burrows.  
 

 
 

stratigraphically-correlative bentonites exhibit the same geochemical patterns so this method is not always 

practical. Enhanced sample preparation (i.e. homogenization via crushing) could improve this method. 

Since these trends to seem to work for some wells, using Zr, Nb, Sc, and Ti as stable trace elements may 

be useful on the basin-wide scale.  

 

6.4.3: Bentonite Continuity/Discontinuity Interpretation 

 

 Trends from the stacking patterns of bentonites in the lower D Chalk and Marl suggest some kind 

of non-deposition for Layne #3. Absent bentonites between the top of the Fort Hays Limestone and the 

characteristic glauconitic green bentonite found at 156 ft suggest that up to 15 ft of section is missing. 

Missing section could be the result of bathymetric undulations in the paleo-seafloor geometry. This 

section on the paleo-high may have been subject to more bioturbation (with bioturbation indices of 3 and 

4) that could have incorporated the bentonites into the surrounding sediment. This would suggest that the 

top of the Fort Hays Limestone during D Chalk and Marl deposition was as much as 15 ft higher at Layne 

Figure 6.9a: Hypothesized winnowing mechanism whereby bottom currents scour and reincorporate ash 

into the surrounding sediment. 
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#3 than at Layne #17 and #21. This bathymetrically higher area would receive more sunlight and nutrients 

thereby supporting more benthic macrofauna than the paleo-low (Fig. 6.11). Removal of bentonites within 

Layne #3 via bioturbation was likely enhanced by a well-oxygenated environment of deposition during D 

Chalk and Marl time.  

Conversely, the C Marl found in Layne #21 and Layne #3 exhibits opposite missing bentonite 

patterns. In this case, bentonites are preserved on the interpreted paleo-high in Layne #3 and are absent on 

the paleo-low of Layne #21. This can be explained by the redox conditions of the seawater during C Marl 

deposition and by sedimentary structures. During this time, trace element chemostratigraphy and TOC 

values suggest that the water was anoxic and possibly euxinic. Paleo-highs would no longer support 

extensive benthic macrofauna populations because of the inhospitable water conditions. In addition to the 

poor water conditions, this section exhibits abundant laminated zones, implying moderate energy traction-

dominated deposition. As proposed by Schieber and others (2010), fine-grained laminated mudstones are 

likely the result of deposition via submarine currents. These currents would likely favor bathymetrically 

low areas resulting in the winnowing of bentonites in Layne #21 and the preservation of bentonites in 

Figure 6.10: Geochemical correlations using diagenetically stable elements (Zr, Ti, Nb, and Sc) between 

stratigraphically correlative bentonites. See Figure 6.6 for the stratigraphic positions of each of the three 

correlations corresponding with the stars as denoted above 

** * 

*** 
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Layne #3 Layne #21

600 m

ND Chalk and Marl Deposition

Strongly enhanced 
bioturbation 
removing bentonites

Chemocline?

Suboxia

Oxic to suboxic waters

Preserved bentonites in paleo-lows

Figure 6.11: Schematic diagram of the interpreted environment of deposition and associated 

paleobathymetry during D Chalk and Marl deposition based on bioturbation patterns and bentonite 

continuity. In this model, bentonites are incorporated into the surrounding sediment by bioturbation along 

paleohighs which are more hospitable to burrowing organisms due to increased sunlight and nutrient 

availability. Decreased bioturbation along the paleolows favors the preservation of bentonites. Not to 

scale.  
 

Layne #3 (Fig. 6.12).  

 

6.5: Correlation Summary 

 

The integration of lithology, bioturbation patterns, trace element geochemistry, and bentonite 

continuity to correlate the three closely-spaced wells aids in understanding many key paleoenvironmental 

details. Data from the four correlation methods suggest that there likely was preexisting bathymetry on 

top of the Fort Hays Limestone that was never leveled by sedimentation throughout D Chalk and Marl 

and C Marl deposition. Other researchers have recognized and documented basin-wide paleobathymetry 

as a primary control for sedimentation and reservoir quality, yet this study is the first documentation of 

paleobathymetry on the mesoscopic level (e.g. Weimer, 1984; Drake et al., 2013) The inferred 

paleobathymetric difference between Layne #21 and Layne #3 was approximately 15 ft with a slope of 

approximately 0.44º deepening to the north along the seafloor. Paleobathymetry influenced several factors 

during deposition: 1) burrowing organisms and their ability to incorporate ash into the sediment during D 

Chalk and Marl Deposition, 2) control of chemocline position, 3) preservation of organic carbon during C 

Marl deposition by subjecting the zone in Layne #21 to more euxinic conditions, and 4) directing contour 



89 

 

currents along paleo-lows to remove bentonites by winnowing.  

From the bioturbation data and the trace element data, a prolonged period of anoxia and euxinia 

likely occurred near the end of D Chalk and Marl deposition. This zone contains the highest values of 

TOC (>5.2% by weight), the highest Mo and V concentrations, and a dearth of bioturbation. 

Paleobathymetry apparently did not affect this episode of euxinia, suggesting that the chemocline was at 

least 20 ft above the seafloor. 

 

 6.6: Petrophysical Correlation  
 

 While these correlation results are useful in understanding the depositional systems of the 

Niobrara Formation, they do not provide direct economic information regarding as petroleum and natural 

gas production. A simple petrophysical well-to-well cross section ties near-surface data from the quarry 

into the producing portion of the Denver Basin. For this connection, the Coquina Oil Berthoud State #3 

Suboxia

Anoxia

Euxinia

Chemocline

Layne #3 Layne #21

600 m

Slightly enhanced 
bioturbation on 
bathymetric high

Reduced 
bioturbation; 
increased TOC 
preservation

C Marl Deposition N

Bottom currents following paleo-
lows and winnowing bentonites

Preserved bentonites on paleohighs

Figure 6.12: Schematic diagram of the interpreted environment of deposition during C Marl deposition 

based on bioturbation, trace elemental data, and bentonite continuity. In general, the paleoredox 

conditions in the C Marl were suboxic to anoxic based on trace element data. This model suggests that the 

paleohighs (i.e. for Layne #3) were above the paleochemocline separating suboxic waters from anoxic 

and euxinic waters below. The position of the chemocline allowed minor bioturbation along paleohighs 

and dramatically enhanced organic carbon preservation potential (> 2.0% by weight) along the paleolows. 

However, currents that were apparently separated from oxygenated waters winnowed bentonites from the 

paleolows and left bentonites along the paleohighs unaffected. 
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Figure 6.13: Petrophysical correlation of the CEMEX Layne #17 well to the Berthoud State #3 well 

located 7.75 mi to the northeast using total gamma. Other logs that are affected by fluids (e.g. resistivity 

and neutron-density) were not considered in the context of this correlation. This diagram shows 

remarkable lateral continuity in the stratigraphic thickness of the Fort Hays Limestone and C Marl. There 

is an approximate 10 ft difference in thickness for the D Chalk and Marl between the two wells. The hot 

gamma spike at 50 ft in Layne #17 correlates with the high TOC zone assumed to be at the top of the D 

Chalk and Marl through normal core observation.  
 

well was chosen for three reasons: 1) its proximity to Lyons, 2) its status in a currently-producing 

vertical-well field, and 3) its abundant petrophysical and geochemical data.  

 The Berthoud State #3 Well is located within the Berthoud Oil Field due west of the town of 

Berthoud approximately 7.75 mi northeast of the CEMEX Quarry. The field contains 31 vertical wells 

targeting D and J Sandstone Members of the Graneros Shale and has produced 1,031 Bbl oil and 348 

MCF of gas in the past 15 years (COGCC, 2015). Petrophysical logs, core of the Niobrara Formation, ICP 

and XRF data were collected from the Berthoud State #3. Geochemical data extends from the top of the 

Niobrara Formation to the middle of the C Marl unit, and therefore has limited use for the extent of data 

from Layne #17. Petrophysically, only the gamma and density logs are applicable across the two different 

sites because of fluid characteristics. Fluids at the near-surface Layne #17 are likely much fresher than 

those found within a producing field, rendering resistivity and neutron data unusable for correlations. 

 Tops for the Codell Sandstone, Fort Hays Limestone, D Chalk and Marl, C Marl and C Chalk 
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were picked in the Berthoud State #3 well using gamma ray data from Nakamura (in press, 2015). The 

top of the D Chalk and Marl is picked just below the elevated gamma to 200 API units at 3140 ft (Fig. 

6.13). This high gamma kick correlates with high TOC values that were predicted to be near the top of the 

D Chalk and Marl according to the original lithologic facies designation. However, the new picks using 

the gamma log puts this TOC spike within the C Marl unit, illustrating the difference between 

petrophysical- and lithologic top designations. A similar gamma ray spike (to 110 API units) occurs at 50 

ft in the Layne #17 well corresponding with high U, Mo, and TOC concentrations.  

 Correlative gamma logs for the gamma spike in Layne #17 correspond to high Mo, U, V, and 

TOC. This corroborates the initial hypothesis that the ~10 ft interval was a regional, and perhaps even 

basin-wide anoxic or euxinic event. The stratigraphic thickness of the D Chalk and Marl in Berthoud 

State #3 is consistent with stratigraphic thicknesses found in the other three cores, verifying that regional 

thickness correlation based on lithology is reasonably consistent. However, data from just the Lyons 

Quarry suggest that local paleobathymetric fluctuations may have an impact on local sedimentation, 

bioturbation patterns, geochemistry, and organic carbon preservation potential.  

 

6.7 Conclusions 

 

1) Accurate correlations with core data are possible after combining lithologic, bioturbation, trace 

element, and bentonite observations.  

2) Correlations suggest that there was preexisting bathymetry atop of the Fort Hays Limestone that 

influenced sedimentation, bioturbation patterns, stratigraphic thicknesses, chemostratigraphy, and organic 

carbon preservation potential. This bathymetry could be the result of preexisting polygonal fault systems 

from the Greenhorn section, undulatory topography from Codell Sandstone shoals, or erosional remnants. 

3) Paleobathymetry likely included a paleo-high near Layne #3 and a relative paleo-low near Layne #21 

and #17. The difference in bathymetry was likely no more than 15 ft, creating a slope of 0.44º.  

4) Bioturbation patterns on the paleo-high during D Chalk and Marl deposition display greater 

biodiversity and burrow abundance, suggesting that burrowing organisms preferred these bathymetrically 

higher areas. The proliferation of burrowing organisms on the paleo-high incorporated most bentonites 

into the sediment.  

5) Undulatory bathymetry likely persisted into C Marl deposition with enhanced TOC content and trace 

element concentrations in the paleo-low of Layne #21, suggesting that the chemocline was affected by 

bathymetry (Fig. 6.10).  

6) Preexisting bathymetry also affected current distribution. Currents followed paleo-low areas and 

removed some bentonites in the C Marl by winnowing them away.  
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7) The 10 ft interval at the top of the D Chalk and Marl with limited bioturbation, enriched Mo, V, U, 

TOC, and higher gamma readings is likely a regionally extensive anoxic or euxinic event that affected 

macrofauna and enriched the sediment with the highest values of TOC in the Lower Smoky Hill Member.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

 Detailed observation of lithology, bioturbation, chemostratigraphy, trace elements, TOC data, and 

petrophysical logs indicate that the Niobrara Formation is laterally heterogeneous on the horizontal well 

length scale. Within the same lithologic unit, organic carbon content can vary as much as 2.5% by weight 

over a distance of 2000 ft. This magnitude of change has profound impacts on reservoir quality. Organic 

carbon impacts porosity development, potential petroleum charge, the “frackibility” of the rock, and 

petrophysical analyses. These small-scale changes in lithology, geochemistry, and organic content may 

affect how producers’ assess poorly-performing wells, relating performance to heterogeneous reservoir 

quality instead of just drilling procedures and completion practices.  

This study provides new information regarding the environment of deposition for the Niobrara 

Formation. Stratigraphic analysis of bentonite continuity and TOC variability suggests that 

paleobathymetry with dips near 0.44 likely existed at the time of deposition. This paleobathymetry 

shaped aspects of deposition by controlling bioturbation patterns, chemocline elevation, current pathways, 

and resulting sedimentation. Small-scale changes in bioturbation patterns may also play a role in subtle 

permeability changes. Bentonite discontinuity, laminations, rippled sedimentary structures, and shell lag 

zones indicate that depositional energy was likely much higher than originally hypothesized with currents 

able to winnow 4 inches of sediment. Such currents were likely omnipresent but intensified during storm 

events allowing for shell lag deposits.  Despite the powerful currents, anoxic and even euxinic conditions 

could persist for long periods of time suggesting that the bottom currents were not linked to oxygenated 

waters. 

Redox-sensitive trace elements suggest that the Fort Hays Limestone was deposited rapidly under 

oxygenated conditions, trapping Mn within the sediment. Thereafter, the D Chalk and Marl was deposited 

under initially oxygenated conditions with gradually depleting oxygen levels allowing for Mn reduction 

and incorporation. A widespread anoxic and euxinic environment dominated the top of the D Chalk and 

Marl. Correlations stretch between the wells in Lyons as far as 7.75 mi northeast to the Berthoud State #3 

well. Euxinic conditions hindered benthic macrofauna and enriched the sediment with 5.5% TOC, the 

highest of the studied section. Thereafter, paleobathymetry influenced the redox conditions of the 

sediment by controlling the position of the chemocline. Paleo-lows likely exhibited anoxic and euxinic 

conditions during C Marl deposition, while paleo-highs above the chemocline had suboxic to anoxic 

waters.  

Bentonite geochemistry suggests andesitic to rhyodacitic parent magmas from the Sevier 

Orogenic belt to the west. Slight stratigraphic increases of Zr and Nb imply that the magma bodies 
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underwent fractionation, with increasingly felsic chemistries over time. Geochemistry aligns well with the 

paleogeographic reconstruction, which includes the Sevier Andean-type orogeny to the west. 

Overall, this study puts the Niobrara Formation as a reservoir into context with conventional 

reservoirs. When I was elatedly discussing the immense lateral TOC and trace element changes with a 

colleague studying fluvial sandstones, I was greeted with a “Are you kidding? Of course there’s lateral 

heterogeneity!” response. Taken aback, I realized that conventional reservoir geologists take lateral 

heterogeneity for granted—especially in fluvial sandstones. But as mentioned in the introduction, these 

new unconventional targets are often considered homogeneous plays by most of the industry. I hope this 

study sheds some light on the heterogeneities of such plays, where paleoenvironmental conditions 

including bathymetry, currents, bioturbation, redox state, and resulting sedimentation affects not only how 

we observe the rock today, but also how the rock is drilled, stimulated, and produced.  

 

7.1: Recommendations for Future Work 

 

1) Analyze all cores in the CEMEX field area to understand the small-scale changes and lateral 

heterogeneity in the Niobrara Formation with greater detail.  

2) Clean and run petrophysical analyses on more wells to observe horizontal-length petrophysical 

changes in reservoir quality.  

3) Observe and analyze the Laramide deformation features in the field area using ground penetrating 

radar, shallow seismic, and outcrop studies.  

4) Perform a similar core description, TOC, and trace element analysis on a horizontal core from a 

producing field to verify the conclusion of lateral heterogeneity.  

5) Observe lateral ichnofacies changes both in core and along the highwalls in the Quarry to 

document subtle changes in redox environment using bioturbation as a proxy.  

6) Use Zr, Nb, Sc (Y, if possible), and Ti as fingerprinting elements to correlate bentonites 

throughout the basin and to see lateral discontinuities, using ICP-MS instead of handheld energy 

dispersive XRF technology.  

7) Characterize clay types in the bentonites using XRD to understand more about the water 

chemistry during the time of deposition (e.g. kaolinite to smectite/illite proportions).  

8) Look for fluid inclusions in minerals in bentonites (either incorporated bitumen or oil from 

catagenesis, or fluid inclusions from magma crystallization) to understand burial bentonite 

diagenesis and the overall volcanic system.  

9) Observe the high-TOC spike at the top of the D Chalk and Marl throughout the basin to assess 

any lateral changes potentially based on paleobathymetry.  
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10) Perform a stable isotopic study on the calcite in fault gouge to determine the paleotemperatures of 

fluids during faulting and compare to organic paleothermometers like vitrinite reflectance to 

constrain timing.  
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