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ABSTRACT 

 The Late Cretaceous (89.5-82 Ma) Niobrara Formation is the primary target for 

hydrocarbon development in many fields throughout Colorado. The formation is composed of 

two members: the basal Fort Hays Limestone and the overlying Smoky Hill Member. 

Historically, production has centered on the Smoky Hill Member but recent success in the Fort 

Hays Limestone has sparked interest in this underlying unit. Compared to the Smoky Hill 

Member, the Fort Hays Limestone is markedly different in lithology, sedimentology, and 

elemental composition. Through detailed core descriptions, measured outcrop sections, XRF 

analysis, thin section petrography, and FESEM analysis, this study develops a better 

understanding of the unique depositional history that characterizes the Fort Hays. 

 In order to assess regional changes, five cores and five outcrops were utilized to 

represent the Fort Hays on a depositional basin scale. Sedimentologically, the Fort Hays 

Limestone is characterized by rhythmic bedding of chalk and marl which represent climatic 

fluctuations that result from perturbations in the Earth’s orbit around the sun (i.e. Milankovitch 

cycles). Chalks were deposited during times of arid climate when siliciclastic input from the 

Sevier highlands was minimal and carbonate production was enhanced. Chalks are 

characterized by extensive bioturbation suggesting well-oxygenated benthic conditions. 

Conversely, marls were deposited under humid conditions where increased terrestrial runoff 

from the Sevier highlands diluted ongoing carbonate production. Marls are characterized by a 

laminite sedimentary fabric suggesting that benthic conditions were less-oxygenated and unable 

to support benthic fauna. Ichnological observations reveal that the Fort Hays Limestone is 

characterized by high frequency cycles of rapid oxygenation and deoxygenation. 

 In the field, outcrops were measured for total Fort Hays and individual bed thicknesses 

and described for lithologic changes. Western outcrops exhibit changes in lithology from base to 

top that suggest an overall rise in sea level. Scour surfaces in the westernmost outcrops 

suggest a higher energy environment during marl deposition. The absence of these surfaces to 

the east in Hays, Kansas suggests a quieter, lower energy environment. 

 Elemental data from X-ray fluorescence (XRF) were used to generate spatial elemental 

concentration maps for the Western Interior Seaway during Fort Hays time. This data suggests 

that detrital elements (Al, Si, Zr, and K) are primarily sourced from the west and northwest with 

an additional southwest source during humid climates. Carbonate elements were brought up 
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from the south via Gulfian currents. Finally, a manganese anomaly found exclusively in the Fort 

Hays appears to originate from the north. The element is thought to be enriched in sea water at 

this time as a result of increased sea floor spreading and carried down to the basin via Arctic 

currents.  

The Fort Hays Limestone is characterized by a unique depositional history that resulted 

in the regional lithological and geochemical trends observed throughout this study. Changes in 

climate, benthic oxygenation, sea level, and energy are recorded in the Fort Hays. Each of 

these factors played a critical role in the supply, delivery and movement of elements throughout 

the basin.   
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CHAPTER 1 

INTRODUCTION 

Deposited in the Late Cretaceous Western Interior Seaway (WIS), the Niobrara 

Formation is the primary target for horizontal hydrocarbon development in many fields 

throughout Colorado. This self-sourced formation produces from low permeability chalks, 

marlstones, and shales through horizontal drilling and multi-stage hydraulic fracturing 

(Sonnenberg, 2011). The Niobrara Formation is composed of two members: the basal Fort 

Hays Limestone and the overlying Smoky Hill Member. This project will focus on the Fort Hays 

Limestone on a depositional basin scale in order to evaluate regional variations in stratigraphy 

and elemental geochemistry 

1.1 Motivation 

Due to favorable reservoir properties including total organic carbon (TOC) content, 

porosity, expulsion fractures etc., production has been centered on the Smoky Hill Member of 

the Niobrara. Previous research has suggested that the Fort Hays Limestone lacks petroleum 

potential due to poor petrophysical and reservoir properties including low porosity, resistivity, 

and TOC content (e.g. Scholle, 1977; Hattin, 1982; Landon et al., 2001). However, success in 

the Redtail and Wattenberg fields of Weld County, Colorado suggest that the Fort Hays 

Limestone has the potential to add hydrocarbon reserves as an additional tight oil prospect. 

Production data available for four horizontal wells completed in the Fort Hays from 2013 to 2014 

report cumulative oil production in excess of 500 MBO (Figure 1.1) (IHS 2016).  

1.2 Objectives and Purpose 

The main objective of this study was to develop a chemostratigraphic profile across the 

depositional basin. This profile will allow for quantification of geochemical changes occurring 

throughout the basin. The Fort Hays Limestone is associated with anomalously high 

manganese concentrations not observed throughout the rest of the Niobrara Formation. This 

project will seek to postulate the phase and geochemical source of manganese within Fort 

Hays’ sediments.  

A secondary objective to this study was to better understand the depositional 

environment of the Fort Hays. Specifically, to understand the role that fluctuations in sea level, 
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climate, and changing bathymetric conditions play in the deposition of contrasting lithologies 

(i.e. chalk and marl) and how benthic communities are affected by these changes. 

 

Figure 1.1: Map of the four horizontal wells drilled and completed in the Fort Hays Limestone in 
Weld County, Colorado. Production numbers reported through September 2016 are listed for 
each well with oil denoted in green, gas denoted in red, and water denoted in blue. Combined 
cumulative production for these four wells accounts for over 500 MBO (IHS 2016).  

1.3 Field Area 

 Core and outcrop locations have been chosen to represent the Fort Hays on a 

depositional basin scale. Five cores and five outcrops have been selected in order to assess 

regional changes (Figure 1.2). From east to west, cores include the Rebecca K Bounds #1 in 

western Kansas, the Berthoud State 3 and Windmill 5-23H in the Denver Basin, the Nicholas 

12-18 in the Raton Basin, and the Portland 1 in the Cañon City Embayment (Figure 1.2). Core 

descriptions and XRF analyses were performed at the USGS Core Research Center in Golden, 

Colorado and at Triple O Slabbing in Denver, Colorado. From east to west, outcrop locations 

include Hays (Kansas), Kremmling, Delaney Buttes, Wolcott, and New Castle, Colorado (Figure 

1.2). Core and outcrop locations and available data are summarized in Table 1.1 and Table 1.2 

respectively. 
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Figure 1.2: Location map of core and outcrop locations selected to depict the Fort Hays 
Limestone on a depositional basin scale.  

Table 1.1: Core locations, Fort Hays thickness, and data collected in this study 

Name Operator Location 
Study 

Interval (ft) 
Ichnofacies XRF 

Thin 

Sections 

Rebecca K 

Bounds #1 

Amoco 

Production 

T18S R42W 

Sec. 17 (KS) 
604-674 X X X 

Windmill 5-

23H 

Anschutz 

Exploration 

T5N R62W 

Sec. 23 
6263-6288 X X X 

Berthoud 

State 3 
Coquina Oil 

T4N R69W 

Sec. 16 
3191-3211 X X  

Portland 1 USGS 
T19S R68W 

Sec. 20 
212-259 X X X 

Nicholas 12-

18 
Evergreen 

T31S R64W 

Sec. 18 
2379-2415 X X X 

 

  



4 
 

Table 1.2: Summary of outcrop locations and measured thickness of Fort Hays Limestone 

Outcrop Lat/Long Location County, State Measured 
Thickness 

Hays 
39° 07’ 29” N 

099° 18’ 09” W 
Ellis, Kansas 

49.0 ft 

Delaney Butte 
40° 41’ 19” N 

106° 32’ 23” W 
Jackson, Colorado 

11.0 ft 

Kremmling 
40° 00’ 56” N 

106° 23’ 38” W 
Grand, Colorado 

20.0 ft 

Wolcott 
39° 42’ 08” N 

106° 39’ 56” W 
Eagle, Colorado 

18.0 ft 

New Castle 
39° 34’ 20” N 

107° 25’ 51” W 
Garfield, Colorado 

55.0 ft 
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CHAPTER 2 

BACKGROUND GEOLOGY AND PREVIOUS WORK 

The Niobrara Formation was deposited in the Late Cretaceous Western Interior Seaway 

(WIS). The WIS was characterized by a complex, dynamic paleoceanographic system. Tectonic 

growth of the Sevier highlands, eustatic changes, and watermass conditions of the basinal 

waters affected sedimentation in the Cretaceous WIS (Kauffman & Caldwell 1993). This chapter 

provides an introduction to the general structure of the Western Interior Basin and presents 

background information on the stratigraphy, recurring trace fossil assemblages, and 

chemostratigraphy of the Fort Hays Limestone. 

2.1 Regional Structure 

 The Niobrara Formation was deposited in the WIS during late Turonian to early 

Campanian time (89.5 to 82 Ma) (Weimer, 1960). The original basin was 500 to 1000 miles wide 

and stretched from the present day Arctic Ocean to the Gulf of Mexico (Weimer, 1984). The 

WIS was an asymmetric foreland basin bordered by the Sevier orogenic belt to the west and the 

cratonic interior of present day Kansas, Nebraska, and South Dakota to the east (Figure 2.1) 

(Weimer, 1984; Colorado Plateau Geosystems Inc, 2014). Isostatic subsidence of the basin 

resulted from tectonic loading from the Sevier orogenic belt and sedimentary loading within the 

basin itself (Kauffman & Caldwell 1993).  Weimer (1978) suggested that a regional isopach thin 

of the Niobrara represents movement on the Transcontinental Arch during the Late Cretaceous 

(Figure 2.2). The Transcontinental Arch affected sedimentation during Niobrara time as strata 

onlapped onto the broad structural high. The late Cretaceous to early Tertiary Laramide 

Orogeny (64-40 Ma) partitioned the larger WIS basin into the smaller intermontane basins 

observed today (Figure 2.3) (Weimer, 1960; Sonnenberg, 2011).  

2.2 Regional Stratigraphy 

 In ascending stratigraphic order, Cretaceous strata include the Dakota Group, Graneros 

Formation, Greenhorn Formation, Carlile Formation, Niobrara Formation, and the overlying 

Pierre Shale (Figure 2.4). These formations record five major episodes of marine transgression 

and regression (Pratt et al., 1993). This study focuses on the Niobrara Formation, specifically 

the Fort Hays Limestone member.  
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Figure 2.1: Paleotectonic map for the Late Cretaceous. Note active subduction to the west 
resulting in the formation of the Sevier Orogen along the western margin of the Western Interior 
Seaway. The seaway stretched from the present day Arctic Ocean to the Gulf of Mexico. This 
unique setting allowed for siliciclastic input from the west and mixing of cold Arctic and warm 
Gulf currents. Modified from Colorado Plateau Geosystems Inc. (2014). 

The Niobrara Formation was deposited during a 3rd order transgressive-regressive cycle 

named the Turonian-Campanian Niobrara Cycle (Figure 2.5). Crustal subsidence in the foreland 

basin and relatively high eustatic sea level resulted in a major marine transgression that initiated 

Niobrara deposition (Kauffman, 1977 a, b). The formation is bounded at the top by the Pierre 

Formation and at the base by lowstand shallow water clastics of the Carlile Formation. The 

Niobrara Formation consists of a basal chalk (the Fort Hays Limestone) and three alternating 

marl and chalk lithologies comprising the Smoky Hill Member. The carbonate-dominated 
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intervals (Fort Hays Limestone and Smoky Hill chalk members) were deposited during relative 

sea level highstands. Lower TOC values and extensive bioturbation suggest that the water 

column was well-mixed and oxygenated during chalk deposition. Marls of the Smoky Hill 

Member were deposited in relative lowstands and are characterized by a lesser degree of 

bioturbation. This suggests suboxic to dysoxic water conditions resulting in high TOC values 

(Figure 2.5) (Kauffman 1977b; Kauffman et al., 1985).  

 

Figure 2.2  Isopach map of the Niobrara Formation and equivalent strata (contour interval: 100 
feet). The Transcontinental arch is thought to have been active during Niobrara deposition and 
thus affected sedimentation. This influence is manifested as a northeast-southwest trending thin 
through the center of the map. From Weimer (1978).  
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Figure 2.3: Cretaceous Niobrara and Niobrara equivalent oil and gas fields of the Rocky 
Mountain region. The Late Cretaceous Laramide Orogeny partitioned the Cretaceous Western 
Interior Basin into the fragmented basins observed today. Oil accumulations are depicted in 
green and gas accumulations in red. (DB: Denver Basin; RB: Raton Basin; SJB: San Juan 
Basin; FCCB: Florence-Cañon City Basin; SPB: South Park Basin; NPB: North Park Basin; PB: 
Pieceance Basin; UB: Uinta Basin; GGRB: Greater Green River Basin; WRB: Wind River Basin; 
BB: Bighorn Basin; PRB: Powder River Basin; WB: Williston Basin). From Sonnenberg (2011). 

Specifically, the Fort Hays Limestone represents the initial transgression and highstand 

of the Niobrara cyclothem (Longman et al., 1998; Kauffman et al., 1985). The underlying 

member of the Carlile Shale in contact with the Fort Hays Limestone changes regionally (Figure 

2.6). In western Kansas and eastern Colorado, the Fort Hays unconformably overlies the Codell 

Sandstone member. This contact is characterized by chalk-filled burrows in the upper portions 

of the Codell. To the west, the Fort Hays overlies either the Juana Lopez or the Storm King 

Mountain Shale members. 

Deposited during the late Turonian to middle Coniacian, the Fort Hays Limestone is a 

time-transgressive unit (Hattin, 1982; Walaszczyk and Cobban, 2000). Biostratigraphic 

zonations for the Turonian-Coniacian boundary were extensively studied by Walaszczyk and 

Cobban (2000). The Fort Hays Limestone spans six inoceramid biozones and three ammonite  
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Figure 2.4: Generalized Cretaceous stratigraphy (not to scale). Cretaceous stratigraphy includes 
the Dakota Group, Graneros Formation, Greenhorn Formation, Carlile Formation, Niobrara 
Formation, and Pierre Shale. Modified from Sonnenberg (2011). 

zones of the Western Interior (Table 2.1). Walaszczyk and Cobban (2000) used inoceramid 

zonations to illustrate the time-transgressive nature of the Fort Hays from north to south 

(Wyoming to New Mexico) suggesting that the Fort Hays is older in the south and progressively 

younger to the north (Figure 2.7). Thus basal portions in southwestern localities could 

correspond to lacunae in Kansas and northern Colorado while upper portions of the Fort Hays in 

Kansas are time-equivalent to the Smoky Hill Member in Colorado and New Mexico (Locklair, 

2007).  
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Figure 2.5: Interpreted sea level curve and stratigraphy for the Niobrara Formation. Maximum 
regression occurred during the deposition of the Codell Sandstone. The Fort Hays Limestone 
represents the initial transgression of the Niobrara cyclothem. Modified from Sonnenberg 
(2011). 

 

Figure 2.6: Stratigraphic nomenclature for the Upper Cretaceous. Contacts between the Fort 
Hays Limestone and underlying strata vary regionally. In Kansas and eastern Colorado the Fort 
Hays unconformbaly overlies the Codell Sandstone. To the west, the Montezuma Valley or the 
Juana Lopez unconformably underlie the Fort Hays. From Merewether et al. (2007). 
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Table 2.1: Ammonite and inoceramid zonations for the Late Turonian-Early Coniacian boundary. 
The Fort Hays spans four ammonite zones and six inoceramids zones outlined in the red box 
below. Stratigraphical distribution of selected faunas are also presented. Modified from 
Walaszczyk and Cobban (2000). 

 

The Fort Hays Limestone varies in thickness from less than 10 feet in SE Wyoming to 

more than 50 feet in SE Colorado and 120 feet in New Mexico (Figure 2.8) (Longman et al., 

1998). The member is characterized by several alternations of thicker, highly bioturbated, 

relatively clean chalks and thin dark grey to black calcareous shale to marlstone seams 

(Savrda, 1998). When compared to other rhythmic intervals in the Cretaceous Western Interior, 

the Fort Hays Limestone is extremely unique. The chalks are the purest Cretaceous chalks 

north of Texas and the shales are extremely thin (Locklair, 2007). Chalk beds range in thickness 

from 0.5 to 5.0 ft and average around 2.0 ft thick. Marly interbeds are much thinner ranging from 

0.5 to 12.0 inches thick and average around 4.0 inches thick. Contacts between shale and chalk 

beds are variably obscured and often characterized by stylolitic contacts and/or bioturbation. 
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Regionally, the Fort Hays exhibits gradational changes in lithology. From east to west, very pure 

chalks in eastern and central Kansas grade into darker muddy chalks in northwestern Colorado.  

 

Figure 2.7: North to south cross section from Wyoming to New Mexico illustrating the time-
transgressive nature of the Fort Hays Limestone. Inoceramid zonations suggest that the 
formation becomes progressively younger to the north and east as it transitions from entirely 
Turonian in New Mexico to entirely Coniacian in Colorado and Wyoming. Modified from 
Walaszczyk and Cobban (2000). 

2.3 Cyclostratigraphy: Milankovitch Cycles 

The pairing of a chalk and a shalier bed is referred to as a couplet (Fischer, 1993). 

Couplets are often grouped into bundles that are separated by atypically-thick shale intervals 

(Laferriere, 1987). Previous workers have published a range of values for the number of 

couplets observed within the Fort Hays ranging from 20 to 45 (Fischer, 1980; Bottjer et al., 

1986; Laferriere et al., 1987). This cyclicity has been attributed to astronomically forced 

paleoclimatic cycles or Milankovitch cycles (Savrda, 1998). There are three main types of 

Milankovitch cycles caused by perturbations in the Earth’s orbit of the sun: eccentricity, 

obliquity, and precession (Figure 2.9). Eccentricity cycles result from elliptical changes in the 

Earth’s orbit around the sun and can span 100 kyr, 400 kyr, or 1000 kyr. Obliquity cycles result 

from changes in the Earth’s tilt toward and away from the sun. These cycles generally span 41 

kyr. Precession cycles result from the wobble of the Earth’s axis toward and away from the sun 

and span ~21 k.y (Fischer et al., 1985; Fischer, 1993; Schwarzacher, 1993).  
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Figure 2.8: Regional isopach map of the Fort Hays Limestone member of the Niobrara 
Formation (contour interval = 10 feet). The unit ranges in thickness from less than 10 feet in 
southeastern Wyoming to over 120 feet in New Mexico. From Longman et al. (1998). 

Early studies (Gilbert, 1895; Fischer, 1980; Fischer et al., 1985) identified couplets as 

the result of climatically controlling precession cycles. However, Laferriere and others (1987) 

and Hattin (1986) found that the pattern of Fort Hays cyclicity lacked regional uniformity which 

they believed resulted from the influence of orbital parameters having different periodicities 

(e.g., precessional and obliquity) in addition to sedimentary effects of the Sevier orogeny and 

from erosional events associated with sea level changes. Subsequent work supported these 

findings and interpreted a ±21 kyr precessional driver (couplet-scale) modulated by the ±100 ky 

eccentricity cycle (bundle scale) for the Fort Hays Limestone (Locklair and Sageman, 2008). 

Spectral analyses done by Locklair (2007) further identified obliquity cycles within the Fort Hays 

suggesting that all three drivers affected sedimentation during Fort Hays time. 
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Figure 2.9: Illustration of the three types of Milankovitch cycles. Eccentricity cycles (E) are due 
to elliptical changes in orbit and represent the longest cycles (greater than 100 kyr). Obliquity 
cycles (O) are the result of changes in the tilt of the earth toward or away from the sun and 
operate on ~41 kyr scale. Precession cycles (P) are the result of changes in the wobble of the 
Earth’s axis toward or away from the sun. These cycles are the shortest operating on ~21 kyr 
time scale. Modified from OSS (2016). 

2.4 Proposed Depositional Models 

Although Milankovitch cycles are the forcing mechanism by which contrasting lithologies 

are deposited, the paleoceanographic mechanisms responsible for this rhythmicity is not as well 

understood. Depositional cyclicity has been attributed to one or a mix of fluctuations in 

paleoceanographic mechanisms including: 1) levels of benthic oxygenation (redox cycles), 2) 

degree of saturation with respect to calcium carbonate, 3) rate of input of siliciclastic sediment 

(dilution cycles), 4) production of calcium carbonate (productivity cycles), and 5) intensity and 

frequency of bottom currents (scour cycles) (Arthur et al., 1984; Locklair, 2007). Distinguishing 

these factors can be extremely difficult as oftentimes one mechanism may overprint another.  

According to Eicher and Diner (1991), cyclicity reflects variations in the input of one of 

the principal components (detrital or carbonate). Either detrital influx was in fairly steady supply 

with marked fluctuations in carbonate content (productivity cycles) or carbonate was in fairly 

steady supply with fluctuations in detrital input (dilution cycles). If couplets represent productivity 

cycles, chalks were deposited at a faster rate than shales. However, if couplets represent 
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dilution cycles, shales were deposited faster than chalks. The dilution cycle mechanism is the 

most widely accepted hypothesis for the Fort Hays Limestone (Hattin, 1986; Bottjer et al., 1986; 

Laferriere, 1987; Locklair, 2007).  

Fischer (1980) attributed shale-limestone couplets to alternations between times of 

humid and arid climates with a highly stratified water column persisting through humid times. 

Pratt (1984) expanded on Fischer’s work and concluded that during arid times the water column 

was well mixed, benthic biologic productivity was high resulting in extensively burrowed 

carbonate-rich muds, and thus little organic matter was preserved. Conversely, during humid 

times the water column was salinity stratified. Benthic biologic productivity was therefore 

reduced with very little to no bioturbation occurring, and organic matter was preserved in the 

impure carbonate muds. Hattin (1986) expanded on Pratt’s work to develop an interregional 

depositional model for Upper Cretaceous pelagic rhythmites. During arid climates, terrestrial 

runoff from the Sevier highlands to the west was slight, the water column was well-mixed and 

oxygenated, and endobenthic organisms bioturbated the accumulating coccolith-rich pelagic 

muds. During humid times, terrestrial runoff greatly increased and a plume of sediment-rich, 

brackish water derived from the Sevier highlands, spread eastward across the WIS resulting in 

stratification of the water column. This increased influx of siliciclastics diluted background 

deposition of pelagic carbonate material and resulted in the deposition of shale forming muds. 

Stratification of the water column and the development of oxygen-depleted bottom waters 

resulted in higher potential for preservation of laminae and organic matter in shaly interbeds. 

Hattin (1986) put forth an interregional depositional model for Upper Cretaceous pelagic 

rhythmites and illustrated west-east stratigraphic variations across the depositional basin 

(Figure 2.10). This model suggests that eastward from the basin center, shaly interbeds become 

more calcareous and progressively thinner. To the west, south, and north from the basin center, 

shaly interbeds thicken and chalk beds disappear into calcareous shales.  

 Based on regional spectral, geochemical, and outcrop studies of Fort Hays bedding 

couplets, Locklair (2007) supported the dilution cycle mechanism and proposed the depositional 

model presented in Figure 2.11. Acknowledging that the Fort Hays is time-transgressive from 

southwest to northeast, the author inferred that accommodation space for net deposition for the 

Fort Hays is developed in the same direction (Figure 2.11b). The lack of siliciclastic mud in the 

chalks reflects a minimal flux of clay and not exceptional rates of carbonate productivity. Locklair 

(2007) suggests that a tectonic barrier (e.g. forebulge or arch) in western Colorado may have 

affected current direction and mud transport consequentially diminishing the supply of 



16 
 

siliciclastics to the distal basin (Figure 2.11b, c, d). Thus siliciclastic mud was only delivered to 

the distal part of the basin when climatic forcing acted on sediment supply to produce more 

siliciclastics (Figure 2.11c). 

 

Figure 2.10: Interregional depositional model posited by Hattin (1986). The best record of 
Milankovitch cycles is observed in the deeper central potions of the basin where contrasts 
between arid and humid conditions were maximal. Carbonate content increases to the east 
while siliciclastic content increases to the west toward the Sevier highlands. From Hattin (1986). 

 The basin-scale counterclockwise gyre displayed in the Locklair (2007) depositional 

model was first posited by Slingerland and others (1996) (Figure 2.11c). This study suggests 

that the steady-state surface circulation of the seaway consists of a large counterclockwise gyre 

that affects water depths up to 100 m. Currents flow to the south on the western margin of the 

basin and to the north on the eastern margin of the basin. Below 100 m, waters collect in the 

central portion of the seaway through weak caballing and flow along the thawleg, exiting to the 

north and south (Slingerland and Keen, 1999).   

2.5 Diagenesis 

Many workers have suggested that compaction and diagenesis play a significant role in 

the enhancement of rhythmic bedding in the Fort Hays (Pratt and Barlow, 1985; Pratt et al., 

1993; Laferriere, 1993; Ricken, 1994; Locklair, 2007). According to Locklair (2007), greater  
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Figure 2.11: Depositional trends for the Fort Hays Limestone during late Turonian to early 
Coniacian time. A) Distribution of lithologic deposits during earliest Coniacian time: limestone-
shale (light blue), sand (yellow), and lacuna (white); B) Generalized interpretation of 
depositional trends during Fort Hays time. Accommodation space developed in a northeast-
southwest direction. A barrier in western Colorado is thought to have influenced bottom water 
currents during deposition. C) Interpreted depositional history during shale deposition. 
Siliciclastics only reached the distal portions of the basin during climatically forced periods that 
allowed currents to migrate around the barrier in western Colorado. Shale is deposited through 
dilution of carbonate production. D) Interpreted depositional history during chalk deposition. 
Siliciclastics are unable to reach the distal portions of the basin and clean chalk accumulate as 
longshore currents carry siliciclastics southward. Modified from Locklair (2007). 
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compaction and recrystallization occurred along the Colorado Front Range than in Kansas 

based on clay mineralogy, carbon and oxygen isotope data, and petrography. Pratt and others 

(1993) cited three main pieces of evidence for diagenetic influence in the Fort Hays: 1) 

compacted and distorted burrow morphology in marlstone beds, 2) pervasive development of 

stylolites in marlstone beds, and 3) macrofossil dissolution and truncation at bedding contacts. 

Laferriere (1992) and Ricken (1994) concluded that the original thickness and composition of 

the chalk and shale beds were nearly similar at the time of deposition and that post-depositional 

carbonate remobilization occurred to alter the beds to their present unequal thicknesses and 

compositions. 

Although the influence of diagenesis on the Fort Hays is evident, the idea that it is 

responsible for the development of rhythmic bedding in the Fort Hays lacks much needed 

support. Locklair (2007) cites five points that must be considered concerning the overall 

influence of diagenesis: 1) chalks are clay-poor and were most likely clay-poor to begin with; 2) 

the upper Fort Hays in Kansas is less compacted than the time-correlative D facies in Colorado 

suggesting a spatial gradient of shale thickness; 3) a true temporal change in bedding character 

from the Fort Hays to the D facies; 4) trace fossil data from chalks suggest primary origin for 

redox cycles; and 5) Fort Hays chalks are the most carbonate rich in the Western Interior and 

are more similar to time-equivalent strata like the White Chalk of England than they are to other 

Western Interior rhythmic strata. Thus, it is unlikely that interbedding of the Fort Hays Limestone 

is secondary in nature but most likely a primary feature of deposition. 

A recent study performed by Hefton (2015) found many pieces of evidence for early 

diagenesis of the Fort Hays Limestone. Within the unit there is little evidence of compaction or 

pressure solution and strong evidence for early lithification of carbonate mud. These 

observations were further supported by cathodluminescence petrography and enriched δ18O 

values. Early diagenesis and cementation of chalk beds in the Fort Hays may have affected 

observable contacts between chalk and shale beds. 

2.6 Recurring Trace Fossils and Ichnofacies 

Savrda and Bottjer (1989) posited a four tier trace fossil model for the Niobrara 

Formation. The four tiers are associated with four recurring trace fossil assemblages observed 

in non-laminated strata: 1) Chondrites, 2) Zoophycos/Teichichnus, 3) Planolites, and 4) 

Thalassinoides. These assemblages correspond to increasing benthic oxygen conditions. 
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Identifying trends related to trace fossil diversity, burrow size, and penetration depth with 

oxygen availability allows for the reconstruction of benthic oxygenation at the time of deposition.  

Savrda (1998) expanded the model and identified a fifth recurring trace fossil: 

Taenidium. By identifying Taenidum and evaluating Chondrites and Planolites traces by size, 

Savrda (1998) posited a six tier trace fossil model for the Fort Hays Limestone. In this model, 

beds are assigned to one of two sedimentary fabrics: laminites or bioturbated beds. Laminities 

are assigned an ichnofacies value of 0 while bioturbated beds are assigned a value 1 through 6 

based on trace fossil diversity, burrow size, and penetration depth. The numerical values 1 

through 6 correspond to increasing oxygen conditions and based on these classifications, 

benthic oxygen histories and changing bottom water conditions can be inferred. Savrda (1998) 

reconstructed oxygenation histories for the Fort Hays Limestone in the Portland 1 and Rebecca 

Bounds #1 cores and concluded that the Fort Hays is dominated by high-amplitude redox cycles 

that correspond to the decimeter-scale chalk/shale couplets previously discussed.  

2.7 Chemostratigraphy 

Dean and Arthur (1998) published the first chemostratigraphic study on the Niobrara 

Formation. This study focused primarily on the Smoky Hill member but the upper portion of the 

Fort Hays member was examined on a 10 cm scale. This study found that concentrations of 

silicon and aluminum varied inversely with calcium during times of increase siliciclastic input. It 

was also discovered that strontium spiked with higher calcium concentrations and that many 

redox elements (e.g. vanadium and molybdenum) were enriched in organic-rich layers. 

2.7.1 Manganese 

Dean and Arthur (1998) identified the anomalously high manganese concentrations 

associated with the Fort Hays member that are largely absent within the Smoky Hill member. 

This study posited that manganese concentrations in sediments almost entirely depend on 

redox conditions since minerals containing reduced manganese (like rhodochrosite: MnCO3) 

are rare in marine sedimentary rocks. Concentrations of Mn greater than 100 ppm are attributed 

to more oxidizing conditions. Mn2+ is highly soluble under reducing conditions which results in 

depleted Mn concentrations due to non-fixation (Tribovillard et al., 2006). Contrasting 

environments, such as these, could account for the enrichment of Mn observed in the Fort Hays 

(oxygenated) and depletion of Mn in the Smoky Hill (reducing).  
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The source and mineral phase of manganese in the Fort Hays is not well understood. 

Yamamoto and others (1979) attributed the high Mn values to volcanic ash but a positive 

correlation exists between Mn concentrations and % CaCO3 suggesting that the element is in 

the carbonate phase (Dean and Arthur, 1998). The presence of manganese in the carbonate 

phase was also observed in the Cretaceous Bridge Creek Limestone by Pratt and others 

(1991).  

Tribovillard and others (2006) identified the dominant manganese species in seawater 

as Mn2+ and MnCl-. Due to thermodynamic instability, Mn(II) is oxidized to insoluble Mn(III) and 

Mn(IV) oxides (MnO2 and MnOOH) in oxygenated waters. Reactive Mn is delivered to the ocean 

by winds or rivers as oxide coatings on particulate material or by diffusion out of shelf 

sediments. Below the oxic-anoxic interface, oxy-hydroxide particles are dissolved and release 

Mn(II) that can diffuse upward and downward within the sediment. This diffusion is plausible 

since dissolved Mn is not significantly taken up by any organic or sulfide phase. The upward 

movement of Mn2+ to oxygenated waters results in oxygenation and precipitation of Mn-oxides 

(MnO2 or MNOOH). Under oxic bottom waters, downward diffusion of Mn2+ can result in the 

precipitation of MnCO3 when pore water is supersaturated with respect to rhodochrosite.  

Pederson and Price (1981) studied hemipelagic carbonate sediments of the Panama 

Basin and observed that Mn distribution at depth is largely independent of lithologic variations 

including fluctuations in carbonate content. Petrographic and FESEM analyses revealed several 

creamy-white to grey-black indurated crusts coating sediments. Results from XRD analysis of 

the crusts showed a close resemblance to the mineral kutnohorite (Ca(Mn,Mg)(CO3)2). Boyle 

(1983) also examined Panama Basin sediments and postulated that enrichment of Mn was the 

result of Mn carbonate overgrowths coating foraminifera tests. These overgrowths can be a 

significant component of Mn accumulation and the prevalence of Mn2+ adsorption and 

development of overgrowths on to calcareous surfaces could explain the lack of manganese 

nodules in calcareous sediments. 

Work done by Le Callonnec and others (2014) found that both Mn2+ in the crystal lattice 

and Mn4+
 as oxide nodules coexist in Paleocene hemipelagic carbonates in Gipuzkoa, Spain. 

Concentrations as high as 2500-3000 ppm were discovered and these excursions were 

attributed to the opening phases of the North Atlantic Ocean during the Paleocene. Submarine 

hydrothermalism (black smokers) and volcanism were the source of manganese preserved 

here. O’Neal (2015) suggested a more localized source for manganese in the Fort Hays: the 

overlying Smoky Hill Member. This study suggested that manganese was transported to the 
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sediment-water interface as Mn4+ and was buried rapidly under oxidizing conditions. In order to 

be accommodated in the calcite crystal lattice, Mn4+ was reduced to Mn2+ via early diagenetic 

reducing fluid from Smoky Hill Member above.  
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CHAPTER 3 

METHODS 

 This chapter outlines the field and laboratory methods employed to achieve the 

aforementioned objectives and develop a better understanding of the Fort Hays Limestone on a 

depositional scale. These methods include outcrop descriptions, petrophysical correlations, 

detailed core descriptions, x-ray fluorescence (XRF) analysis, thin section petrography, and 

FESEM analysis. This study provides a unique opportunity to observe the Fort Hays on a variety 

of scales from the mega-scale in outcrops to the micro-scale with FESEM images.   

3.1 Lithology Classification 

 In both core and outcrop, lithology was defined based on the classification scheme 

employed by Niobrara Research Consortium at the Colorado School of Mines (Figure 3.1). This 

scale distinguishes lithology based on carbonate and siliciclastic contents. However, precise 

carbonate and siliciclastic data is not available for the observed measured sections and cores. 

Thus the scale was adapted to base lithologies off of color (shades of grey) and degree of 

cementation (hardness or fissility). Lithologies become lighter in color from shale to chalk and 

decrease in fissility as they become better cemented with increasing carbonate content. 

Examples from each lithology in both core and outcrop are presented in Figure 3.1. 

3.2 Outcrop Methods 

 In the field, contrasting weathering profiles allow for easy distinction between shalier 

beds (recessive) and chalk beds (more resistive). However, determining the relative percentage 

of carbonate content based on shades of grey was not as easy due to effects of weathering. 

Thus, degree of cementation or hardness became more important in determining the middle 

lithologies of the classification scheme (Figure 3.1b). Lithologic changes observed within the 

outcrops were used to quantify the number of chalk-shale bedding couplets. Bentonites 

preserved within shalier interbeds were also noted. Outcrops were measured for individual bed 

thicknesses and overall outcrop thickness. Samples were taken from individual chalk beds for 

XRF analysis. Easy Core © software was utilized to plot outcrop descriptions and XRF data in 

order to observe geochemical and lithological changes within each outcrop. 
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Figure 3.1: Lithology classification scheme used by the Niobrara Research Consortium at the 
Colorado School of Mines. Lithologies are distinguished by percent carbonate and percent 
siliciclastic clay. This scheme was adapted for this study and relative carbonate content was 
determined based on shades of grey and degree of cementation or hardness. A) Lithology 
examples observed in core. B) Lithology examples observed in outcrop. 
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3.3 Core Descriptions 

 The five cores presented in Table 1.1 were described on an inch-by-inch basis in order 

to delineate lithology, ichnofacies, texture, and primary/secondary sedimentary structures. At 

this time, bedding couplets were measured qualitatively and XRF measurements were taken. 

These descriptions were digitized using EasyCore software for analysis and correlation.  

3.3.1 Lithology and Ichnofacies 

 This study utilizes the sedimentary fabrics and ichnofacies classification scheme 

employed by Savrda (1998). Beds were assigned to either laminites or bioturbated beds. 

Laminites were further distinguished by color and fissility to determine lithology (shale, marly 

shale, or marly chalk) (Figure 3.1a). Bioturbated beds are largely restricted to chalks and were 

examined on an inch-by-inch basis to assign ichnofacies (0-6). Facies designations were loaded 

into EasyCore software and were compared to core descriptions to delineate redox cycles.  

3.4 X-Ray Fluorescence (XRF) Analysis 

 X-ray fluorescence (XRF) is an analytical technique that determines the elemental 

composition of a sample by measuring emitted fluorescent (or secondary) x-rays from a sample 

that has been bombarded by a primary x-ray source (Thermo Fisher Scientific, 2016). 

Specifically, this project utilized the handheld Niton ThermoScientific XL3t XRF analyzer. The 

Niton XRF analyzes samples through energy dispersive x-ray fluorescence (EDXRF). Through 

EDXRF, groups of elements are analyzed simultaneously to determine the presence and 

relative concentrations of each element (Thermo Fisher Scientific, 2016).  

 The Niton ThermoScientific XL3t XRF analyzer has three different spectral testing 

modes: mining, soil, and TestAll Geo. Each mode targets a different suite of elements. The 

mining mode measures 33 major elements while the soil mode tests 37 different major and 

trace elements. The TestAll Geo mode is a combination of the mining and soil modes testing for 

all major and trace elements. Table 3.1 presents the elements tested by the Niton in each of the 

three different modes. For this study, the TestAll Geo mode was employed with a sampling time 

of 180 seconds. Previous work by Nakamura (2015) determined that the 180 second sample 

time provided the most reliable results. During this time, the Niton examines the sample for 

major elements in the soil mode for 60 seconds and for minor and trace elements in the mining 

mode for 120 seconds. XRF measurements were taken every 0.3 feet (~3.6 inches) and directly 

on the flat face of the slabbed core. Pertinent features (fractures, stylolites, bentonites, etc.) that 
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occurred outside the sampling interval were also analyzed to better develop a high-resolution 

chemostratigraphic profile. For outcrops, a lower frequency sampling interval was utilized. 

Samples were gathered and analyzed from individual beds where possible, resulting in a lower 

resolution chemostratigraphic profile.  

Table 3.1: List of elements by analysis mode tested by the TermoScientific XL3t. The TestAll 
Geo mode was used for this study and tests for all possible elements (43). Modified from 
Nakamura (2015).

 

3.5 Thin Section Petrography and FESEM Analysis 

 Samples for thin sections were taken from four of the described cores: Rebecca K 

Bounds 1, Windmill 5-23H, Portland 1, and Nicholas 12-18. Thirty samples were sent to 

Weatherford Labs in Golden, Colorado for standard (30 micron) thin section preparation. 

Alizarin red stain, potassium ferrocyanide stain, blue epoxy, and blue epifluorescence dye were 

requested for one half of the slide. Slides were examined on a petrographic microscope 

equipped with reflected light microscopy capabilities and a camera for capturing 

photomicrographs.  

 FESEM analysis was utilized in an attempt to pinpoint the mineral form of Mn within the 

Fort Hays Limestone. XRF data acquired from each of the cores was used to determine which 

thin sections had the highest concentration of Mn in ppm. Slides were carbon coated in 

preparation for analysis. Backscatter electron images (BSE) were acquired in order to delineate 

Mn from Ca.  The intensity of the BSE for a specific element is strongly related to atomic 

number. Thus heavier elements (i.e. pyrite) have a stronger intensity and appear very bright in a 

BSE image. Lighter elements have a weaker BSE reflectance and appear darker in BSE 

images.  

Using BSE images to pinpoint locations of interest, energy-dispersive X-ray 

spectrometry (EDS) was employed to try understand the compositional analysis. EDS results 

can be displayed as an elemental map overlain on the BSE image or graphically. In map view, 

the EDS detector pinpoints where specified elements are located and presents this information 

as an overlay on the BSE image. Graphical representations of EDS data are acquired by 

pinpointing a specific location on the BSE image. The EDS detects energy levels that are 

element specific and plots the information as peaks that are specific to each element. The 

Mode Total

Soils Ag As Au Ba Ca Cd Co Cr Cs Cu Fe Hg K Mn Mo Ni Pb Pd Rb S Sb Sc Se Sn Sr Te Th Ti U V W Zn Zr 33

Mining Ag Al As Au Ba Bi Ca Cd Cl Co Cr Cu Fe Hf K Mg Mn Mo Nb Ni P Pb Pd Rb Re S Sb Se Si Sn Sr Ta Ti V W Zn Zr 37

TesAll Geo Ag Al As Au Ba Bi Ca Cd Cl Co Cr Cs Cu Fe Hf Hg K Mg Mn Mo Nb Ni P Pb Pd Rb Re S Sb Sc Se Si Sn Sr Ta Te Th Ti U V W Zn Zr 43

Elements Measured
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greater the concentration of the element the larger the peak. By calculating relative percentages 

of the different elements identified by the EDS, mineralogy can be inferred.  
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CHAPTER 4 

OUTCROP DESCRIPTIONS AND DISCUSSION 

The five measured sections serve as valuable data points for linking regional variation in 

the Fort Hays from outcrop to subsurface. Outcrop locations are presented on a 

paleogeographic map for early Coniancian time in Figure 4.1. The following section will discuss 

the measured sections individually and then discuss regional variations in outcrop and bed 

thickness, lithology, and the number of bedding couplets. 

 

Figure 4.1: Early Coniacian paleogeographic map and locations of the outcrops measured in 
this study. NC: New Castle, WC: Wolcott; DB: Delaney Butte; K: Kremmling; H: Hays, Kansas. 
Notice distal location of the Hays, Kansas outcrop within the WIS. Colorado outcrops have a 
much more proximal location to the Sevier Highlands to the west. Basemap modified from 
Colorado Plateau Geosystems Inc. (2014). 
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4.1 Hays, Kansas 

 The Hays, Kansas outcrop is located approximately 15.5 miles due north of Interstate 70 

(exit 159) on state highway 183. Forty-nine feet of Fort Hays is exposed at the Hays outcrop but 

contacts with the underlying Codell Sandstone and the overlying Smoky Hill Member are not 

present here (Figure 4.2). The Hays outcrop is dominated by chalky lithologies with marly chalks 

serving as the shalier interbeds. Twenty-five bedding couplets were observed in Hays and are 

characterized by relatively thick chalk beds and much thinner marly chalk interbeds (Figure 4.2).  

 

Figure 4.2: A) Lithology description for the Hays, Kansas outcrop. The Hays outcrop is 
characterized by high frequency bedding of relatively thick chalks (average: 20.4 in) and very 
thin (average: 1.8 in) marly chalk interbeds. The forty-nine feet of Fort Hays described here is 
comprised of 25 bedding couplets. B) Distribution of lithologies at the Hays outcrop. Chalk is the 
primary lithology here accounting for 89% of the entire section. C) Photo of Hays outcrop 
illustrating the blocky nature of the chalk beds and recessive nature of the thin marly chalk 
interbeds. Note person for scale.  
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Chalk beds range in thickness from 2.3 inches to 46.8 inches with an average thickness of 20.4 

inches. The marly chalk interbeds are much thinner and range from 0.3 inches to 6.2 inches 

with an average of 1.8 inches. 

4.2 Kremmling, Colorado 

 The Kremmling outcrop is located in section 30-T1N-R80W. Specifically the outcrop is 

just north of Trough Road about one mile west of Highway 9 (the main road into Kremmling from 

Dillon/Silverthorne). Approximately 20.0 feet of Fort Hays was measured at the Kremmling 

outcrop (Figure 4.3). The lower contact of the Fort Hays is characterized by an atypically thick 

(56.0 inch) marl bed in sharp contact with the underlying Montezuma Valley Shale member of 

the Carlile Formation (Figure 4.3). Twelve bedding couplets were observed. Chalk bed 

thickness ranges from 4.0 inches to 18.0 inches and averages around 11.5 inches. Shaly 

interbeds ranged from 2.0 inches to the atypically thick basal marl at 56.0 inches. However, 

these beds were generally on the thinner side averaging around 4.0 inches. An upper contact 

with the overlying Smoky Hill Member was not visible here. 

4.3 Delaney Butte, Colorado 

 The Delaney Butte outcrop is located due west of South Delaney Butte Lake in section 

7-T8N-R81W. Approximately twelve feet of Fort Hays was measured here (Figure 4.4). The 

base of the Fort Hays is characterized by a bentonite separating it from the underlying 

Montezuma Valley Shale member of the Carlile Shale. Here, the base of the Fort Hays is 

characterized by a thick (~ 8.0 feet) marly shale to marl section that grades to the chalk-marl 

interbedding that is more characteristic of the Fort Hays. Chalk beds range in thickness from 4.5 

inches to 10.2 inches and average around 6.9 inches. Shalier beds range from 2.9 inches to 

55.2 inches and average around 16.4 inches. Bedding couplets near the base of the Fort Hays 

were difficult to distinguish due to subtle color contrasts. However, couplets were much easier to 

identify near the top of the outcrop where the cleaner blocky chalk benches were apparent 

(Figure 4.4c). Overall, four bedding couplets were identified. A large, erosional scour surface 

was visible from the chalk bed of bedding couplet 4 into the underlying marl bed of bedding 

couplet 3 (Figure 4.4 a, c). The underlying marl bed originally measured around 5.5 inches but 

truncated and compressed to less than 2.4 inches at the scour. The overlying chalk bed 

increased in thickness from 7.8 inches to 16.8 inches at the scour. An upper contact with 

overlying Smoky Hill Member was not visible here. 



30 
 

 

Figure 4.3: A) Lithology description for the Kremmling outcrop. Thirteen bedding couplets were 
observed in approximately 20.0 of measured section. B) Distribution of lithologies at the 
Kremmling outcrop. The outcrop is largely comprised of chalk and marl (93%). C) Photo of 
Kremmling outcrop with annotation of basal Fort Hays contact with underlying Carlile Formation. 
Note person for scale. 

4.4 Wolcott, Colorado 

 The Wolcott outcrop is located in section 15-T4S-R83W, north of Interstate 70 (exit 157) 

and east of Highway 131. Eighteen feet of Fort Hays Limestone was measured at the Wolcott 

outcrop (Figure 4.5a). The basal contact is characterized by a thin (2.6 inch) bentonite in sharp 

contact with the underlying Montezuma Valley Shale. The base of the Fort Hays is 

characterized by alternations between marly shale and bentonites that grade into alternations of 
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chalk and marl further up section (Figure 4.5a). Eight bedding couplets were observed at the 

Wolcott outcrop. Chalk beds range in thickness from 8.5 inches to 54.0 inches 

 

Figure 4.4: A) Lithology description for the Delaney Butte outcrop. Four bedding couplets were 
observed in approximately 11.0 feet of measured section. B) Distribution of lithologies at the 
Delaney Butte outcrop. This outcrop predominately consists of more shaly lithologies, especially 
at the base. The chalk-shale interbedding that is characteristic of the Fort Hays is expressed in 
the upper portion of the outcrop. C) Photo of Delaney Butte outcrop (person for scale). Notice 
the thickening of the large chalk bench to the right marking a substantial scour surface. This bed 
corresponds to the chalk bed of bedding couplet 4 in the measured section. 

with an average thickness of 24.0 inches. The shaly interbeds are thinner and range in 

thickness from 2.0 inches to 15.0 inches and average around 12.0 inches. Although chalk is the 

predominate lithology (60%) at Wolcott, there is a greater amount of shalier lithologies present 
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accounting for 34% of the total measured outcrop (Figure 4.5b). An upper contact with the 

overlying Smoky Hill Member was not observed here.  

 

Figure 4.5: A) Lithology description for the Wolcott outcrop. Eight bedding couplets were 
observed in approximately 18 feet of measured section. B) Distribution of lithologies at the 
Wolcott outcrop. Although the outcrop is comprised of predominately chalk (60%) there is a 
greater increase in shalier lithotypes than observed to the east. C) Photo of Wolcott outcrop. 
Notice the darker, shalier lithologies present between the chalk beds. These shalier interbeds 
correspond with bedding couplet 6 in the measured section. Note hammer for scale. 

4.5 New Castle, Colorado 

 The New Castle outcrop is located due north of Interstate 70 (exist 109), 9 miles west of 

Glenwood Springs, Colorado off of US Highway 6, in section 34-T5S-R90W. Approximately 55.0 

feet of Fort Hays Limestone was measured at the New Castle outcrop. The basal contact 

consists of a sharp contact between dark colored marls of the Fort Hays and black fissile shales 
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of the underlying Montezuma Valley. The base of the Fort Hays consists of alternations of marl 

and bentonites that grade upward to marly chalks and chalks interbedded with marls and marly 

shales. Ten bedding couplets were observed at the New Castle outcrop. Chalk beds range in 

thickness from 4.0 inches to 18.0 inches and average around 11.5 inches. Shaly interbeds 

range in thickness from 2.0 inches to 56.0 inches and average around 4.0 inches thick. There is 

a wide distribution of lithologies at the New Castle outcrop (Figure 4.6b). Shale-rich lithologies 

(marl and shaly-marl) account for 54% of the total outcrop. Chalk only accounts for 22% of the 

total outcrop which is significantly lower than elsewhere throughout the study area. 

 

Figure 4.6: A) Lithology description for the New Castle outcrop. Ten bedding couplets were 
observed in 55.0 feet of measured section of Fort Hays. B) Distribution of lithologies at the New 
Castle outcrop. More shaly lithologies (marl and marly shale) account more than 50% of the 
entire section. C) Photo of New Castle outcrop. Notice the lighter chalk bed of bedding couplet 4 
that increases in thickness to the right marking a large scour surface. This scour surface is 
present in bedding couplet 4 of the measured section. Note person for scale. 
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Two scour surfaces were observed at the New Castle outcrop and are evidenced by 

thickening of the chalk beds in bedding couplets 3 and 4 (Figure 4.6a). The scour surface in 

bedding couplet 3 increased in thickness from 5.0 inches to 24.0 inches. The scour surface in 

bedding couplet 4 increased in thickness from 4.0 inches to 36.0 inches (Figure 4.6c). The 

upper contact with the C Marl member of the Smoky Hill is present at New Castle. This contact 

is sharp as the chalk-marl interbedding that is characteristic of the Fort Hays is replaced by the 

darker, more siliciclastic-rich facies of the C Marl. 

4.6 Regional Outcrop Discussion   

With the exception of Hays, Kansas, individual outcrops exhibit changes in lithology from 

base to top. The basal portions of outcrops are dominated by more shaly lithologies that 

gradually grade upward to the characteristic chalk-marl interbedding associated with the Fort 

Hays. This change in lithology could represent localized deepening as sea level rose to promote 

cleaner chalk production and restrict siliciclastic input further westward. The absence of this 

trend in Hays, Kansas could be due to the time-transgressive nature of the Fort Hays where sea 

level was high enough for clean chalks from the onset of deposition or the distal location away 

from the Sevier Highlands resulted in an overall lack of siliciclastic material throughout the 

entirety of Fort Hays deposition. 

In addition to local lithology changes, the Fort Hays exhibits regional lithologic changes 

from east to west. Chalk dominated outcrops in Kansas grade to marl and marly shale 

dominated outcrops in western Colorado. Chalk percentages decrease significantly from east to 

west with the highest amount in Hays, Kansas (89%) and the least amount in Delaney Butte 

(13%) (Table 4.1). This facies change is expected with increasing proximity to the siliciclastic 

source, the Sevier Highlands and the associated shorelines and deltas fringing the highlands. 

Based on the widely accepted dilution depositional model, the carbonate factory never shuts 

down during Fort Hays deposition but instead siliciclastic supply varies (Hattin, 1986; Dean and 

Arthur, 1998; Savrda, 1998; Locklair, 2007). Based on Locklair’s (2007) depositional model only 

in the most humid times are siliciclastics delivered to the more distal portions of the basin. For 

the outcrops measured within this study this distal delivery is reflected in the Hays, Kansas 

outcrop (Figure 4.1). Here, marly chalks comprise the interbeds and are extremely thin (1.8 

inches on average) further supporting the idea of constant production of carbonate and general 

lack of siliciclastic delivery to this area (Table 4.1). 
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The Fort Hays Limestone lacks regional uniformity with respect to the number of bedding 

couplets observed from east to west (Tables 4.1). The change in lithology from east to west 

could account for this range of observed numbers. Outcrops located in western Colorado 

(Kremmling, New Castle, Wolcott, and Delaney Butte) are characterized by much greater 

percentages of marl (40-80%) and much fewer bedding couplets compared to the Hays, Kansas 

outcrop (25 couplets, 11% marl) (Table 4.1). These higher marl concentrations are due to 

increased dilution of the carbonate factory by increased input of siliciclastics. Thus marl 

deposition in the west could be time correlative to chalk deposition in the east which could 

explain the fewer number of bedding couplets recorded in the western outcrops.  

Table 4.1: Summary of observations for the five outcrops measured in this study. For simplicity, 
any bed not classified as chalk is factored into “marl bed thickness” and “percent marl” 
observations. 

Core 
FH 

Thickness 
Couplets 

Chalk Bed 

Thickness 

Marl Bed 

Thickness 

% 

Chalk 
% Marl 

Hays, KS 49.0 ft 25 2.9-46.8 in 

(avg: 20.4 in) 

0.3-6.2 in 

(avg: 1.8 in) 

89% 11% 

Kremmling CO 20.0 ft 13 4.0-18.0 in 

(avg: 11.5 in) 

2.0-56.0 in 

(avg: 4.0 in) 

54% 46% 

Delaney Butte, 

CO 

11.0 ft 4 4.5-10.2 in 

(avg: 6.9 in) 

2.9-55.2 in 

(avg:16.4in) 

13% 87% 

Wolcott, CO 18.0 ft 8 8.5-54.0 in 

(avg: 24 in) 

2.0-15.0 in 

(avg:12.0in) 

60% 40% 

New Castle, CO 55.0 ft 10 4.0-18.0 in 

(avg: 11.5 in) 

2.0-56.0 in 

(avg: 4.0 in) 

22% 78% 

 

Bentonites are most prevalent at the Wolcott and New Castle outcrops accounting for 

6% and 2% of the total measured section respectively (Figure 4.5b; Figure 4.6b). However, 

quantifying the true amount of volcanic material within the Fort Hays is difficult because 

bentonites are only preserved in the shalier interbeds. The amount of bentonitic material within 

the chalk beds cannot be quantified due to biogenic reworking of the material by burrowing 

organisms.  

Depositional models for the Fort Hays Limestone suggest pelagic/hemipelagic 

sedimentation as the primary mode of deposition for the Fort Hays Limestone (Frey, 1970; 

Hattin, 1986; Laferriere, 1987; Kauffman and Caldwell, 1993). However, the presence of 
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erosional scour surfaces observed at the Delaney Butte and New Castle outcrops suggest that 

currents played an important role in the redistribution of material throughout the depositional 

basin (Figure 4.4c; Figure 4.6c). At both locations, scour surfaces were observed into underlying 

marl beds. Considering shales were deposited during lowstands, wave base would have been 

much lower resulting in a higher energy environment with stronger currents that could scour and 

redistribute siliciclastic material in the western portions of the basin. This would have created 

bathymetric lows that were subsequently filled in by hemipelagic chalk. It is important to note 

that erosional scour surfaces may have existed within chalk beds but biogenic reworking would 

have removed any record or such surfaces. The lack of erosional scour surfaces at the Hays, 

Kansas outcrop may suggest that currents played much less of a role (if any) in the distal 

portions of the basin and that this area was characterized by an overall lower energy 

environment.  

The scour surfaces at Delaney Butte and New Castle also show evidence of sediment 

loading. The underlying marl beds not only show truncation into the overlying chalk bed but also 

compression underneath. Increased sediment loading by the overlying chalk bed resulted in 

compression and thinning of the underlying marl bed. This suggests that the underlying marl 

bed was unconsolidated and soft at the time of chalk deposition. This could also explain the 

preferential movement of siliciclastic material as evidenced by erosional scour surfaces into the 

marls. Unconsolidated mud is much more susceptible to movement and transport by currents 

than a bioturbated chalk bed that has undergone early cementation as suggested by Hefton 

(2015). This early diagenesis could explain the lack of erosional scour by marls into chalk beds, 

as well.  
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CHAPTER 5 

SEDIMENTARY FABRICS AND ICHNOFACIES IN CORE 

This chapter provides an overview to the two different sedimentary fabrics (laminites and 

bioturbated beds) and the seven different oxygen related ichnofacies observed in each of the 

described cores. Digitized core descriptions with ichnofacies classifications and inferred benthic 

oxygenation curves are presented and discussed.  

5.1 Sedimentary Fabrics 

 During routine core description, beds were assigned to one of two sedimentary fabrics: 

laminites or bioturbated beds. Petrographic examination of these fabrics allowed for better 

understanding of the composition of the Fort Hays. This section will discuss these fabrics and 

present sedimentary structures and pertinent features observed within each fabric. 

5.1.1 Laminites 

 Within the Fort Hays, laminites are restricted to shalier lithologies. This lithology exists in 

an environment in which primary sedimentary structures, pellets, and bentonites may be 

preserved (Figure 5.1). Primary sedimentary structures include planar laminations, wavy 

laminations, ripples, and shell lag deposits (Figure 5.1). Planar laminations are very thin, 

ranging in thickness from less than 0.1 inches to 0.2 inches. Pelagic foraminfera and fecal 

pellets often accentuate the bedding surfaces of planar laminations (Figure 5.1 a, c). Other 

pertinent features include horizontal stylolites and bioclastic soft sediment deformation. Chalk 

filled burrows can also be preserved within laminite fabrics but not with the abundance nor 

frequency observed within the bioturbated chalk beds.  

 Petrographic examination proved valuable to better characterize the composition of the 

laminite fabric. This fabric is characterized by an abundance of whole, fragmented, and masses 

of pelagic foraminifera, clay, micrite, opaque minerals, inoceramid and mollusk fragments, and 

small biotite grains (Figure 5.2). Staining of the thin sections for dolomite and ankerite revealed 

that most of the carbonate fraction is present as calcite with only some preferential 

dolomitization occurring within the interior of biogenic allochems primarily foraminifera (Figure 

5.2d). Compared to bioturbated beds, opaque minerals are more abundant within laminite 

fabrics.  
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Figure 5.1:  Examples of laminite fabrics from the Portland 1 and Windmill 5-23H cores. 
Laminites are restricted to more shaly lithologies and provide a preservational environment for 
primary sedimentary structures, pellets, and bentonites. A) Shaly interbed from the Portland 1 
core at 241.5 feet. Notice light grey bentonite toward basal portion of photo (B), speckled 
appearance of pellets throughout the shale bed (P), and wavy laminations (L) toward the middle 
of the photo. B) Shaly interbed from the Portland 1 core at 233.5 feet. Notice the preservation of 
planar laminations (L) toward the base of the photo. Speckled foraminifera are prevalent 
throughout. The upper section of the photo is characterized by a shell lag deposit (SL) 
comprised of broken up inoceramid fragments. C) Shaly interbed from the Windmill 5-23H core 
at 6268.5 feet. The basal portion of the photo is characterized by planar laminations (P) of 
foraminifera (F) and some small pellets (Pe). The middle section of the photo is slightly lighter in 
color and is characterized by flattened burrows (B) that appear lighter in color, planar 
laminations, and a small pyrite nodule (Py) that is disrupting bedding on the left side of the 
photo. The upper portion of the photo is characterized by planar laminations and small 
inoceramid fragments. The contact between the uppermost inoceramid fragments has resulted 
in soft-sediment deformation (SSD) of the underlying marl D) Marly chalk interbed in the 
Windmill 5-23H core at 6267 feet. This bed is characterized by alternations of lighter chalk and 
darker marl with apparent wavy and ripple laminations (W/R). The upper inoceramid fragment 
has resulted in soft sediment deformation of the underlying marl (SSD). 
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Figure 5.2: Photomicrograph images of the laminite fabric taken from the Portland 1 and 
Windmill 5-23H cores. F: foraminifera, O: opaque, OM: organic matter, M: mollusk, B: biotite, C: 
clay, I: inoceramid. A) Photomicrograph in PPL and 2.5x objective from the Portland 1 core at 
218.2 feet. Pelagic foraminifera dominate the laminated fabric and occur as either whole forams, 
fragments, or masses that can be up to 0.5 mm in size. B) Photomicrograph of the Portland 1 
core at 218.2 feet in PPL at 10x objective. A closer look at the laminite fabric reveals a greater 
concentration of amorphous, opaque material and acicular biotite grains. Reflective light 
microscopy suggests that the opaque material is pyrite. C) Stylolitic boundary between the 
laminite fabric (below) and a bioturbated bed (above) in the Windmill 5-23H core at 6269.4 feet. 
Photomicrograph was taken in PPL at 2.5x. The stylolite is dark in color and is characterized by 
a gradational boundary with the underlying laminite fabric and a sharp boundary with the 
overlying chalk bed. D) Photomicrograph taken from the Windmill 5-23H core at 6277.8 feet. 
This photo was taken in PPL at 2.5x objective with red staining for dolomite and yellow staining 
for ankerite. Most carbonate allochems are comprised of calcite (red) with only some 
foraminifera grains displaying evidence of dolomitization (white). This photo shows an oyster 
encrusting a larger inoceramid fragment. 

Opaque minerals occur as amorphous masses or replacing the interior of foraminifera (Figure 

5.2 a, b). Reflective light microscopy revealed that in most cases the opaques were pyrite and 

not organic matter.  



40 
 

Petrographic examination of styloliltes revealed valuable information with regards to 

overall composition. Stylolites are largely comprised of clay and dark, opaque material with 

lesser amounts of smaller foraminifera fragments (Figure 5.2c). Reflective light microscopy of 

stylolites in the Fort Hays suggests that the opaque material is largely comprised of organic 

matter with minor amounts of pyrite. Stylolites display gradational contacts with laminite fabrics 

and sharp contacts with bioturbated chalk beds (Figure 5.2c). Laminite fabrics associated with 

stylolites are characterized by foraminifera that appear aligned in a linear fashion and less 

randomly oriented (Figure 5.2c). 

5.1.2 Bioturbated Beds 

 With the exception of occasionally burrowed shaly interbeds, bioturbated beds are 

restricted to the chalk beds of the Fort Hays Limestone. On wetted core surfaces, trace fossils 

are apparent and distinguishable from the chalky substrate due to subtle color differences 

(Figure 5.3). Bedding laminations and primary sedimentary fabrics are not preserved within 

bioturbated beds due to biogenic reworking. Bioturbated zones are often underlain by piped 

zones where burrows derived from the bioturbated bed disrupt primary laminae in underlying 

laminite fabrics.  

Vertical and horizontal fractures are present within bioturbated beds (Figure 5.3 b, c, e). 

Open fractures are rarely observed in the Fort Hays Limestone and most are filled with calcite 

cement. Concentrations of insoluble material can sometimes highlight fractures giving them a 

stylolitic appearance (Figure 5.3c). Restricted to chalk beds, fractures dissipate at contacts 

between chalk and marl beds. Horizontal stylolites are also present within bioturbated beds and 

are most commonly observed in close proximity to shaly interbeds (Figure 5.3d).  These 

features can occur as either isolated features or along contacts between chalk and marl beds. 

 Inoceramid fragments are often found randomly dispersed throughout bioturbated beds. 

These fragments are generally broken up into smaller pieces (<0.1-3.0 inches) and are not 

concentrated in shell lag deposits like those observed in laminite fabrics. Soft sediment 

deformation was not observed in association with the shell fragments. Larger fragments acted 

as barriers to burrowing organisms as evidenced by the truncation of traces at the burrow-shell 

contact. Shell fragments are often recrystallized or pyritized within bioturbated beds (Figure 

5.3d, e). Recrystallized or replaced inoceramids appear darker and bluish in color (Figure 5.3e). 

Pyritized inoceramid fragments are observed in close association with pyritized trace fossils 
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(Figure 5.3d). Pyrite can also occur as discrete concretions but pyritized trace fossils are the 

most common form observed at the macroscopic scale in core (Figure 5.3d).  

 

Figure 5.3: Examples of bioturbated beds from the Portland 1 and Windmill 5-23H cores. 
Bioturbated beds are restricted to chalk lithologies and are characterized by a variety of trace 
fossils, horizontal stylolites, fractures, and inoceramid shell fragments. A) Bioturbated chalk bed 
from the Portland 1 core at 222.0 feet. The darker color of trace fossils allows for easy 
distinction from the surrounding chalk on a wetted core surface. B) Vertical and horizontal 
fractures from the Windmill 5-23H core at 6264.5 feet. Although fractures are prevalent 
throughout the Fort Hays Limestone they are rarely observed open like the fracture in this 
photo. C) Fracture in the Portland 1 core at 244.0 feet. Clay is highlighting the surface of the 
fracture and crosscut burrows show evidence of displacement. D) Horizontal stylolites (Sty), 
pyritized material, and inoceramid fragments (Ino) in the Windmill 5-23H core at 6276.5 feet. 
Here, horizontal stylolites are observed draping around a large Planolites burrow that has been 
pyritized (Py). The pyritized burrow appears to have altered the direction of the stylolite. 
Pyritization of burrows and inoceramid fragments are common throughout bioturbated beds. E) 
Inoceramid fragments (Ino), recrystallized shell fragments (Re), and calcite filled horizontal 
fractures (Fr) in the Windmill 5-23H core at 6275.0 feet. Filled fractures are commonly observed 
throughout chalk beds of the Fort Hays Limestone. In the upper portion of the photo a sealed 
horizontal fracture appears to crosscut a recrystallized inoceramid fragment that appears bluish 
in color. 
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Petrographic examination of bioturbated beds revealed valuable information with regard 

to chalk bed composition. Bioturbated beds are comprised of fragmented, whole, or masses of 

foraminifera, inoceramid and mollusk fragments, and opaque minerals in a micritic matrix 

(Figure 5.4). Compared to the laminite fabric, foraminifera are smaller and range from a few 

microns to over a hundred microns in size (Figure 5.4 a, b). Opaque minerals are much smaller 

than the foraminifera and amorphous in shape (Figure 5.4 b, c, d).  

Unlike megascopic observations on wetted core, discerning burrows from the 

surrounding matrix can be quite difficult. Oftentimes there is no discernible difference or contrast 

in color or texture between burrow fill and the surrounding matrix. There also does not appear to 

be any distinct change in biogenic allochem shape or size between matrix and burrow. 

However, where identification of burrows is possible, there are distinct differences revealed 

through petrographic examination. In burrows characterized by structureless fill (i.e. Chondrites, 

Planolites, Thalassinoides), there is a distinct lack of opaque material within the burrow itself 

when compared to the surrounding matrix (Figure 5.4c). In some instances, burrows 

characterized by spreiten backfill structures (Taenidium, Teichichnus, Zoophycos), opaque 

material has replaced portions of the backfill structure allowing for easier distinction of the 

burrow from the surrounding matrix (Figure 5.4d). Reflective light microscopy of these backfill 

structures revealed that these opaques are present as organic matter.  

5.2 Ichnofacies 

The degree of bioturbation varies throughout the Fort Hays and through the classification 

of specific traces to ichnofacies, benthic oxygen conditions can be inferred for the time of 

deposition. This study utilizes the seven oxygen related ichnofacies put forth by Savrda (1998). 

Ichnofacies 0 represents the lowest oxygen level and ichnofacies 6 represents the highest 

oxygen level (Figure 5.5). As ichnofacies values increase, trace fossil diversity, burrow size, and 

burrow penetration depth increase as well. Petrographic examination of each of the facies 

provided little evidence for discernible differences in composition with respect to the type, 

abundance, or size of allochems. However, grain density appears significantly higher in 

ichnofacies 6 than in ichnofacies 1-5 (Figure 5.5). This suggests that the highest oxygenated 

environment resulted in the deposition of a packstone compared to the wackestone lithology 

observed throughout ichnofacies 1 through 5 (Figure 5.5). The following section provides details 

and examples for each of these observed ichnofacies.  
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Figure 5.4: Photomicrograph images of the bioturbated bed fabric in the Portland 1 and 
Rebecca K Bounds #1 cores. A) Photomicrograph of a bioturbated chalk bed in the Portland 1 
core (253.1 feet) in PPL at 2.5x objective. Bioturbated chalk beds are largely comprised of 
foraminifera, inoceramid and mollusk fragments, and opaque minerals in a micrite matrix. B) 
Photomicrograph of the Portland 1 core at 253.1 feet in PPL at 10x objective. A closer look at 
the bioturbated bed fabric provides a better scale for the size of the contained foraminifera (F) 
and mollusk fragments (M). Opaque minerals are visible throughout the photo and appear as 
small amorphous specks. Reflected light microscopy determined these opaques to be pyrite (P). 
C) Photomicrograph of a burrow in the Rebecca K Bounds #1 core at 636.2 feet in PPL at 2.5x 
objective. This burrow is characterized by a structureless fill that is slightly lighter in color 
compared to the surrounding matrix. There is no distinct change in allochem shape or size from 
the surrounding matrix to the burrow. Opaque minerals (O) are largely absent from the burrow 
fill and appear to be concentrated outside in the surrounding matrix. D) Photomicrograph of a 
Taenidium burrow in the Portland 1 core at 214.0 feet in PPL at 2.5x objective. The spreite 
backfill associated with Taenidium trace fossils is highlighted by dark opaque material in this 
photomicrograph. Reflected light microscopy determined this opaque material to be organic 
matter (OM). 
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Figure 5.5: Sedimentary fabrics, ichnofacies classifications, and diagnostic traces developed by Savrda (1998) to classify the 
Fort Hays Limestone. Core photo examples taken from Windmill 5-23H and Portland 1 cores. Photomicrograph examples taken 
from the Windmill 5-23H, Portland 1, and Rebecca K Bounds #1 cores. Ch: Chondrites; Pl: Planolites; Ta: Taenidium; Te: 
Teichichnus; Zo: Zoophycos; Th: Thalassinoides.  



45 
 

5.2.1 Ichnofacies 0 

 Ichnofacies 0 is restricted to the laminite fabric and represents an overall lack of 

bioturbation and preservation of primary bedding laminations, pellets, and/or bentonites (Figure 

5.5). This ichnofacies is observed in each of the cores as it commonly constitutes the shaly 

interbeds between bioturbated chalk beds (Figure. 5.6). Petrographic evaluation of ichnofacies 

zero provides insight to the facies that is not easily discerned at the macroscopic core scale 

(Figure 5.5). This information has been reviewed in the previous laminite section of this chapter 

(5.1.1). 

5.2.2 Ichnofacies 1 

Ichnofacies 1 is distinguished by the presence of only small (0.5-1.0 mm) Chondrites 

traces (Figure 5.5, Figure 5.6a). Chondrites traces consist of a complex burrow systems 

characterized by regular branching tunnels with uniform diameter (Savrda, 1998). These traces 

are diagnostic of a low oxygen environment and represent a deep feeding or mining burrow 

(Pemberton, 1992). In core, Chondrites appear as unlined, circular to elliptical blebs that lack 

internal structure. Small Chondrites traces are rarely observed as the sole trace (Figure 5.7). 

Instead, Chondrites more commonly occur as a contributor to overall bioturbation in higher level 

trace fossil assemblages. 

 

Figure 5.6: Examples of major traces observed in ichnofacies 1 and 2. Ch: Chondrites; Pl: 
Planolites A) Chondrites traces observed in the Windmill 5-23H core. Chondrites is the 
diagnostic trace for ichnofacies 1 and appear as circular blebs with occasional branching. B) 
Ichnofacies 2 observed in the Windmill 5-23H core. Ichnofacies 2 is defined by ovular Planolites 
traces with or without the presence of smaller Chondrites traces.  
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5.2.3 Ichnofacies 2 

 Ichnofacies 2 is characterized by small (1.0-5.0 mm) Planolites burrows (Figure 5.5, 

Figure 5.6b). Small (0.5-1.0 mm) or large (2.0-3.0 mm) Chondrites traces may also be present 

but are not required for ichnofacies 2. Planolites are straight to slightly curved, horizontal to sub-

horizontal, unlined cylindrical burrows with structureless fill (Savrda, 1998). Planolites burrows 

represent a feeding or mining burrow but at an intermediate depth relative to Chondrites traces 

(Savrda and Bottjer, 1993). This suggests a better oxygenated environment compared to 

Chondrites alone. In core, Planolites appear as circular to elliptical pods in a horizontal to sub-

horizontal orientation. Ichnofacies 2 is the most abundant lower oxygen related ichnofacies 

accounting for 4% of the observed core in this study (Figure 5.7). 

 

Figure 5.7: Percentage of ichnofacies observed throughout each of the five measured cores. 
Ichnofacies 0 is restricted to the laminite facies and represents and overall lack of bioturbation. 
Ichnofacies 4-6 dominate bioturbated beds suggesting and overall well-oxygenated environment 
throughout Fort Hays deposition. 
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5.2.4 Ichnofacies 3 

 The presence of Taenidium and other relatively small (<3.0 mm) Chondrites and/or 

Planolites traces define ichnofacies 3. Taenidium burrows are unlined, unbranched, straight or 

sinuous cylindrical burrows containing meniscate backfill (Figure 5.5, Figure 5.8a). The 

meniscate backfill is characterized by unique color variations that are produced by an organism 

progressing through sediment and depositing alternating portions of differently constituted 

sediments as it moves forward (Bromley et al., 1999). In core, Taenidium traces appear as 

circular to elliptical concentrically laminated pods that range in diameter from 2.0-7.0 mm and 

can vertically extend up to 35.0 cm (Savrda, 1998). In areas that lack color contrast, Taenidium 

traces can be difficult to discern from Planolites burrows. Ichnofacies 3 was observed in each of 

the described cores and account for ~3% of the total described core (Figure 5.7). 

 

Figure 5.8: Examples of intermediate oxygen level ichnofacies 3 and 4. Ta: Taenidium; Zo: 
Zoophycos A) Horizontal Taenidium traces observed in the Windmill 5-23H core. Taenidium are 
the diagnostic trace for ichnofacies 3. B) Horizontal Zoophycos burrows observed in the 
Portland 1 core. The presence of Zoophycos and/or Teichichnus burrows defines ichnofacies 4.  

5.2.5 Ichnofacies 4 

 Ichnofacies 4 is defined by the presence of vertical Teichichnus and/or horizontal 

Zoophycos traces (Figure 5.5, Figure 5.8b). Both traces are characterized by a complex 

spreiten backfill structure and represent a feeding or mining structure (Savrda and Bottjer, 

1993). Teichichnus burrows are vertical to subvertical structures with typically concave up 

spriete. Teichichnus traces can laterally extend up to 5.0 inches but are generally no more than 
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0.2 inches wide. Zoophycos traces appear as horizontal to sub-horizontal burrows that contain 

chevron-shaped spreite backfill. Zoophycos traces can extend over 3.5 inches but are generally 

no more than 0.2 inches wide. Teichichnus and Zoophycos trace fossils are two of the most 

commonly observed traces in the Fort Hays Limestone. Although ichnofacies 4 was the least 

observed higher oxygen ichnofacies (17%), Teichichnus and Zoophycos traces were 

consistently observed in association with ichnofacies 5 and 6 (Figure 5.7).  

5.2.6 Ichnofacies 5 

 Large (>5.0 mm) Planolites burrows define ichnofacies 5 (Figure 5.5, Figure 5.9a). 

These traces are often observed in close association with Teichichnus and/or Zoophycos 

traces. Thus, the identification of large Planolites is critical for distinguishing ichnofacies 5 from 

ichnofacies 4. Ichnofacies 5 was observed in each of the described cores and accounts for 

~20% of the observed core in this study (Figure 5.7). 

 

Figure 5.9: Examples of high oxygen ichnofacies 5 and 6. Pl: Planolites; Ch: Chondrites; Te: 
Teichichnus; Th: Thalassinoides A) Ichnofacies 5 observed in the Portland 1 core. The 
presence of large (>5.0 mm) Planolites traces defines ichnofacies 5 and is best distinguished 
from ichnofacies 6 by an obvious lack of Thalassinoides traces. B) Ichnofacies 6 observed in the 
Portland 1 core. Ichnofacies 6 is defined by the presence of large Thalassinoides traces and 
represents the greatest oxygen environment during Fort Hays deposition. Ichnofacies 6 is also 
characterized by the greatest frequency and variety of traces.  

5.2.7 Ichnofacies 6 

 Ichnofacies 6 is the most diverse trace fossil assemblage and is characterized by the 

presence of Thalassinoides burrows along with a variety of traces previously discussed (Figure 
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5.5, Figure 5.9b). Thalassinoides is the diagnostic trace fossil of well-oxygenated benthic 

conditions that can support larger organisms and high diversity (Savrda and Bottjer, 1993). 

Thalassinoides trace fossils represent a three-dimensional branching system of relatively large, 

unlined, cylindrical burrows that served as a feeding, mining, or dwelling structure (Mieras et al., 

1993). In core, Thalassinoides burrows appear as large steeply inclined vertical shafts (Figure 

5.9b). Extending up to 8 inches in length and 0.75 inches in width, Thalassinoides burrows are 

the largest traces observed within bioturbated beds of the Fort Hays. Observed in 43% of the 

described core, ichnofacies 6 is the most abundant ichnofacies observed throughout this study 

(Figure 5.7). 

5.3 Core Descriptions 

 The following sections will present lithology descriptions and ichnofacies classifications 

for each of the described cores. Ichnofacies classifications were used to construct benthic 

oxygenation curves that provide valuable insight to bottom water conditions during Fort Hays 

depositional time. Ichnofacies frequency within each core is also considered as an overall 

indicator of benthic oxygenation. Core locations are presented on a paleogeographic map for 

early Coniancian time in Figure 5.10. 

5.3.1 Amoco Rebecca K Bounds #1  

 The Rebecca K Bounds #1 core is located in western Kansas (T18S, R42W, Sec. 17) 

and contains 67.5 feet of Fort Hays Limestone (Figure 5.10; Figure 5.11). Contacts with the 

underlying Codell Sandstone of the Carlile Formation and the overlying D Facies of the Smoky 

Hill Member are observed here. The core is dominated by high frequency alternations of 

relatively thick chalk beds and thin shaly interbeds accounting for 50 bedding couplets. Chalk 

accounts for over 80% of the total lithology and beds range in thickness from 1.0 to 48.0 inches 

and average around 12.0 inches (Figure 5.12a). Shaly interbeds are comprised of marly chalk 

(12%) and marl (6%) and range in thickness from 0.3 to 7.5 inches with an average thickness of 

~1.7 inches. 

Bioturbated chalk beds are dominated by well-oxygenated ichnofacies. Specifically, 

ichnofacies five and six account for 71% of the Fort Hays section in the Rebecca Bounds core 

(Figure 5.9b). Shaly interbeds are characterized by the laminite fabric (ichnofacies 0) and lower 

oxygen assemblages (ichnofacies 2 and 3) (Figure 5.11; Figure 5.12b). Ichnofacies 1 was not 

observed in this core (Figure 5.12b). The Rebecca Bounds core is characterized by high 

amplitude cycles that represent periods of rapid deoxygenation and rapid oxygenation (Figure 
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5.11). However, events of gradual oxygenation and gradual deoxygenation are recorded in 

bedding couplets 7-8 and 28-30 respectively (Figure 5.11). 

 

Figure 5.10: Early Coniacian (~89.0 Ma) paleogeographic map and locations of core described 
in this study. BE: Berthoud State 3; P: Portland 1; N: Nicholas 12-18; WM: Windmill 5-23H; RB: 
Rebecca K Bounds #1. Basemap modified from Colorado Plateau Geosystems Inc. (2014). 

5.3.2 Evergreen Nicholas 12-18 

 The Nicholas 12-18 core is located in the Raton Basin (T31S, R64W, Sec. 18) and is the 

southernmost core described in this study (Figure 5.10). The Fort Hays Limestone is 

approximately 32.0 feet thick and includes a lower contact with the Carlile Shale and an upper 

contact with the D Facies of the Smoky Hill Member (Figure 5.13). This core contains 25 

bedding couplets consisting of alternations of chalk and marly chalk or marls (Figure 5.13). 

Chalk accounts for 78% of the total lithology while marly chalk (12%) and marl (10%) account 

for the shaly interbeds (Figure 5.14a). Chalk beds range in thickness from 1.1 to 28.6 inches 

thick and average around 11.0 inches. Ranging from 0.2 inches to 10.8 inches and averaging  
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Figure 5.11: Lithology description, ichnofacies classification, and inferred oxygenation curve for 
the Rebecca K Bounds 1 core. Oxygen increases from left to right and displayed on a relative 
scale. Fifty bedding couplets were observed in 70.0 feet of Fort Hays. This core is characterized 
by high amplitude cycles of rapid deoxygenation and oxygenation. Ichnofacies 6 dominates the 
oxygenated cycles suggesting that the benthic environment was well-oxygenated throughout 
most chalk deposition. 
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Figure 5.12: A) Distribution of lithologies in the Rebecca K Bounds #1 core. This core is 
predominately comprised of chalk with thin interbeds of marly chalk and marl. B) Ichnofacies 
frequency reported as percentage of footage for the entire core. Higher oxygen related 
ichnofacies predominate throughout this core.  
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3.0 inches, the shaly interbeds are thicker than those observed in other parts of the depositional 

basin.  

Bioturbated chalk beds are dominated by higher oxygen related assemblages with 

ichnofacies 4 through 6 accounting for 72% of the described core (Figure 5.14b). However, 

lower order ichnofacies are observed within chalk beds toward the upper portions of the core 

(Figure 5.13). Shaly interbeds are largely comprised of the laminite fabric (18%) with lesser 

amounts of ichnofacies 2 and 3 (Figure 5.14b). Only one instance of ichnofacies 1 was 

observed at the base of the marl bed of bedding couplet 23 (Figure 5.13). The base of the 

Nicholas 12-18 core is characterized by high amplitude cycles of rapid oxygenation and rapid 

deoxygenation (Figure 5.13). These basal chalks are dominated by ichnofacies 6 (Figure 5.13). 

Toward the upper portion of the core rapid oxygenation/deoxygenation cycles are replaced with 

gradual oxygenation/deoxygenation cycles (Figure 5.13). A distinct shift in ichnofacies also 

occurs toward the upper portion where ichnofacies 4 and 5 generally represent the highest 

oxygenation level rather than the typical ichnofacies 6 (Figure 5.13). 

5.3.3 USGS Portland 1 

 The Portland 1 core is located in the Cañon City Embayment (T19S, R68W, Sec. 20) 

and contains 45.7 feet of Fort Hays Limestone (Figure 1.2; Figure 5.15; Table 1.1). The unit 

consists of 44 bedding couplets and lower and upper contacts with the Juana Lopez member of 

the Carlile Formation and the D facies respectively (Figure 5.15). Bedding couplets consist of 

alternations of chalk and largely marly chalk and marl with minor marly shale and shale 

interbeds (Figure 5.16a). Chalk beds range in thickness from 1.5 to 30.0 inches and average 

around 13.0 inches. On average, shaly interbeds are 2.6 inches thick and range from 0.3 to 10.5 

inches with the thickest beds occurring toward the upper portions of the core.  

 The Portland 1 core is characterized by high frequency cycles of rapid oxygenation and 

rapid deoxygenation. Ichnofacies 6 is the most commonly observed ichnofacies in bioturbated 

beds throughout the core (Figure 5.16b). However, the upper portion of the core displays a drop 

in oxygenation as ichnofacies 4 and 5 predominate (Figure 5.15). Shaly interbeds are largely 

characterized by ichnofacies 0 with minor occurrence of ichnofacies 1 and 2 (Figure 5.15; 

Figure 5.16b).  
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Figure 5.13: Lithology description, ichnofacies classification, and inferred oxygenation curve for 
the Nicholas 12-18 core. Oxygen increases from left to right and displayed on a relative scale. 
Twenty-five bedding couplets were observed in approximately 32.0 feet of Fort Hays. The base 
of this core is dominated by high amplitude cycles of rapid deoxygenation and oxygenation. The 
upper portion of this core is characterized by lower ichnofacies suggesting a drop in overall 
oxygen relative to the base.   
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Figure 5.14: A) Distribution of lithologies in the Nicholas 12-18 core. This core is largely 
comprised of chalk with interbeds of marly chalk and marl. B) Ichnofacies frequency reported as 
percentage of footage for the entire core. Higher oxygen related ichnofacies predominate 
throughout this core. 
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Figure 5.15: Lithology description, ichnofacies classification, and inferred oxygenation curve for 
the Portland 1 core. Oxygen increases from left to right and displayed on a relative scale. Forty-
four bedding couplets were observed in 45.7 feet of Fort Hays. This core is dominated by high 
amplitude cycles of rapid deoxygenation and oxygenation. The prevalence of ichnofacies 6 in 
the lower portion of the core suggests a well oxygenated environment while the lack of 
ichnofacies 6 in the upper portion of the core suggests a less-oxygenated environment during 
later Fort Hays time. 
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Figure 5.16: A) Distribution of lithologies in the Portland 1 core. This core is predominately 
comprised of chalk with most shaly interbeds comprised of marly chalk and marl with minor 
marly shale and shale. B) Ichnofacies frequencies reported in percentage of footage for entire 
core. The Portland 1 core is largely dominated by well-oxygenated ichnofacies 6 with shaly 
interbeds characterized by ichnofacies 0. 
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5.3.4 Coquina Oil Berthoud State 3 

 The Berthoud State 3 core is located near the western margin of the Denver Basin (T4N, 

R69W, Sec. 16) and contains 18.4 feet of Fort Hays (Figure 1.2). Contacts with the underlying 

Codell Sandstone and overlying D Facies of Smoky Hill Member are observed here (Figure 

5.17). This core contains 22 bedding couplets consisting of alternations of chalk and marly chalk 

or marl (Figure 5.14). Chalk accounts for 87% of the total lithology while marly chalk (10%) and 

marl (3%) account for the shaly interbeds (Figure 5.18a). Chalk beds range in thickness from 

1.0 to 36.0 inches with an average thickness of 8.3 inches. Shaly interbeds are much thinner 

averaging around 1.3 inches. These beds range in thickness from 0.4 to 9.5 inches. 

 Compared to the other cores examined throughout this study, the Berthoud State 3 core 

is characterized by a unique oxygenation history (Figure 5.17). The lower two chalk beds are 

characterized by ichnofacies 5 and 6 but there is a drop to ichnofacies 4 and lower (with minor 

occurrences of ichnofacies 5) through bedding couplet 12 (Figure 5.17). This area of the core is 

also dominated by gradual oxygenation and gradual deoxygenation cycles. Higher oxygenation 

occurs within the chalk bed of bedding couplet 13 but another drop occurs and ichnofacies 4 

predominates throughout the rest of the core (Figure 5.17). Overall, higher order ichnofacies (4-

6) still predominate throughout the core but ichnofacies 4 is the most common (Figure 5.18b). 

This is markedly different compared to the other cores described in this study where ichnofacies 

6 has been the most common. 

5.3.5 Anschutz Windmill 5-23H 

 The Windmill 5-23H is located in the Denver Basin (T5N, R62W, Sec. 23) and is the 

northernmost core in this study (Figure 2.1; Figure 5.10; Table 2.1). Contacts with the 

underlying Codell Sandstone and overlying D Facies are observed here (Figure 5.19). This core 

contains approximately 24.0 feet of Fort Hays composed of 22 bedding couplets (Figure 5.19). 

These couplets are comprised of alternations of chalk and marly chalk, marl, or marly shale 

(Figure 5.20a). Chalk beds range in thickness from 1.5 to 29.0 inches and average around 11.7 

inches. Shaly interbeds range in thickness from 0.3 to 5.7 inches and average 2.0 inches.  

 The Windmill 5-23H is dominated by high amplitude cycles of rapid oxygenation and 

rapid deoxygenation (Figure 5.19). Well-oxygenated intervals are predominately characterized 

by upper level oxygenation ichnofacies (4-6). However instead of one dominant ichnofacies, this 

core contains nearly equal proportions of ichnofacies 4, 5, and 6 (Figure 5.20b). Shaly interbeds 

are characterized by lower oxygen ichnofacies (0-3) (Figure 5.19; Figure 5.20b). 
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Figure 5.17: Lithology description, ichnofacies classification, and inferred oxygenation curve for 
the Berthoud State 3 core. Oxygen increases from left to right and displayed on a relative scale. 
Twenty-two bedding couplets were observed in 18.4 feet of Fort Hays. The base of this core is 
characterized by high amplitude cycles while the upper portion is characterized by relatively 
steady occurences of ichnofacies 4.  
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Figure 5.18: A) Distribution of lithologies in the Berthoud State 3 core. This core is 
predominately comprised of chalk with shaly interbeds comprised of marly chalk and marl. B) 
Ichnofacies frequencies reported in percentage of footage for entire core. The Berthoud State 3 
core is largely dominated by ichnofacies 4 with shaly interbeds characterized by ichnofacies 0, 
2, and 3. 
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Figure 5.19: Lithology description, ichnofacies classification, and inferred oxygenation curve for 
the Windmill 5-23H. Oxygen increases from left to right and displayed on a relative scale. 
Twenty-two bedding couplets were observed in 24.0 feet of Fort Hays Limestone. This core is 
dominated by high amplitude cycles of rapid deoxygenation and oxygenation. Ichnofacies 5 is 
most prevalent during well-oxygenated time.  
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Figure 5.20: A) Distribution of lithologies in the Windmill 5-23H core. This core is predominately 
comprised of chalk with shaly interbeds comprised of marly chalk, marl, and marly shale. B) 
Ichnofacies frequencies reported in percentage of footage for entire core. The Windmill 5-23H 
core is largely dominated by ichnofacies 4-6 with shaly interbeds characterized ichnofacies 0, 2, 
and 3. 
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5.4 Core Description and Ichnofacies Discussion 

 Laminites and bioturbated beds observed in the Fort Hays Limestone provide evidence 

of the different depositional environments associated with these contrasting sedimentary fabrics. 

This section will discuss the findings and subsequent interpretations associated with these two 

fabrics and make inferences to changing benthic oxygen conditions based on trace fossil 

assemblages and lithology. 

5.4.1 Laminite Beds 

Increased shale content, lack of trace fossils, and preservation of bentonites and primary 

sedimentary features suggests a more siliciclastic-rich, less oxygenated depositional 

environment for laminite beds. The abundance of shell lag deposits and ripple laminations 

further demonstrates that the laminite fabric is associated with a higher energy environment 

than that observed within the bioturbated beds. Currents played an important role in delivering 

siliciclastics throughout the system while also reworking material to deposit shell lags and the 

erosional scour surfaces observed in the Delaney Butte and New Castle outcrops.  

Foraminifera allochems are much larger in the laminite fabric than those observed in the 

bioturbated bed fabric (Figure 5.2; Figure 5.4). This could be explained by the lack of 

bioturbation within the laminite fabric allowing for the preservation of larger allochems. 

Burrowing organisms most likely broke the fragments down into smaller pieces as they worked 

their way through the chalky sediment of bioturbated beds. 

In core, marl beds display little variation in thickness throughout the depositional basin 

(Table 5.1). With an average bed thickness of 3.0 inches, the Nicholas 12-18 contains the 

thickest marl beds in addition to the greatest amount of total marl (22%). This core is the 

southernmost core examined in this study and suggests a greater amount of siliciclastic 

preservation to the south. This increased siliciclastic content could be explained by the marl 

depositional model put forth by Locklair (2007) (Figure 2.11c). In this model, a counterclockwise 

gyre (originally put forth by Slingerland et al., 1996) moves alongside the western margin of the 

basin and turns up to the northeast toward the more distal portions of the basin. Thus southern 

localities are more proximal to the siliciclastic source and a greater proportion of marl should be 

expected. 
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Table 5.1: Summary of observations for the five cores described in this study. For simplicity any 
bed not classified as chalk is factored into “marl bed thickness” and “percent marl” observations. 

Core 
FH 

Thickness 
Couplets 

Chalk Bed 

Thickness 

Marl Bed 

Thickness 

% 

Chalk 

% 

Marl 

Dominant 

Ichnofacies 

Rebecca 

Bounds 

67.5 ft 50 1.0-48.0 in 

(avg: 12.0 in) 

0.3-7.5 in 

(avg: 1.7 in) 

81% 19% 6 

Nicholas 

12-18 

32.0 ft 25 1.1-28.6 in 

(avg: 11.0 in) 

0.2-10.8 in 

(avg: 3.0 in) 

78% 22% 6 

Portland 

1 

45.7 ft 44 1.5-30.0 in 

(avg: 13.0 in) 

0.3-10.5 in 

(avg: 2.6 in) 

82% 18% 6 

Berthoud 

State 3 

18.4 ft 22 1.0-36.0 in 

(avg: 8.3 in) 

0.4-9.5 in 

(avg: 1.3 in) 

87% 13% 4 

Windmill 

5-23H 

24.0 ft 22 1.5-29.0 in 

(avg: 11.7 in) 

0.3-5.7 in 

(avg: 2.0 in) 

90% 10% 4, 5, & 6 

 

With an average bed thickness of 1.3 inches, the Berthoud State 3 contains the thinnest 

marls (Table 5.1). This core is also characterized by a unique benthic oxygenation history. 

Compared to the other cores described in this study, the Berthoud State 3 is characterized by 

an overall lower oxygenation state (ichnofacies 4) and shows little variation in oxygenation 

throughout the upper 10.0 feet of the core (Figure 5.17). Perhaps the thinner marl beds are a 

result of this stable oxygenated environment which allowed benthic communities to flourish 

throughout siliciclastic deposition. Perseverance of benthic communities could also account for 

the overall lack of laminite fabric within the core as well (Figure 5.18b).  

The Rebecca K Bounds #1 core contains 19% marl but the bed thicknesses are much 

thinner (1.7 inches) than those observed in other cores, with the exception of the Berthoud State 

3 core (Table 5.1). It is interesting that the Rebecca K Bounds #1 contains the second largest 

volume of marl, since the core has the most distal location in western Kansas. The large 

number of bedding couplets (50) observed in the Rebecca Bounds core could explain the 

greater percentage of marl and reduced marl bed thickness. The thin, higher frequency beds 

account for a greater percentage of the core but the amount of shaly material contained in each 

marl bed is less than elsewhere in the basin due to the distal location of the core in western 

Kansas. A second explanation for the increased frequency of marl preservation and thus a 

greater number of bedding couplets could be the sensitivity of the benthic environment in 

western Kansas. Perhaps this environment was more sensitive to siliciclastic influx and benthic 
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communities were obliterated with each siliciclastic pulse. This is evidenced by rapid 

deoxygenation events where well-oxygenated ichnofacies 6 bioturbated beds are rapidly 

replaced by ichnofacies 0 laminite beds. Thus marls are more frequently preserved because the 

benthic communities are not present to rework the material throughout the chalky sediment. In a 

less sensitive environment, organisms may have persisted through marl deposition and either 

subsequently or simultaneously reworked the material throughout the chalky sediment. This 

may be the case for cores characterized by fewer bedding couplets (i.e. Berthoud State 3 and 

Windmill 5-23H) (Table 5.1). 

Except where chalk filled burrows have obscured them, contacts between laminites and 

bioturbated beds are sharp. These sharp contacts suggest an abrupt environmental change 

from the less-oxygenated laminite fabric to the well-oxygenated bioturbated bed fabric. 

However, the presence of stylolites at many of these contacts can make it difficult to discern 

whether the sharp contact is primary in nature or if it has been enhanced by stylolitization. 

Petrographic analysis of stylolitic contacts revealed gradational contacts with the underlying 

laminite bed and sharp contacts with the overlying bioturbated chalk bed (Figure 5.2). This 

suggests that the laminite is providing most if not all of the insoluble material preserved in the 

stylolite while the chalk is acting as a lithologic barrier preventing upward movement of this 

material.  

5.4.2 Bioturbated Beds 

Bioturbated beds suggest a well-oxygenated environment during chalk deposition with a 

lesser amount of siliciclastic input. Macroscopically, bioturbated beds consist of relatively pure 

chalks with minor concentrations of inoceramid fragments and occasional stylolites. Bioturbated 

chalks exhibit little variation in overall thickness and overall content (Table 5.1). This may be 

due to the fact that carbonate production is consistent throughout depositional time while 

siliciclastic input varies. These beds are characterized by an overall lack of preservation as 

evidenced by the lack of primary sedimentary features and bentonites. This does not mean that 

currents nor volcanic sedimentation did not play a role during chalk deposition. Instead these 

features, and bentonitic material, were likely reworked by burrowing organisms. Thus, removing 

evidence of currents and specific volcanic events and incorporating that material into the chalky 

sediment.  

The number of bedding couplets observed within the Fort Hays varies throughout the 

depositional basin. A reduced number of bedding couplets could be due to a lack of 
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preservation, either due to non-delivery or low delivery of sliciclastics or reworking by 

bioturbation. During weak climatic signals, siliciclastics may not be delivered to some parts of 

the basin or the amount is low enough that a lithology change is not recorded. Additionally, if 

oxygen conditions remain high enough during a humid climatic period, benthic communities may 

persist through this time and rework siliciclastic material into the chalk. In either of these 

scenarios, a bedding couplet would not be preserved and thus result in a lower number of 

Milankovitch cycles recorded via lithology changes. 

Bioturbated beds of the Fort Hays Limestone are predominately characterized by upper 

level oxygen ichnofacies 4, 5, and 6. To the south, ichnofacies 6 is the primary constituent of 

bioturbated beds in the Nicholas 12-18 and Portland 1 cores (Figure 5.21). This suggests that 

the highest oxygen environment persisted throughout most of Fort Hays deposition in this area. 

The thicker chalk beds observed in these cores indicate a well sustained oxygenated 

environment (Table 5.1). Despite the generally high oxygen levels, changes in oxygenation are 

evident in the large number of bedding couplets observed in in the Nicholas 12-18 and Portland 

1 cores (Table 5.1). This greater number of bedding couplets could explain the higher 

percentage of marl observed in these areas as well (Table 5.1). Considering the marl 

depositional model put forth by Locklair (2007), mud is transported in a counterclockwise 

manner as currents move alongside the western shoreline and turn northeast up toward the 

more distal portions of the basin (Figure 2.11c). Thus it is not surprising that the southern 

portions of the basin have a higher percentage of marl than the northern localities as these 

areas are more proximal via currents to the siliciclastic source. Overall, the Nicholas 12-18 and 

the Portland 1 cores are characterized by high frequency lithology and oxygen cycles that 

represent dramatic changes in siliciclastic input and consequently changes in benthic 

oxygenation. Well-oxygenated benthic communities (ichnofacies 6) are destroyed during 

periods of elevated siliciclastic flux which result in the preservation of marly interbeds 

(ichnofacies 0) and the re-establishment of oxygen-rich conditions occurs rapidly as illustrated 

by dramatic shifts in the inferred oxygenation curves (Figure 5.13; Figure 5.15). 

The Windmill 5-23H core contains the greatest amount of chalk (90%) and the fewest 

number of bedding couplets (22) (Table 5.1). As the northernmost core described in this study, 

the greater amount of chalk content and lesser amount of marl further supports the 

counterclockwise gyre in marl deposition put forth by Locklair (2007). As the most distal core 

from the siliciclastic source, more chalk and less marl is to be expected. This core is also 

characterized by nearly equal distributions of ichnofacies 4, 5, and 6 which account for 76.4% of 
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the entire core (Figure 5.21). This benthic oxygenation history is unique compared to the other 

cores where one ichnofacies predominates over all other ichnofacies (Figure 5.21). 

Petrographic analysis of ichnofacies from the Windmill 5-32H core revealed greater amounts of 

organic matter preserved compared to the ichnofacies 6 dominated cores (Portland 1, Nicholas 

12-18, and Rebecca K Bounds #1) (Figure 5.21). Perhaps the persistence of somewhat lower 

oxygenation in ichnofacies 4 and 5 resulted in an environment that was more conducive to the 

preservation of organic matter. Thin sections were not collected on the Berthoud State 3 core 

but could reveal greater amounts of preserved organic matter as this core is dominated by 

ichnofacies 4.  

 

Figure 5.21: Ichnofacies distribution for the five cores described in this study. Bioturbated beds 
of the Fort Hays Limestone are predominately characterized by upper oxygen related 
ichnofacies 4, 5, and 6. Laminite fabrics or shaly interbeds are largely defined by ichnofacies 0. 
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The five cores described for this study illustrate the heterogeneity in lithology, thickness, 

and oxygen related trace fossil assemblages associated with the Fort Hays Limestone. 

Lithologically, shaly interbeds range from marly chalk to shale and account for varying amounts 

of the total Fort Hays across the depositional basin (Table 5.1). Both chalk and marl bed 

thickness vary significantly with the thickest chalks observed to the east and the thickest marls 

observed to the south (Table 5.1). These thickness variations support the counterclockwise 

distribution of siliciclastic material from the west as southern localities are most proximal and 

eastern localities are most distal to the siliciclastic source. Finally, oxygen related ichnofacies 

observed in each of the cores suggests that the Fort Hays Limestone depositional basin was 

characterized by constantly changing benthic oxygen conditions. Each core is characterized by 

a unique benthic oxygenation history that does not appear to be correlative between cores 

across the basin. Thus areas responded to changes in benthic oxygen on a local scale and 

account for the major differences in oxygen related ichnofacies observed within each of the 

core.    
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CHAPTER 6 

ELEMENTAL CHEMOSTRATIGRAPHY 

 Elemental data can provide important insights to paleo environmental and diagenetic 

conditions. Detrital elements (aluminum, silicon, potassium, zirconium, and titanium) can be 

indicative of siliciclastic influx at the time of deposition. Carbonate elements (calcium, 

magnesium, strontium, and manganese) are indicative of biogenic productivity and have 

implications for subsequent diagenesis. Lastly, Redox elements (molybdenum, uranium, 

vanadium, and chromium) provide valuable insights to paleo-oxygen levels. Elemental 

relationships are best examined by crossplotting one element against another to determine 

enrichment, as well as, draw conclusions with regards to paleoenvironmental conditions. 

Appendix A provides averages of major detrital and carbonate elements. This chapter will 

discuss each of these groups of elements and review results of data collected via XRF analysis 

from each of the measured outcrops and described cores.  

6.1 Detrital Elements 

 Aluminum (Al), silicon (Si), potassium (K), zirconium (Zr), and titanium (Ti) are the five 

terrestrially derived elements with observable trends in the Fort Hays Limestone. Coupled with 

diagenetic stability, the presence of Al in silicates and clay minerals makes it the most 

commonly used proxy for detrital minerals (Arthur and Dean, 1991). Crossplotting other detrital 

elements against Al, can determine whether or not a particular element is positively or 

negatively associated with Al and thereby the siliciclastic fraction. A positive crossplot 

relationship with Al suggests that the element is detrital in origin while a negative crossplot 

relationship suggests that the element is authigenic or diagenetic in origin (Figures 6.1, 6.2).  

 Silicon can either be authigenic or detrital in origin. A positive relationship with Al 

suggests that Si is detrital in origin while a negative relationship suggests authigenic or biogenic 

sources (i.e. radiolarian, diatoms, etc.) (Sageman and Lyons, 2004). The strong positive 

relationship (R2 = 0.873) between Si and Al suggests that Si in the Fort Hays is detrital in origin 

(Figure 6.1a). Additionally, a strong positive relationship (R2=0.72) between Zr and Si suggests 

that Zr exists in the silicate form as zircon (ZrSiO4) (Figure 6.1c). 

   



70 
 

 

Figure 6.1: Cross-plot relationships between detrital elemental concentrations measured from 
cores and outcrops utilized in this study. Chalk data points are light blue and marl data points 
are grey. For simplicity any lithology not classified as chalk is depicted as a marl. A) 
Geochemical cross-plot between Al and Si displaying a strong correlative relationship (R2= 0.87) 
suggesting that Si is a detrital element. B) Cross-plot between K and Si displaying a strong 
positive trend (R2=0.79) suggesting K is present in the clay fraction. The highest K and Si 
concentrations are associated with the marl lithology. C) Cross-plot between Zr and Si 
displaying a positive relationship suggesting that Zr is present in the silicon phase as zircon 
(ZrSiO4) D) Cross-plot between K and Al displaying a strong positive relationship (R2=0.80) 
suggesting that K is detrital in origin. E) Positive cross-plot relationship between Zr and Al 
suggesting that Zr is detrital in origin. F) Positive (R2=0.34) cross-plot relationship between Ti 
and Al suggesting that Ti is detrital in origin. 
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Potassium (K) displays positive relationships with both Si and Al (Figure 6.1 b, d). Strong 

covariance with both Si (R2=0.79) and Al (R2=0.80) suggest that K is associated with potassium 

feldspars or K-bearing clays (Figure 6.1 b, d). The strong relationship with Al also suggests that 

K is detrital in origin and is most likely the result of weathering of igneous intrusions enriched in 

potassium feldspar.  

Compared to the other detrital elements, Ti and Al show a weak positive relationship 

(R2= 0.34). However, the ratio between Al and Ti can provide insight to the amount of eolian 

input to the depositional system. According to Yarincik and others (2000), eolian silt grains 

contain a greater amount of Ti-bearing minerals when compared to clay material of detrital 

origin. Thus, a lower Al/Ti ratio suggests a greater amount of eolian input. Based on 

measurements from the five described cores and five measured sections, the average Al/Ti ratio 

in the Fort Hays Limestone was 13.4.  

 In each of the measured sections and described cores, average concentrations for major 

and trace detrital elements are much higher in marl beds than in chalks (Appendix A). With the 

exception of the Nicholas 12-18 and Portland 1 cores and the Delaney Butte outcrop, detrital 

elements decrease to the east away from the siliciclastic source. The chalks of the Nicholas 12-

18 and the Portland 1 cores are characterized by elevated Al, Si, and K concentrations 

(Appendix A). The Delaney Butte outcrop contains the highest Si concentrations observed in 

this study with relatively low Al and high K (Appendix A). 

6.2 Carbonate Elements 

 Calcium (Ca), magnesium (Mg), strontium (Sr), and manganese (Mn) are associated 

with the carbonate system. Due to the unreliability of Mg data obtained by the Niton XRT, only 

Ca, Sr, and Mn will be evaluated in this study (Nakamura, 2015). Similar to using Al for 

determining siliciclastic input, Ca is the primary proxy used to determine whether an elemental 

species is present in the carbonate fraction. A negative relationship between Ca and detrital 

elements suggests that most Ca in the system is biogenic in origin (Figure 6.2). A positive 

relationship between an element and Ca suggests that the element exists in the carbonate 

fraction (Figure 6.3). With the exception of the westernmost outcrops (New Castle, Delaney 

Butte, and Wolcott) average Ca concentrations for the Fort Hays range from 36-39% (Appendix 

A). The New Castle, Delaney Butte, and Wolcott outcrops contain lower average Ca 

concentrations: 23%, 26%, and 31% respectively (Appendix A). 
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Figure 6.2: Cross-plot relationships between detrital elements and calcium from cores and 
outcrops utilized in this study. Chalk data points are light blue and marl data points are grey. For 
simplicity, any lithology not classified as chalk is depicted as a marl. Each of the detrital 
elements (Si, K, and Al) display strong negative relationships with Ca. These relationships 
provide further evidence that Si, K, and Al are indeed detrital and not authigenic nor diagenetic 
origin and that Ca is not detrital in origin. A) Strongly negative (R2=-0.66) cross-plot relationship 
between Ca and Si suggesting that Si is not present in the carbonate fraction nor is Ca present 
in silicate minerals. B) Negative cross-plot relationship between Ca and K suggesting that Ca is 
not present in the clay fraction nor is K present in the form of carbonates. C) Strongly negative 
(R2=-0.59) cross-plot relationship between Ca and Al suggesting that Ca is not detrital in origin 
nor is Al present in the carbonate fraction.  
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Strontium is the primary trace element in carbonate systems as it most readily replaces 

Ca in aragonite (Katz et al., 1972). Thus a positive relationship between Sr and Ca suggests 

that aragonitic allochems were present. It is important to note that aragonitic allochems are no 

longer present in the Fort Hays as they have been altered to the meta-stable form of low-Mg 

calcite.  Measurements taken for the Fort Hays Limestone display a positive relationship 

between Ca and Sr with an R2 value of 0.56 (Figure 6.3a). Average Sr concentrations are 

highest in the south (Nicholas 12-18 and Portland 1 cores) and lowest to the west (Delaney 

Butte outcrop) (Appendix A). 

 

Figure 6.3: Cross-plot relationships between carbonate elements from cores and outcrops 
utilized in this study. Chalk data points are light blue and marl data points are grey. For 
simplicity, any lithology not classified as chalk is depicted as a marl. A) Positive cross-plot 
relationship between Sr and Ca. Strontium is the main trace element in carbonate systems and 
the strong correlation coefficient (R2=0.57) between Sr and Ca suggest that Sr is present in the 
carbonate fraction replacing Ca in the aragonite crystal lattice. B) Positive relationship between 
Mn and Ca. The Fort Hays contains anomalously high Mn values believed to reside in the 
carbonate fraction replacing Ca in the calcite crystal lattice.  

Manganese is another trace element associated with the carbonate system. Cross-

plotting Mn and Ca reveals a positive relationship with a moderate correlation coefficient 

(R2=0.42) (Figure 6.3b). Besides its moderate relationship with Ca, Mn does not show any kind 

of relationship with any siliciclastic, eolian, redox, or organic proxy element (Table 6.1). The 

positive relationship between Mn and Ca suggests that Mn is replacing Ca in the calcite crystal 

lattice which requires Mn to be in the reduced Mn2+ valence state. The highest average Mn 



74 
 

concentrations were observed in the easternmost portions of the basin, specifically in the 

Rebecca K Bounds #1 core and the Hays, KS outcrop (Appendix A).  

Table 6.1: R2 values for Mn versus major carbonate and detrital elements and trace elements. 
Positive or negative relationships are denoted by a + or – in parentheses next to R2 values. 
Manganese exhibits negative covariance with all detrital elements and trace elements and a 
positive covariance with Ca thus suggesting that Mn is located in the calcite crystal lattice and 
not associated with the detrital fraction nor other trace cations. 

Element R2 Element R2 

Ca 0.42 (+) Fe 0.07 (-) 

Si 0.26 (-) Zn 0.06 (-) 

Zr 0.22 (-) Ti 0.05 (-) 

Al 0.20 (-) Cu 0.04 (-) 

K 0.18 (-) Cd 0.04 (-) 

V 0.18 (-) Cu 0.04 (-) 

Cr 0.15 (-) Ba 0.03 (-) 

Sr 0.10 (-) S 0.02 (-) 

Pb 0.08 (-) Ni 0.005 (-) 

U 0.07 (-) Mo 0.002 (-) 

 

6.3 Redox Elements 

 Elemental concentrations of Mo, U, Cr, and V are indicative of paleo-oxygen levels and 

redox potential at the time of deposition. This information is useful for understanding the 

distribution and preservation potential of organic carbon since paleo-oxygen and redox 

conditions determine overall preservation. The Fort Hays Limestone does not show substantial 

enrichment with respect to redox elements in neither chalks nor marls. This is to be expected as 

the Fort Hays Limestone represents well-oxygenated conditions throughout the entirety of the 

interval. 

6.4 Chemostratigraphy 

 Elemental concentrations for detrital and carbonate elements were utilized to generate 

chemostratigraphic profiles for each of the described cores and measured sections. These plots 

are presented in Appendix B. The Hays, KS outcrop is not plotted because the analyzed 

samples were not obtained directly from the measured section presented in Chapter 4.  



75 
 

 Regionally, the Fort Hays Limestone is characterized by high frequency oscillations of 

carbonate and detrital elements (Appendix B). Increases in detrital elements are accompanied 

by decreases in carbonate elements and vice versa. There is a distinct correlation between 

these elemental spikes and lithology. Chalks are associated with spikes in carbonate elements 

while marls are associated with spikes in detrital elements. The largest increases/decreases in 

concentration appear to be associated with contacts between beds of contrasting lithology. 

 Chemostratigraphically, Mn appears to trend well with Ca (Appendix B). However, 

determining a regional trend for Mn is difficult to do. At New Castle and in the Nicholas 12-18 

and Rebecca K Bounds #1 cores, Mn appears to increase throughout the central portion of the 

formation and decrease toward the upper contact. In the Berthoud State 3 and at Delaney Butte, 

Wolcott, and Kremmling, Mn shows a general increase in concentration from base to top. 

Finally, the Windmill 5-23H is characterized by high Mn concentrations at the base that 

gradually decrease upward throughout the core.  

6.5 Elemental Geochemistry and Chemostratigraphy Discussion 

 This section will discuss detrital and carbonate element concentrations observed in 

described cores and outcrops for the Fort Hays Limestone. Inferences will be made about the 

elemental source and transport mechanisms that result in regional variation in concentrations.  

6.5.1 Detrital Elements 

Within the Fort Hays, strong correlative trends exist between Al and Si, K, Zr, and Ti 

suggesting that these species are detrital in origin and associated with terrestrial influx of 

sediment (Figure 6.1 a, b, c). Considering that the Fort Hays Limestone is largely characterized 

by pelagic to hemipelagic sedimentation of the carbonate fraction, it is not surprising that 

siliciclastic elements are terrestrially sourced. Detrital elements display a general trend of 

decreasing concentration to the east away from the detrital source. The Delaney Butte outcrop 

and the Nicholas 12-18 and Portland 1 cores are the exceptions to this.  

Compared to all other cores and outcrops utilized in this study, the Fort Hays Limestone 

at the Delaney Butte outcrop contains the greatest average concentration of detrital elements 

(Appendix A). Concentrations of Al, K, and Ti are comparable to those observed at the New 

Castle outcrop, but Si and Zr concentrations are much higher. Elevated Si and Zr 

concentrations suggest that the Fort Hays at the Delaney Butte outcrop contains a greater  
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Figure 6.4: Average Zr concentrations in ppm for chalks and marls. Paleogeographic map 
depicts early Coniacian (89.0 Ma) time and contour interval = 25 ppm. BE: Berthoud State 3; P: 
Portland 1; N: Nicholas 12-18; WM: Windmill 5-23H; RB: Rebecca K Bounds #1 NC: New 
Castle, WC: Wolcott; DB: Delaney Butte; K: Kremmling; H: Hays, Kansas. A) Average Zr 
concentrations for chalk beds. Data suggests an overall decrease in Zr from NW to SE. The 
counterclockwise gyre could account loss of Zr to the south along the western margin of the 
basin and reduced concentrations to the east in the distal portions of the basin. B) Average Zr 
concentrations for marl beds. Marls are characterized by higher concentrations of Zr than 
chalks. Data suggests that there may be two sources of Zr operating during humid climates. 
Concentrations decrease to the south along the western margin of the basin and increase in 
south-central Colorado. A second source of Zr to the southwest could explain this increase as 
the depositional gyre is replenished with siliciclastics as it begins to move northward. Basemap 
modified from Colorado Plateau Geosystems Inc. (2014). 



77 
 

amount of zircon (ZrSiO4). Zircons form from igneous processes. The positive relationship 

between Zr and Al suggests that Zr is detrital and thus diagnostic of an eroded igneous terrain. 

The greater amount of zircon present at the Delaney Butte outcrop could be explained by the 

proximity of the outcrop to a siliciclastic source to the northwest (Figure 6.4). Coupled with the 

counterclockwise depositional gyre, a northwestwardly source could explain the concentration 

contours observed in Figure 6.4a. As the gyre moved south along the western margin of the 

basin, zircons fell out of suspension and were deposited. As the gyre turned up to the north, Zr 

concentrations were greatly reduced and resulted in the low concentrations observed in the 

distal portions of the basin. A slightly different trend exists for Zr concentrations during marl 

deposition (Figure 6.4b). During humid climates, increased siliciclastic input results in higher 

concentrations in marls compared to chalks. However, higher concentrations observed to the 

south in the Portland 1 and the Nicholas 12-18 cores could have resulted from replenishment of 

siliciclastic material from a southwestwardly source (Figure 6.4b). Thus as the gyre begins to 

turn northward, additional siliciclastics are picked up and deposited in the southern portion of 

the basin. 

In addition to Zr, the Nicholas 12-18 and the Portland 1 contain elevated concentrations 

of the major detrital elements (Al, Si, and K). Coupled with the southern location of this core, 

these elevated values may be due to the counterclockwise gyre that Locklair (2007) associated 

with marl deposition. Additional detrital material could also be picked up from the large delta 

complex located in the southwestern portion of the basin (Figure 6.5). Although Locklair (2007) 

associates mud transport within counterclockwise current with only marl deposition, the 

presence of detrital elements in chalks from the distal basin could suggest that this current was 

still in operation throughout chalk deposition (Figure 6.5). These values are significantly lower 

than what is observed for marls. This is most likely due to less siliciclastic input during arid 

climates and perhaps a lack of replenishment from the south. Thus most of the siliciclastics 

would have been deposited along the western margin of the basin before the current turned 

northward. 

The average Al/Ti ratio for the Fort Hays Limestone is 13.14 (Appendix A). Compared to 

data reported by Yarincik and others (2000), this is relatively low and suggests a significant 

amount of eolian input during Fort Hays deposition. Regionally, chalks are characterized by 

lower Al/Ti ratios than marls (Appendix A). Lower Al/Ti ratios during chalk deposition supports 

the widely accepted (Fischer, 1980; Pratt, 1984; Hattin, 1986) arid-humid climate depositional 

model for chalks and marls respectively. During arid times, eolian input is enhanced as  
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Figure 6.5: Average Al concentrations for chalks and marls. Paleogeographic map depicts early 
Coniacian (89.0 Ma) time and contours are displayed in percent. BE: Berthoud State 3; P: 
Portland 1; N: Nicholas 12-18; WM: Windmill 5-23H; RB: Rebecca K Bounds #1 NC: New 
Castle, WC: Wolcott; DB: Delaney Butte; K: Kremmling; H: Hays, Kansas.  A) Average Al 
concentration for chalks (contour interval = 0.5%). Data suggests a decrease in Al from west to 
east away from the siliciclastic source. Although slight, the present of detrital Al in the distal 
portions of the basin suggest that the counterclockwise gyre was in operation during chalk 
deposition. B) Average Al concentration for marls (contour interval = 1.0%). Detrital input of Al 
was higher during marl deposition. Data suggests that there may be more than one source of Al 
during humid climates. A northwestern source and possibly a southwestern source. Overall, Al 
decreases to the east and southeast. Basemap modified from Colorado Plateau Geosystems 
Inc. (2014). 
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terrestrial runoff is greatly reduced resulting in the relative enrichment of Ti versus Al. 

Conversely, during humid times terrestrial runoff is elevated and eolian input is reduced. 

Although this is a useful proxy for eolian input, it is important to note that strong siliciclastic input 

of Al during marl time likely overprints any eolian signature. 

The lowest Al/Ti ratios are observed in Hays, KS and the Nicholas 12-18 (Appendix A). 

The low ratio in Hays, KS could suggest an easterly source of eolian material from the stable 

cratonic interior of the continent. However, the predominant wind direction was from west to 

east so an eastern source seems unlikely (Kauffman and Johnson, 2009). A better explanation 

for the low Al/Ti ratio in Hays could be the low Al concentration in this distal portion of the basin. 

Thus the Fort Hays appears enriched with respect to Ti but the lower concentration of Al is the 

driving cause of the low ratio. The low Al/Ti ratio observed in the Nicholas 12-18 core suggests 

a greater amount of eolian input to the south. Perhaps a southwesterly source of eolian 

sediment is driving this ratio down. Considering the high Al/Ti ratios for the westernmost 

outcrops (New Castle, Wolcott, and Delaney Butte), it is important to note that dilution by Al 

could be the cause of the high ratio and may not be the best indicator of eolian input in these 

areas (Appendix A).  

Chemostratigraphically, detrital concentration variations are restricted to lithologic 

changes. Concentrations remain consistently higher in marls and consistently lower in chalks. 

Other than changes in detrital concentrations associated with changing lithology, there does not 

appear to be a distinct trend or change in detrital input throughout the Fort Hays interval. In 

other words, detrital concentrations remain relatively consistent throughout Fort Hays time. 

6.5.2 Carbonate Elements 

 Due to its authigenic and biogenic origin, Ca displays strong negative relationships with 

each of the major detrital elements (Figure 6.2). Average Ca concentrations are higher in chalks 

than in marls (Appendix A; Figure 6.6). Concentration trends illustrated in Figure 6.6 suggest a 

southern source of Ca. This supports the work done by Longman and others (1998) who posited 

that carbonate-rich waters were delivered to the system from warm Gulfian currents.   

Each of the cores utilized in this study contain average Ca concentrations greater or 

equal to 40% (Figure 6.6a). Concentrations of Ca above 40% bring the reliability of Ca data 

acquired from the Niton XRF into question. Considering the chemical formula (CaCO3) and 

molecular weight of pure calcite (molar mass = 100 au, Ca=40 au), Ca cannot account for more  
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Figure 6.6: Average Ca concentrations for chalks and marls (contour interval =10%). 
Paleogeographic map depicts early Coniacian (89.0 Ma) time and contours are displayed in 
percent. BE: Berthoud State 3; P: Portland 1; N: Nicholas 12-18; WM: Windmill 5-23H; RB: 
Rebecca K Bounds #1 NC: New Castle, WC: Wolcott; DB: Delaney Butte; K: Kremmling; H: 
Hays, Kansas.  A) Average Ca concentrations for chalks. Data suggests a decrease to the 
northwest toward the detrital source and a southern source of Ca supplied to the system. A 
southerly source for Ca is coincident with work done by Longman et al. (1998). B) Average Ca 
concentrations for marls. Although concentrations are lower in marls than in chalks the relatively 
high percentage of Ca suggests that dilution by detrital elements is the main cause of marl 
deposition. Thus the carbonate factory never shuts down and increased detrital input is driving 
Ca content down. Basemap modified from Colorado Plateau Geosystems Inc. (2014). 
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than 40% of the composition of pure calcite. Thus, if the Niton is detecting 40% Ca for the Fort 

Hays Limestone, then it would have to consist of pure calcite with no other major or trace 

minerals present. However, based on previously reported XRD and XRF data, there are clearly 

clays and quartz present within the chalk beds of the Fort Hays (Nakamura, 2015; O’Neal, 

2015). Thus, a 38.6% Ca concentration for Hays, KS does not necessarily suggest that Ca 

content is decreasing to the east but instead the reliability of Ca data acquired for the cores 

must be considered.  

Although much lower than concentrations observed for chalks, Ca contents in marls are 

relatively high, ranging from 25% to 35% (Figure 6.6b). This further supports the widely 

accepted dilution depositional model (Hattin, 1986; Bottjer et al., 1986; Laferriere, 1987; 

Locklair, 2007). Thus, the carbonate factory is not shutting down during marl deposition, but 

rather Ca is being diluted by increased input of detrital elements. 

The strong positive relationship between Sr and Ca suggests Sr was present in the 

depositional system replacing Ca in aragonitic allochems such as oysters and other mollusks 

(Figure 6.3a). Mapping of average Sr concentrations revealed a similar trend to Ca (Figure 6.7). 

This trend suggests that Ca and Sr share the same source from the south. Although 

concentrations are lower in marl beds than in chalks, the same southeast-northwest trend exists 

in both lithologies (Figure 6.7). This suggests that despite dilution by detrital elements, the 

source and delivery of Sr (and Ca) may not be affected by climatic signals in the same way that 

detrital elements are affected. 

Manganese exhibits a unique behavior within the Fort Hays Limestone. 

Chemostratigraphically, Mn trends well with Ca and Sr, but only in the sense that concentrations 

decrease and increase at similiar stratigraphic levels in response to changing lithologies 

(Appendix B). Pederson and Price (1981) suggested that at depth, Mn distribution in 

hemipelagic sediments of the Panama Basin is largely independent of lithologic variations, 

including fluctuations in carbonate content. This does not appear to be the case for the Fort 

Hays since Mn concentrations are higher in chalks and lower in marls which are associated with 

more and less Ca respectively (Figure 6.8). Perhaps the lower Mn concentrations observed in 

marls is a function of detrital dilution since the lowest concentrations are observed in close 

proximity to western detrital sources. 
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Figure 6.7: Average Sr concentrations for chalks and marls (contour interval = 200 ppm). 
Paleogeographic map depicts early Coniacian (89.0 Ma) time. BE: Berthoud State 3; P: Portland 
1; N: Nicholas 12-18; WM: Windmill 5-23H; RB: Rebecca K Bounds #1 NC: New Castle, WC: 
Wolcott; DB: Delaney Butte; K: Kremmling; H: Hays, Kansas. The similar trend between Ca and 
Sr suggests a similar source for the two elements. A) Average Sr concentrations for chalks. 
Data suggests a southern source of Sr with concentrations decreasing to the northwest toward 
the detrital source. B) Average Sr concentrations for marls. Compared to chalks, marls contain 
lower Sr concentrations. This is most likely due to dilution by detrital elements during humid 
climate/marl depositional times. Basemap modified from Colorado Plateau Geosystems Inc. 
(2014). 
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Although Mn concentrations increase to the east and decrease to the west, there does 

not appear to be a trend similar to Ca and Sr, making a southern source for Mn unlikely (Figure 

6.8). Determining a source for Mn has proven difficult and multiple hypotheses have been put 

forth in an attempt to explain this elemental anomaly associated with the Fort Hays Limestone. 

Yamamoto and others (1979) suggested a volcanic source for Mn. However, bentonites 

analyzed in the Rebecca K Bounds #1, Portland 1, and Windmill 5-23H cores are associated 

with sharp declines in Mn concentration (Appendix B). Thus enrichment of Mn by volcanic 

processes seems unlikely. Tribovillard and others (2006) suggested that Mn could be 

transported into the WIS as oxide coatings on particulate material by eolian or detrital 

processes. However, the geochemical independence of Mn from all other major and trace 

elements suggests that whatever is supplying Mn to the depositional system is not 

geochemically linked to other common environmental trends like detrital input (or volcanics) 

(Table 6.1).  

An important question to answer with regard to the source of Mn is determining in what 

valence state the cation entered the system. Under reducing conditions Mn2+ is fairly soluble but 

rapidly oxygenates to Mn4+ in aerobic environments (Gutzmer and Beukes, 2009). Redox 

elemental data obtained in this study does not suggest that a reducing environment would have 

persisted during Fort Hays deposition to allow adequate mobilization and redistribution of Mn2+ 

to account for the observed concentrations. Considering the well oxygenated environment that 

is thought to have persisted throughout Fort Hays deposition, any Mn transported to the area as 

Mn2+ would rapidly precipitate out as Mn(IV) oxy-hydroxides. This could be the case, but to date 

oxy-hydroxide coatings on grains or allochems have not been identified by XRD or FESEM 

analysis.  

The lack of oxy-hydroxide coatings within the Fort Hays Limestone does not mean that 

they never existed but instead could have been altered by diagenetic processes that reduced 

Mn4+ to mobile Mn2+. O’Neal (2015) hypothesized that reducing fluids from the overlying Smoky 

Hill Member could have moved downward into the Fort Hays Limestone and reduced Mn4+ to 

Mn2+ which was able to replace Ca in the calcite lattice. However, high concentrations of Mn in 

the chalks analyzed from Hays, KS discredit this hypothesis. Chalks in Kansas have not been 

subjected to burial by the Smoky Hill Member and thus could not have been affected by 

overlying reducing fluids. Instead, redox cycles could be occurring within the Fort Hays interval. 

If Mn is originally deposited in chalks as Mn4+, then perhaps during marl deposition, water 

conditions were dysoxic enough to reduce Mn4+ to Mn2+ and subsequently replace Ca in the  
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Figure 6.8: Average Mn concentrations for chalks and marls (contour interval = 100 ppm). 
Paleogeographic map depicts early Coniacian (89.0 Ma) time. BE: Berthoud State 3; P: Portland 
1; N: Nicholas 12-18; WM: Windmill 5-23H; RB: Rebecca K Bounds #1 NC: New Castle, WC: 
Wolcott; DB: Delaney Butte; K: Kremmling; H: Hays, Kansas. Modified from Colorado Plateau 
Geosystems Inc. (2014). Mn concentrations appear to be geochemically independent from other 
carbonate elements (Ca and Sr). A) Average Mn concentrations for chalks. Like the carbonate 
elements, Mn concentrations are higher in chalks than marls and concentrations increase to the 
east away from detrital input. B) Average Mn concentrations for marls. Manganese 
concentrations are lower in marls and increase away from the siliciclastic source. Like Ca and 
Sr the lower concentrations observed for Mn in the west may be due to detrital dilution as a 
result of increased siliciclastic input. Basemap modified from Colorado Plateau Geosystems Inc. 
(2014). 
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calcite crystal lattice. Unfortunately, there is a lack of redox element data within the marls to 

support this hypothesis.   

Per Le Callonec and others (2014), the greatest present day source of Mn in seawater is 

black smokers or hydrothermal vents. Black smokers emit Mn as a divalent cation. However, the 

lack of trend between Mn and other black smoker elements (Cu, Pb, Zn, Co, S) suggests that 

Mn is not precipitating out of solution into minerals with these elements (Table 6.1). More likely, 

Mn is either encountering oxygenated waters and precipitating out as oxy-hydroxides or dysoxic 

to anoxic waters are keeping Mn in the divalent state and transporting Mn2+ via currents 

throughout the seaway.  If Mn is oxygenated upon emission from black smokers, then currents 

could be transporting Mn as oxy-hydroxides coating small, movable grains. Conversely, if Mn 

remains in the divalent state, then dysoxic to anoxic water conditions would have to persist 

within currents to the depositional basin where Mn2+ is oxidized to Mn4+ and precipitates out of 

solution.  According to Kauffman and Johnson (2009) the Turonian-Coniacian boundary is 

associated with high sea level that resulted from increased sea floor spreading and accordingly 

– increased black smoker activity. This increased activity could explain an excursion of Mn in 

seawater and the relative enrichment of Mn compared to the Niobrara and other WIS marine 

strata. Based on the available data, pinpointing the geographic location of a black smoker 

source of Mn is difficult. The trend of average Mn concentrations does not suggest a southern 

source like that for Sr and Ca (Figure 6.6; Figure 6.7; Figure 6.8). In both chalks and marls, 

average Mn concentrations appear to decline from the northeast to southwest (Figure 6.8). 

Perhaps black smoker activity was greatest to the north and east and Mn was delivered to the 

seaway via colder Arctic currents. Increased black smoker activity could have occurred in 

association with north Atlantic rifting. Jorgensen (1986), observed elevated Mn concentrations in 

age equivalent chalks in the Danish Subbasin of the southern North Sea. These elevated 

concentrations in association with a more proximal location to the north Atlantic could further 

support increased black smoker activity in the north Atlantic. Although the black smoker 

hypothesis is plausible, more information is needed with regard to the location of Cretaceous 

black smokers and the valence state or mineral form in which Mn is transported. 

The moderate relationship (R2=0.57) between Mn and Ca suggests that Mn is likely 

present in the carbonate phase (Figure 6.3b). Specifically, Mn is thought to be replacing Ca in 

the calcite crystal lattice. FESEM analyses were performed in an attempt to determine the 

mineral phase of Mn in the Fort Hays Limestone. XRF data were compared to thin section 

depths for the sampled cores and the sample with greatest concentration of Mn was used for 



86 
 

analysis (Rebecca K Bounds #1 at 635.2 ft with 1527 ppm Mn). Back scatter electron (BSE) 

images were acquired to delineate Mn from Ca. In BSE images, calcite grains appeared to have 

some heterogeneity to them as evidenced by different BSE intensities and texture within 

individual grains (Figure 6.9). Based on the results of BSE imaging a spot was chosen for 

energy-dispersive X-ray spectroscopy (EDS) analysis (Figure 6.9) 

 

Figure 6.9: Back scatter electron (BSE) image of the Fort Hays Limestone in the Rebecca K 
Bounds #1 core at 635.2 feet. This image displays heterogeneity within an individual calcite 
grain through the appearance of different BSE intensities. The green box depicts the sample 
area utilized for EDS mapping.  

EDS was utilized in order to understand the elemental compositional analysis of the 

specific area outlined in green on Figure 6.9. EDS results can be displayed as a graph for a 

specific point or as an elemental map overlain on a BSE image for a specific area. Point 

analysis for calcite did not display a graphical peak associated with Mn. EDS mapping resulted 

in recognition of Mn in the background but no information as to the specific location of Mn 

(Figure 6.10). In other words, the EDS analyzer recognized that Mn was present but at such low 

concentrations that it could not place it and represented Mn as a scatter image of dots overlain 

on the BSE image (Figure 6.10). Thus FESEM analysis for Mn proved inconclusive due to the 

low concentration of Mn in the sample being below the detection resolution of the EDS. 
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Figure 6.10: Energy-dispersive X-ray spectroscopy (EDS) map overlain on the portion of the 
BSE image outlined in the green box in Figure 6.9. Calcium is depicted in turquoise and is 
present throughout the entirety of the image. Manganese is depicted in pink. Due to the low 
concentration of Mn the EDS detector was not able to reconcile the exact location of Mn but was 
only able to detect the presence of the element in the background.  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 The Fort Hays Limestone is characterized by a unique depositional history that has 

resulted in the regional lithological and geochemical trends observed throughout this study. 

Changes in sea level, energy, benthic oxygenation, and climate are recorded in the Fort Hays. 

Each of these factors played a critical role in the supply, delivery, and movement of elements 

throughout the basin. Utilization of both cores and outcrops allowed for observation and 

interpretation of these changes on a depositional basin scale. Conclusions from this study 

include: 

1. Sea level change is best recorded in the western outcrops (New Castle, Delaney Butte, 

Kremmling, and Wolcott). Here, individual outcrops exhibit changes in lithology from 

base to top as shale dominated lithologies grade into the chalk-marl interbedding that is 

characteristic of the Fort Hays. This lithologic change suggests an overall rise in sea 

level that resulted in cleaner chalk production and restriction of the siliciclastic input 

further westward.  

2. Evidence of contrasting energy regimes associated with chalk and marl deposition are 

best recorded in the New Castle and Delaney Butte outcrops. Scour surfaces observed 

at these two outcrops suggest that marls are associated with a higher energy 

environment characterized by stronger currents that could scour and redistribute 

siliciclastic material. Subsequent chalk deposition filled in these bathymetric lows. The 

lack of scours at the Hays, KS outcrop suggests a quieter, calmer environment in the 

distal portions of the basin. It is important to note that scouring currents could have 

persisted through chalk deposition but reworking of chalky sediment by burrowing 

organisms would have removed record of such events. 

3. Sedimentologically, the Fort Hays Limestone is characterized by two major fabrics: 

laminites and bioturbated beds. Laminites are restricted to shalier lithologies and are 

characterized by a lack of bioturbation which allows for preservation of primary 

sedimentary structures, pellets, and bentonites. Except for the occasionally burrowed 

marl bed, bioturbated beds are restricted to chalk beds. Within these beds, bioturbation 

has removed all traces of primary sedimentary structures, pellets, and bentonites. 

Bioturbated beds can be classified to ichnofacies that are diagnostic of benthic oxygen 
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conditions at the time of deposition. Ichnofacies classifications increase in value from 1 

to 6 with 6 representing the highest oxygenation level.  

4. Trace fossil assemblages observed within bioturbated chalk beds suggest a constantly 

changing environment with respect to benthic oxygenation. Higher oxygen ichnofacies 

(4-6) dominate chalk beds of the Fort Hays and suggest that chalk deposition represents 

a consistently well-oxygenated environment. Marl beds are characterized by the laminite 

fabric or ichnofacies 0 and represent a time of increased siliciclastic input and lower 

oxygen conditions. 

5. Climatic fluctuations are recorded in the chalk-marl interbedding characteristic of the Fort 

Hays Limestone. These fluctuations are the result of perturbations in the Earth’s orbit 

around the sun and are referred to as Milankovitch cycles. Milankovitch cycles result in 

the deposition of bedding couplets (the pairing of a chalk and marl bed). During marl 

deposition, humid conditions result in increased terrestrial input from the Sevier 

highlands that dilutes ongoing carbonate production to deposit marls. During arid times, 

siliciclastic input is minimal and carbonate production is enhanced to produce cleaner 

chalks. 

6. The number of bedding couplets observed within the Fort Hays varies throughout the 

depositional basin. A reduced number of bedding couplets could be due to a lack of 

preservation, either due to non-delivery or low delivery of sliciclastics or reworking by 

bioturbation. During weak climatic signals, siliciclastics may not have been delivered to 

some parts of the basin or the amount is low enough that a lithology change was not 

recorded. Additionally, if oxygen conditions remain high enough during a humid climatic 

period, benthic communities may persist through this time and rework siliciclastic 

material into the chalk. In either of these scenarios, a bedding couplet would not be 

preserved and thus result in a lower number of Milankovitch cycles recorded via lithology 

changes.  

7. Spatial elemental concentration maps of detrital elements (Al, Si, K) display potential 

geographic locations of detrital sources (Figure 7.1). During marl deposition, increased 

terrestrial runoff from the Sevier Highlands results in enhanced input of detrital elements 

from the northwest. Detrital elements entering the seaway are picked up by the 

counterclockwise depositional gyre that delivers this material to the distal portions of the 

basin (Figure 7.1). A second, southwestern source of detrital elements may exist during 

marl deposition. This source replenishes the counterclockwise current and explains the 

elevated detrital concentrations observed in the southern cores. During chalk deposition, 
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detrital input is restricted to the northwestern source (Figure 7.1). Although greatly 

reduced in chalks, the presence of detrital elements in Kansas chalks suggests that the 

depositional gyre is still in operation delivering these elements to the distal portions of 

the basin.  

 

Figure 7.1: Elemental sources for the Fort Hays Limestone depicted on a paleogeographic map 
of the Western Interior Seaway during early Coniacian (~89.0 Ma) time. The primary source of 
detrital elements is to the west and northwest with siliciclastic input during both marl and chalk 
deposition. Elemental data suggests that a second source of detrital elements to the southwest 
could operate during humid climates of marl deposition. Detrital elements entering the seaway 
are picked up by the counterclockwise depositional gyre which delivers siliciclastics to the distal 
portion of the basin. Elemental trends for Ca and Sr suggest a southern source of carbonates 
from Gulfian derived currents. Trends between detrital and siliciclastic elements are supported 
by lithologic changes as clean chalks to the east grade to more marly lithologies to the west. 
Elemental mapping of Mn suggests a northern source possibly from black smokers associated 
with increased sea floor spreading and north Atlantic rifting. Basemap Modified from Colorado 
Plateau Geosystems Inc. (2014). 
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8. Regional lithologic changes provide further evidence of western siliciclastic sources. The 

percentage of marl observed in cores and outcrops increases to the north- and 

southwest and is illustrated in the composition of the shaly interbeds that increase in 

siliciclastic material to the west.  

9. Spatial elemental concentration maps for Ca and Sr display similar trends for both 

chalks and marls and suggest a southern source from Gulfian currents (Figure 7.1). This 

similar trend for both lithologies suggests that despite dilution by detrital elements, the 

source and delivery of Sr and Ca may not be affected by climatic signals in the same 

way that detrital elements are.  

10. High Ca concentrations were observed for both chalks and marls throughout the study 

area. This supports the dilution depositional model in that the carbonate factory is never 

shutting down during Fort Hays deposition. Instead, siliciclastic input is varying and 

during marl deposition Ca is being diluted by increased input of detrital elements. For 

each of the analyzed cores, the Niton XRF reported concentrations in excess of 40% Ca 

in chalk beds. These values are not realistic and suggest that the high Ca concentrations 

could be overwhelming the Niton and preventing the instrument from producing accurate 

Ca results.  

11. Like Ca and Sr, Mn decreases in concentration to the west. Spatial elemental mapping 

suggests a northern source of Mn with Arctic currents delivering the element to the 

basin. The question still remains as to what valence state Mn was in upon delivery. A 

positive cross-plot relationship between Mn and Ca suggests that Mn is present in the 

carbonate fraction. In order for Mn to be present in the calcite lattice it must be in its 

reduced divalent state. Thus, either reducing currents had to deliver Mn as Mn2+ or 

oxygenated currents delivered Mn4+ as oxy-hydroxide coatings that were later reduced to 

Mn2+ by reducing fluids allowing it replace Ca in the calcite crystal lattice. 

12. FESEM analysis of Mn proved inconclusive for determining the mineral phase of Mn. 

Determining the mineral phase of Mn will provide valuable insight to the source and 

delivery method of the element to the basin.  

7.1 Recommendations for Future Work 

1. Wavelength dispersive spectroscopy (WDS) imaging of high Mn samples in order to 

determine if Mn is present in the divalent state in the calcite crystal lattice or present as 

oxy-hydroxide coatings or both. This could provide valuable insight to the delivery 

method of Mn to the depositional basin.  
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2. Detailed chemostratigraphy on additional cores throughout the depositional basin in 

order to generate more data points to refine elemental maps.  

3. Determine if the Niton can be optimized for analysis of carbonate dominated rocks like 

the Fort Hays. Perhaps there is a way to suppress Ca concentrations to report realistic 

values below 40%.  

4. Detailed analysis of the shaly interbeds of the Fort Hays. Quantify the amount of organic 

matter and the presence or absence of TOC. 

5. Compare the Fort Hays Limestone to equivalent aged chalks (i.e. the Austin Chalk) to 

determine if the Mn excursion in the Fort Hays is a local feature or the result of elevated 

Mn worldwide.  

6. Determine if there are other chalks worldwide with high Mn contents that are associated 

with high sea level due to increased sea floor spreading. 

7. Fracture study on the Fort Hays in the Redtail and Wattenberg fields to understand what 

is underlying production in these areas and whether or not other areas are characterized 

by similar features and could be productive. 
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APPENDIX A 

AVERAGE DETRITAL AND CARBONATE ELEMENT CONCENTRATIONS 

 This appendix contains average detrital and carbonate element concentrations reported 

in ppm. Data are organized by core/outcrop with average concentrations reported for the entire 

Fort Hays in yellow, chalk beds in turquoise, and marl beds in grey. Cores and outcrops are 

organized by location based on proximity western siliciclastic source. The “all data points” table 

provides average concentrations for data points collected from all cores and outcrops. Detrital 

elements are denoted in red and carbonate elements are denoted in blue. 



100 
 

 

  



101 
 

 

APPENDIX B 

DETRITAL AND CARBONATE CHEMOSTRATIGRAPHIC PROFILES 

 This appendix contains chemostratigraphic profiles for each of the described cores and 

measured outcrops. Depth, lithology, and bioturbation indices are illustrated for reference. 

Detrital (Al, K, Zr, Si) and carbonate (Ca, Mn, Sr) elements are plotted versus depth in ppm. 

XRF data for Hays, Kansas is not plotted in a chemostratigraphic fashion because the samples 

that were analyzed were gathered from a separate outcrop a few miles away from the outcrop 

measured and described in chapter 4. 
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