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ABSTRACT 

The Turonian Juana Lopez Member of the Mancos Shale in northwestern 

Colorado is a calcareous, bioclastic sandstone interbedded with organic-rich shale. 

Facies analysis of core and outcrops across northwestern Colorado indicates the 

presence of proximal, sand-prone facies to the north and distal, mud-prone facies to the 

south. The results of facies analysis and correlations between the outcrops and core 

suggest the Juana Lopez was deposited on a gently dipping, shallow, ramp-like shelf 

with internally correlative packages that prograded into the basin from north to south. 

The sediment was derived from a combination of sources: detrital input from the north 

and abundant intrabasinally derived, calcareous, bioclastic sediment consisting largely 

of disaggregated inoceramid prisms and fragments of other bivalves. 

The Juana Lopez has gained increased attention in terms of its petroleum 

potential, and recent research has indicated that within the Piceance Basin, it contains 

some of the highest total organic carbon (TOC) values within the Lower Mancos Shale. 

Source rock analysis conducted as part of this study confirms that the Juana Lopez is a 

high-quality source rock. Outcrop TOC values from the southern margin of the Piceance 

Basin, despite being weathered and oxidized, are good to excellent (median: 3.23 wt. 

%; range: 1.75–4.0 wt. %), and S2 values are poor to good (median: 5.40 mg HC/g 

TOC; range: 1.54–9.47 mg HC/g TOC). Source rock quality increases from north to 

south with increasing distance from the sediment source and increasing paleowater 

depth resulting in decreasing depositional energy. 
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CHAPTER 1  

INTRODUCTION 

1.1 Study Objectives 

The goal of this study is to aid in the overall understanding of, and to contribute 

to the growing interest in, the Juana Lopez Member of the Lower Mancos Shale in 

northwestern Colorado in terms of its stratigraphy and petroleum potential. The study 

examines the sedimentology, stratigraphy, and depositional environment of the Juana 

Lopez in northwestern Colorado; interprets the causes and controls on the distribution 

of the various facies; and discusses the implications that these observations and 

interpretations have on the petroleum potential of the unit.  

Recent work by Harper (2015) indicates that the Juana Lopez contains among 

the highest TOC values within the Lower Mancos Shale in the Piceance Basin. He 

suggested that further examination of the unit is required to understand its role as a 

source for hydrocarbons in over- and underlying units as well as its potential as a target 

for unconventional exploration itself. Several authors have conducted detailed 

stratigraphic correlations and geochemical profiles in the subsurface of the Piceance 

Basin, but little detailed work has been published focusing on the outcrop stratigraphy of 

the Juana Lopez in northwestern Colorado. This study aids in the correlation of previous 

work from the subsurface to outcrop data in order to investigate interbasinal 

stratigraphic variability and depositional controls of the unit. 
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1.2 Area of Investigation 

The area of investigation (AOI) is in northwestern Colorado and includes the 

Piceance Basin and North Park Basin (Figure 1-1). This area is of particular interest due 

to the petroleum exploration and production activity focusing on Cretaceous petroleum 

systems in these basins. In addition to generating research interest in the source rock 

potential of the Juana Lopez and surrounding strata, the drilling activity has provided 

abundant subsurface data in the form of geophysical well logs and cores. There are 

also numerous well exposed Juana Lopez outcrops along the basins’ margins.  

 

Figure 1-1: Map of the area of interest showing the locations of outcrops and cores 
examined for this study. 
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1.3 Dataset and Methods 

Six outcrops were described in detail within the AOI (Table 1-1). Outcrops were 

logged on a scale of 1 inch = 2 ft and were described based on lithology, grain size, 

fossil content, ichnofacies, and sedimentary structures. Limited paleocurrent data were 

collected from ripple laminations where available, and the stratigraphic architecture was 

documented. Regular samples were collected at 1-foot intervals and at greater 

frequency around facies boundaries for thin section petrography and geochemical 

analysis. 

Table 1-1: Outcrop Location Summary. 

Outcrop Name Location 
Latitude, Longitude 

Location 
PLSS 

Delaney Buttes 40.686614°, -106.533900° Sec. 7, T8N, R81W 
Kremmling 40.014611°,-106.397303° Sec. 30, T1N, R80W  

Wolcott 39.702346°,-106.666069° Sec. 14, T4S, R82W  
New Castle 39.572402°, -107.480940° Sec. 34, T5S, R90W  

Pleasure Park 38.798046°, -107.826281° Sec. 31, T14S, 93W  
Delta 38.757887°, -108.170834° Sec. 7, T15S, R96W  

 

One core was described at the United Stated Geologic Survey (USGS) Core 

Research Center in Lakewood, CO (Table 1-2). The USGS Candy Lane #1 core is a 

shallow core from south of the Gunnison Uplift (Figure 1-1) drilled for multidisciplinary 

investigation of landscapes in the Gunnison Gorge National Conservation Area 

(GGNCA). The core contains nearly the entire section of the Mancos Shale in the area 

including the entire Juana Lopez Member. The core was described using the same 

methods as the outcrop descriptions. 
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Table 1-2: Core Location Summary. 

Core Location 
Latitude, Longitude 

Location 
PLSS 

USGS Candy Lane #1 38.617731°, -107.900003° Sec. 8, T50N, R9W 
 

Samples collected for thin section petrography were prepared by Weatherford 

Labs and analyzed at Colorado School of Mines as part of this project for composition, 

mineralogy, texture, and cementation. The samples were impregnated with blue 

epifluorescent epoxy and half stained with alizarin red dye for calcite identification. The 

thin sections were examined with a Leica DM 2500 petrographic microscope.  

X-Ray Fluorescence (XRF) elemental geochemical analyses were conducted 

using a Thermo Scientific Niton XL3 hand-held analyzer on samples collected from the 

six outcrops at regular 1 foot intervals. Measurements were collected in TestAllGeo 

Mode at 180 seconds per sample. 

Subsurface well log data is abundant through the Cretaceous in the Piceance 

and North Park Basins. Digital well log data in the area of interest were downloaded 

from the Colorado Oil and Gas Conservation Commission (COGCC) website, and raster 

log data was provided by MJ Systems. These data were examined using IHS Petra 

software for stratigraphic correlations. 

1.4 Previous Work 

Nomenclature for this study will conform to that used by Merewether et al. 

(2006), Ball et al. (2009), and Harper (2015) which include the Juana Lopez as a 

Member of the Mancos Shale.  

The name Mancos Shale was first applied to exposures of marine shale overlying 

the Dakota formation in southwestern Colorado by Cross and Purington (1899). Rankin 
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(1944) first applied the name “Juana Lopez sandstone member” to 10 feet of calcareous 

sandstone near the top of the Carlile Shale in northern New Mexico. Hook and Cobban 

(1980) later increased the thickness of the member at the type section to 106 ft. The 

USGS accepted the Juana Lopez as a member of the Mancos Shale in the Ute 

Mountains area of southwestern Colorado in 1965 (Ekren and Houser). Kauffman 

(1965) applied the name widely in southern Colorado and northern New Mexico.  

Molenaar et al. (1983) documented major depositional cycles in the San Juan 

and Raton Basins and correlated the Juana Lopez Member to transgressive deposits 

equivalent to the base of the Niobrara cyclothem of Kauffman (1969). Molenaar and 

Cobban (1991) described the Juana Lopez member on the south and east sides of the 

Uinta basin, correcting previous correlations identifying it as the Ferron Sandstone 

Member. They observed that the Ferron Sandstone Member and its seaward equivalent 

siltstone of the Tununk Member are abruptly overlain by the Juana Lopez Member. The 

boundary represents a major marine flooding surface that correlates with the abrupt 

stratigraphic rise of the prograding coastal sandstone of the Frontier Formation on the 

north side of the Uinta Basin documented by Molenaar and Wilson (1990). 

Lewis (2013) analyzed outcrop, core, and subsurface well log data in 

southeastern Colorado to determine the relationship between the Juana Lopez Member 

and the underlying Codell Sandstone. He determined that the Juana Lopez was 

deposited on a shallow marine shelf during the basal transgression of the Niobrara 

Cyclothem agreeing with the previous work conducted in other areas. 
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Bruchez (2013) correlated the Niobrara Formation across northwestern Colorado 

using well log data and outcrop exposures. Several of the outcrops identified by 

Bruchez were visited for this research to describe the Juana Lopez Member in detail. 

Recent work by Rogers (2012), El-Attar (2013), Krueger (2013), and Harper 

(2015) has contributed greatly to the understanding of lower Mancos stratigraphy in the 

Piceance Basin and has provided much of the motivation for this research. Rogers 

(2012) mapped the Niobrara in detail using wireline logs, developing a detailed 

stratigraphic framework of the Mancos Shale. El-Attar (2013) utilized chemostratigraphy 

to correlate and characterize the Niobrara Formation, demonstrating the utility of 

elemental geochemistry for stratigraphic interpretations in the Mancos Shale. She also 

used the Passy Method for Δ Log R-derived TOC and interpreted values of up to 5 wt. 

% TOC in the Juana Lopez Member. Krueger (2013) used stratigraphic correlations, 

petrology, geochemistry and basin modeling to assess the petroleum potential of the 

lower Mancos Shale. Using pyrolysis, he analyzed cuttings from the Juana Lopez 

Member in the CSOC Federal 1-20 well in the center of the Piceance Basin and found 

the Juana Lopez contained an average 2.0 wt. % TOC. 

Results of these studies motivated Harper (2015) to focus his research 

specifically on the Juana Lopez Member and the overlying  Montezuma Valley Member 

of the Lower Mancos Shale. He conducted an organic and inorganic geochemical 

characterization of these units and presented the results in a detailed sequence 

stratigraphic framework. He documented TOC values in the Juana Lopez Member 

ranging from 1.0 wt. % to over 4.2 wt. %, averaging 2.83 wt. % within the Piceance 

Basin. He concluded the Juana Lopez Member is the most organic rich interval in the 
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Lower Mancos Shale. In his sequence stratigraphic interpretation, he concluded that the 

Juana Lopez Member represents the initial deposits of the transgressive Niobrara 

hemicyclothem of the Cretaceous Western Interior Seaway which was the result of a 

eustatic sea level rise. 
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CHAPTER 2  

GEOLOGIC BACKGROUND 

2.1 Geologic Overview 

Upper Cretaceous rocks of the Rocky Mountains were deposited in the Western 

Interior Cretaceous (WIC) basin, a large, single sedimentary basin spanning up to 1500 

miles in width and at times extending more than 3,000 miles connecting the Boreal Sea 

in the north and the Tethyian Sea in the south (Weimer, 1960) (Figure 2-2). Beginning in 

the Late Campanian, the basin was segmented into several intermontane basins by the 

Laramide Orogeny resulting in the present day distribution of Upper Cretaceous strata 

(Tweto, 1975, 1980).  

The WIC basin formed as the result of subsidence due to the combined effects of 

flexural response to structural loading of thrust sheets from the Sevier Orogeny to the 

west (DeCelles et al., 1995; Jordan, 1981) and mantle flow-induced, long wavelength 

dynamic subsidence associated with Farallon Plate subduction (Liu et al., 2014; Liu et 

al., 2011). This subsidence combined with high eustatic sea level during the Cretaceous 

(Haq et al., 1988) resulted in the presence of a broad epicontinental seaway and the 

deposition of associated marine and marginal marine deposits. 

Deposition in the WIC basin can be divided into two major marine cycles: the 

Albian to Middle Turonian Greenhorn Marine Cycle and the Late Turonian to 

Maastrichtian Niobrara Marine Cycle (Kauffman, 1969). Each cycle is characterized by 

basal transgressive and terminal regressive sandstone deposits and widespread 

maximum transgressive deposits of carbonate mudrocks. The Juana Lopez Member 
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has been interpreted to be related to the basal transgressive deposits of the Niobrara 

Cyclothem (Harper, 2015; Kauffman, 1969; Lewis, 2013; Molenaar, 1983; Molenaar and 

Cobban, 1991). 

 

 

Figure 2-1: Paleogeographic map of the Western Interior Cretaceous Basin. With the 
cross section line indicating the approximate position of the cross section in Figure 2-2 
and the locations of outcrops and cores described for this study. 
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Figure 2-2: Cross section of Upper Cretaceous strata deposited in eastern Utah and 
western Colorado (El-Attar, 2013). 

2.2 Stratigraphic Overview 

The biostratigraphy of the Upper Cretaceous deposits has been studied 

extensively by paleontologists and geologists from the USGS. This has resulted in the 

current molluscan zonation for the Upper Cretaceous containing 67 zones based on 

ammonites, inoceramids, and radiometric age dating (Cobban et al., 2006). The Juana 

Lopez contains Middle Turonian and early Late Turonian fossils from the zones 

Prionocyclus macombi, Scaphites warreni, Scaphites whitfieldi, Inoceramus dimidius, 

and Inoceramus perplexus (Ball et al., 2009; Cobban, 1990) (Table 2-1). The Middle to 
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Late Turonian bivalve Lopha lugubris is also an important and abundant range fossil 

diagnostic of the Juana Lopez (Ball et al., 2009; Cobban, 1990; Kauffman, 1965). 

Table 2-1: USGS Zonal Table for the Turonian of the Western Interior of the United 
States. Zones represented by the Juana Lopez Member are outlined in blue.(modified 
from Cobban et al., 2006). 

 

The Middle to Late Turonian Juana Lopez consists of a variety of facies. In 

northwestern Colorado it is up to 65 ft thick (Merewether et al., 2007) and consists of 

alternating fine- to very fine-grained sandstone, siltstone, and mudstone facies. 

Previous work refers to it as a calcarenite, but this term and its environmental 

implication associated with reef deposits is misleading and should no longer be used. 

The term was first introduced by Grabau (1903) in his classification of reef limestones to 

refer to limestones that contain more that 50% detrital calcium carbonate grains or 

allochems. Lewis (2013) notes that the Juana Lopez Member in many places does not 

exceed 50% carbonate clasts and would be better classified as a calcareous sandstone.  
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The Juana Lopez Member is time equivalent to the Wall Creek Member of the 

Frontier Formation of Wyoming, northeast Utah, and northwest Colorado and the Turner 

Sandstone of northeastern Wyoming, western South Dakota, and Montana (Figure 2-3). 

 

Figure 2-3: Stratigraphic nomenclature and disconformities at outcrops of early Late 
Cretaceous age (Merewether et al., 2007). 

Regional paleontologic and biostratigraphic studies of the WIC basin have 

revealed a series of regional, major unconformities and associated lacunae that 

represent erosion and nondeposition related to regional marine regressions, 

transgressions, and tectonic uplift (Merewether and Cobban, 1986; Merewether et al., 

2007). Understanding these unconformities is critical to understanding the regional 

stratigraphy of the Juana Lopez Member. Two of these unconformities form the upper 

and lower boundaries of the Juana Lopez Member and time equivalent strata (Figure 

2-3). 

The lower unconformity separates the Juana Lopez Member from beds as old as 

late Cenomanian. In western and northwestern Colorado, the Juana Lopez overlies the 
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Blue Hill Shale Member of the Mancos Shale. In eastern Colorado, it overlies the Codell 

Sandstone. The Juana Lopez is overlain by the Montezuma Valley Member of the 

Mancos Shale, a calcareous, slightly silty to silty shale. The Montezuma Valley Member 

is unconformably overlain by the Fort Hays Member of the Niobrara Formation (Ball et 

al., 2009; Leckie et al., 1997). This widespread unconformity exists across Wyoming, 

Colorado, Nebraska, South Dakota, western Utah, northern New Mexico, southern 

Montana, and northwestern Kansas (Merewether et al., 2007). In eastern-central 

Colorado, the entire Montezuma Valley Member has been eroded, and further east, the 

Juana Lopez Member has been eroded as well resulting in the Fort Hays directly 

overlying the Codell Sandstone. The lacuna associated with this unconformity is nearly 

the same age as large scale eustatic sea level rise described by Haq et al. (1988) 

suggesting a potential transgressive origin for this unconformity.  

2.3 Structural Overview 

By studying the spatial and temporal variations in unconformities and 

biostratigraphically defined isopach maps of Upper Cretaceous strata, many authors 

have related the unconformities to complex structural activity within the WIC Basin 

(Kirschbaum and Mercier, 2013; Liu et al., 2014; Merewether and Cobban, 1986; 

Merewether et al., 2007; Roberts and Kirschbaum, 1995; Weimer, 1978; White et al., 

2002). Weimer (1978), Weimer and Sonnenberg (1983), and Merewether et al. (1986) 

attributed the origin of the Upper Cenomanian-Middle Turonian unconformity to 

reactivation of basement structures (e.g. the Transcontinental Arch) resulting in broad 

doming causing nondepositon and erosion (Figure 2-4). Combining stratigraphic 

analysis with geodynamic modelling, White et al. (2002) postulated that the submarine 
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erosion on an eastward migrating forebulge could be the cause of the unconformity and 

associated eastward and westward stratal thinning (Figure 2-5). The orogen parallel and 

time transgressive nature of the unconformity supports this interpretation and 

differentiates the forebulge related unconformity from similar features developed on 

basement involved uplifts identified by other authors. White et al. (2002) suggested that 

inherited lithospheric inhomogeneities from the Uinta Mountain uplift and the 

Transcontinental Arch could have allowed the forebulge crest in central Colorado to 

have migrated further east than to the north and south. 

Recent research has emphasized the importance of dynamic subsidence relating 

to Farallon Plate subduction over flexural subsidence relating to thrust sheet loading for 

the formation of the WIC basin (Liu and Nummedal, 2004; Liu et al., 2014; Liu et al., 

2011; Painter and Carrapa, 2013; Pang and Nummedal, 1995). However, Painter and 

Carrapa (2013) constrained the transition from flexural dominated subsidence to 

dynamic subsidence to ~81Ma (Early Campanian) suggesting the flexural model and 

the presence of a migrating forebulge would be applicable during the time of deposition 

of the Juana Lopez Member and surrounding deposits. 

The present day distribution of the Juana Lopez Member and the other deposits 

of the WIC basin is the result of the Laramide Orogeny which segmented the basin in to 

several isolated intermontane basins (Tweto, 1975, 1980). 
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Figure 2-4: Centerlines of interpreted mid-Cretaceous uplifts in the Rocky Mountain 
Region (Merewether et al., 2007). 
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Figure 2-5: Schematic conceptual diagram of forebulge disconformity development 
(White et al., 2002).  
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CHAPTER 3  

FACIES DESCRIPTIONS, SEDIMENTOLOGY, AND STRATIGRAPHY 

3.1 Facies 

Six outcrops and one core were described in detail in terms of lithology, grain 

size, fossil content, ichnofacies, and sedimentary structures as outlined in section 1.3. 

The vertical stratigraphic successions were divided into seven facies based on field 

observations using the definition of facies from Dalrymple (2010) that a facies is “a body 

of rock characterized by a particular combination of lithology and physical and biological 

structures that bestow an aspect that is different from the bodies of rock above, below, 

and laterally adjacent”. The facies are listed below in order of decreasing relative 

depositional energy and summarized in Table 3-1. 

Three main lithologies were identified and separated into facies: sandstone, 

siltstone, and claystone. The term sandstone is used here to describe a rock dominantly 

composed of sand sized particles (between 64 and 2,000 microns in diameter) 

regardless of composition. Sandstones are often thought of as rocks composed of 

quartz, feldspars, and lithic fragments but as will be discussed below, much of the 

sediment within the Juana Lopez consists of sand-sized calcite grains from 

disaggregated inoceramid clam shells. The distinction between clay and silt sized rocks 

was determined in the field partly by weathering and alteration patterns, finer grained 

rocks are more fissile in appearance, and by rubbing the sediment between the teeth. 

Silt grains feel gritty against the teeth while clay grains are smooth. 
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Table 3-1: Facies Summary. 

 

Facies 
Abbreviation Lithology Sedimentary Structures Biogenic Structures 

HCSSst 
Fine- to Very Fine-Grained 

Sandstone 
Low Angle Cross-

Stratification Abundant Inoceramid and other shell fragments 

PLamSst Fine- to Very Fine-Grained 
Sandstone 

Planar Lamination 
Abundant Inoceramid and other shell fragments, 

ammonite impressions, Rare Arenicolites and 
Planolites 

MSst 
Fine- to Very Fine-Grained 

Sandstone Massive 
Abundant Inoceramid and other shell fragments, 

sharks teeth 

URSst Fine- to Very Fine-Grained 
Sandstone 

Asymmetrical Ripple 
Lamination 

Inoceramid and other shell fragments 

WRSst Fine- to Very Fine-Grained 
Sandstone 

Symmetrical Ripples Inoceramid and other shell fragments 

SstSltst 
Interbedded Siltstone and 
Fine- to Very Fine-Grained 

Sandstone 

Isolated and Starved 
Ripples Inoceramid and other shell fragments 

SstClst 
Interbedded Claystone and 
Fine- to Very Fine-Grained 

Sandstone 

Isolated and Starved 
Ripples Inoceramid and other shell fragments 

Sltst Siltstone Massive Inoceramid and other shell fragments 

Clst Claystone Massive Inoceramid and other shell fragments 

Bent Bentonite Massive None Observed 
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3.1.1 Low Angle Cross Stratified Fine- to Very Fine-Grained Sandstone 

This facies consists of light- to reddish-brown to grey, fine-to very fine-grained 

sandstone. It is distinguished by the presence of low angle stratification interpreted to 

be hummocky cross-stratification (HCS) and swaley cross-stratification (SCS) (Figure 

3-1). Trace fossils were not observed in this facies, but transported fragments of 

inoceramids and other pelecypods were common. This facies was present in all 

outcrops that were measured and described. HCS and SCS occur in single and 

amalgamated beds of 1 inch to 2 ft thick. Occasionally, beds lack the complete structure 

of HCS, and only contain the concave upward SCS. 

HCS is interpreted to form near storm wave base on shelves and shorefaces as 

the result of storm processes generating large waves and strong unidirectional currents 

that strip sediment from shallower reaches and transport it into deeper water where 

waves can generate significantly large orbitals, and weak unidirectional current 

velocities are present (Dumas and Arnott, 2006). SCS is interpreted to form shallower 

on the shelf where aggradation rate is lower and scouring is more frequent (Dumas and 

Arnott, 2006).  

3.1.2 Fine- to Very Fine-Grained Planar Laminated Sandstone 

This facies consists of light- to reddish-brown to grey, fine- to very fine-grained 

sandstone. Beds contain both near perfect planar laminations as well as wavy 

laminations that undulate with spacing of three inches to one foott and height of typically 

less than one inch (Figure 3-2). Broken shell fragments of inoceramids and other 

pelecypods were common. Ammonite impressions were observed as well. Rare trace 

fossils of Arenicolites and Planolites are present. 
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Figure 3-1: Outcrop photographs of hummocky and swaley cross stratified fine- to 
very fine-grained sandstone. A) Hummocky and swaley cross stratification with 
abundant scour surfaces. Taken from the Delta Section. B) Isolated dome shaped 
hummocky bed. Taken from the New Castle Section. 
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Planar and wavy laminated sandstones are interpreted to be the result of storm 

processes on a shelf under oscillatory or combined flow conditions where the 

unidirectional component is a small fraction of the oscillatory component (Arnott and 

Southard, 1990). In very fine- and fine-grained sand in particular, the large orbital 

velocities generated by storm waves have been shown to generate plane-bed 

conditions without a significant unidirectional component (Clifton, 1976). Flume 

experiments conducted by Arnott and Southard (1990) suggest that undulating planar 

laminations common in shallow-marine settings can be explained by combined flows 

present during storms. 

3.1.3 Fine- to Very Fine-Grained Unidirectional-Ripple Laminated Sandstone 

This facies consists of light- to reddish-brown to grey, fine- to very fine-grained 

sandstone. It is distinguished by the presence of asymmetrical ripples (Figure 3-3). 

While shell fragments were present, they were not as common as in the previously 

discussed facies. Asymmetrical ripples are interpreted to be the result of unidirectional 

or combined flow with a strong unidirectional component.  

3.1.4 Fine- to Very Fine-Grained Unidirectional-Ripple Laminated Sandstone 

This facies consists of light- to reddish-brown to grey, fine- to very fine-grained 

sandstone. It is distinguished by the presence of asymmetrical ripples (Figure 3-3). 

While shell fragments were present, they were not as common as in the previously 

discussed facies. Asymmetrical ripples are interpreted to be the result of unidirectional 

or combined flow with a strong unidirectional component.  
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Figure 3-2: Outcrop photograph of fine- to very fine-grained planar laminated 
sandstone bed indicated by the arrows and brackets. Taken from the Wolcott Section. 
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Figure 3-3: Outcrop photographs of fine- to very fine-grained unidirectional ripple 
laminated sandstone. A) Taken from the Delta Section. B) Taken from the Wolcott 
Section. 
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3.1.5 Fine- to Very Fine-Grained Wave-Ripple Laminated Sandstone 

This facies consists of light- to reddish-brown to grey fine- to very fine-grained 

sandstone. It is distinguished by the presence of symmetrical ripples (Figure 3-4). 

Similar to the asymmetrically rippled facies, this facies contains shell fragments, but 

they are not as abundant as in the other previously described facies. 

Symmetrical ripples form on shelves and shorefaces due to oscillatory flow 

caused by wave orbitals with lower energy than storm wave orbitals. Flume experiments 

by Dumas and Arnott (2006) demonstrate that symmetrical ripples were stable while 

unidirectional flow velocities were very low compared to oscillatory velocities. As the 

unidirectional flow velocity was increased, the symmetrical ripples graded into 

hummocky bed forms. 

3.1.6 Massive Fine- to Very Fine-Grained Sandstone 

This facies consists of light- to reddish-brown to grey, fine- to very fine-grained 

sandstone. It is distinguished by the lack of sedimentary structures and abundant shell 

fragments and other bioclastic debris including shark teeth (Figure 3-5). It often contains 

coarse grained beds consisting of abundant chert clasts and bioclastic debris. 

The massive facies is interpreted to be the result of a combination of rapid 

deposition by sediment fall out and/or bioturbation. Individual burrows were not 

identified in this facies, but bioturbation is a common process resulting in the obliteration 

of sedimentary structures. 
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Figure 3-4: Outcrop photographs of fine- to very fine-grained wave ripple laminated 
sandstone. A) Taken from the Kremmling Section. B) Taken from the Wolcott Section. 
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Some beds where coarse grained biogenic debris and chert clasts are 

concentrated have been interpreted as post storm lags where an abundance of coarse 

grained material was incorporated into the sediment column, and finer grained material 

was transported landward during waning-storm and fair-weather conditions  (after 

DeCelles, 1987). These beds could also be interpreted to be sediment gravity flow 

deposits. 

 

Figure 3-5: Outcrop photograph of a bed of massive fine- to very fine-grained 
sandstone facies overlying a planar laminated bed. This could be the result of a 
sediment gravity flow with a basal traction carpet grading upward into the structurless 
sandstone. Notice the abundant shell fragments present, some are indicated by arrows. 
Taken from the Wolcott Section. Pencil for scale. 

3.1.7 Siltstone with Starved and Isolated Ripples 

This facies consists of thin beds of siltstone interbedded with thin fine- to very 

fine-grained sandstone starved and isolated ripples (Figure 3-6). Beds are spaced less 

than one inch distinguishing this facies from the individual rippled sandstone and 

siltstone facies. This thin bedded facies is common in all outcrops and core, but has a 
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high degree of variability in the percentage of sand relative to the percentage of 

siltstone.  

This facies is interpreted to be the result of storm and wave processes in 

relatively sand starved conditions where sand supply was too low to generate beds of 

significant thickness. This is likely the result of being deposited further seaward along 

the shelf profile than the previously identified facies. It could also be the distal deposits 

of sediment gravity flows. 

3.1.8 Claystone with Starved and Isolated Ripples 

This facies consists of thin beds of claystone interbedded with thin fine- to very 

fine-grained sandstone starved and isolated ripples. It is similar to the previous facies, 

but rather than siltstone interbeds, it contains claystone interbeds. It is thus interpreted 

to have been deposited in a lower energy setting further seaward along the shelf profile 

or more distal deposits of sediment gravity flow processes. 

3.1.9 Claystone 

This facies consists of claystone. The claystone is typically grey to black in color. 

Sedimentary structures were not discernable. The distinction between clay and silt sized 

rocks was determined in the field partly by weathering and alteration patterns, finer 

grained rocks are more fissile in appearance, and by rubbing the sediment between the 

teeth. Silt grains feel gritty against the teeth while clay grains are smooth and creamy. It 

is interpreted to have been deposited in low energy conditions on the shelf when there 

was not enough energy to transport silt and sand sized grains. 
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Figure 3-6: Outcrop photograph of siltstone with starved and isolated ripples. Notice 
the difference in net-to-gross between the two images indicating the variability within 
this facies. A) Taken from the Delaney Buttes Section. B) Taken from the Wolcott 
Section. 



29 

 

Figure 3-7: Outcrop photograph of the claystone with starved and isolated ripples 
facies. Photograph from the New Castle Section. 
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Figure 3-8: Outcrop photographs of claystone. Photograph from the Delta Section. 
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3.1.10 Bentonite 

This facies consists of orange and grey bentonite beds. Beds range from one-

half to three inches in thickness. The bentonite beds are interpreted to be deposited as 

the result of large, explosive volcanoes creating a “mushroom cloud” of ash that was 

dispersed over extremely large areas by high altitude winds (Slaughter and Hamil, 

1970). During the time of Juana Lopez deposition, volcanoes were active in Arizona, 

Wyoming and Montana providing the sources for the volcanic material making up the 

bentonite beds (Kauffman and Caldwell, 1993).  

 

Figure 3-9:  Outcrop photographs of bentonite. A) Taken from the Kremmling Section. 
B) Taken from the Delta Section. 

3.2 Measured Sections in Outcrop and Core 

Seven vertical stratigraphic profiles were measured from six outcrops and one 

core located on the margins of the North Park, Eagle, and Piceance Basins using 

methodology described in section 1.3 (Figure 1-1, Table 1-1, Table 1-2). The sections 

were described in terms of lithology, grain size, fossil content, ichnofacies, and 

sedimentary structures and were divided into individual facies as described in the 
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previous section. The sections were summarized in terms of net-to-gross, defined here 

to mean the percentage of sandstone relative to siltstone, claystone and bentonite. The 

graphic logs of the measured sections are included as separate plates in the 

supplementary electronic files as described in Appendix A. The measured sections and 

cores will be described from north to south. 

Based on vertical facies successions and stacking patterns, three scales of 

stratigraphic cycles were identified. These cycles represent regional and local variations 

in stratigraphic base level (after Wheeler, 1964). Triangle notation was used to identify 

the components of base level rise and fall cycles (after Anderson and Cross, 2001). 

Falling base level hemicycles are represented by downwards pointing triangles, and 

rising base level hemicycles are represented by upwards pointing triangles. Rise-to-fall 

and fall-to-rise turnarounds are therefore represented by the transitions between the 

respective triangles (Figure 3-10). When the thicknesses of the rise and fall hemicycles 

cycles are approximately equal, the cycle is termed symmetric. If a fall hemicycle 

directly is overlain by another fall hemicycle, the cycle is termed fall asymmetric, and 

likewise if a rise hemicycle is directly overlain by rise hemicycle the cycle is termed rise 

asymmetric (after Anderson and Cross, 2001).  

Based on the stacking patterns of the parasequence cycles, they were grouped 

into an intermediate scale cycle termed parasequence sets. The parasequence sets 

were then grouped into larger, sequence-scale cycles. The interpretation of the cycles 

was refined in an iterative process by comparing adjacent measured sections to identify 

correlatable trends in major cycles and surfaces. 
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Figure 3-10: Visual explanation of triangle notation for base level rise and fall cycles 
(modified from Borer, 2016, after Anderson and Cross, 2001). 

The majority of the cycles observed in the Juana Lopez are highly asymmetric 

fall cycles where the rise hemicycle was not preserved in the rock record. In this 

scenario, the fall-to-rise turnaround, the fall hemicycle, and the rise-to fall turnaround 

are all represented by the same surface. 

3.2.1 Delaney Buttes Outcrop 

The Delaney Buttes outcrop is located in Sec. 7, T8N, R81W (40.686614°, -

106.533900°). It is located on the Odd Fellows State Wildlife Area and accesse d via 

Jackson County Road 20 about 4.5 miles west of South Delaney Lake.  
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At the Delaney Buttes outcrop, 16.7 ft of Juana Lopez is exposed (Figure 3-11). 

Two excellent exposures are available at this location due to the surface expression of a 

plunging anticline with the axis eroded resulting in a gully with exposures on either side. 

The eastern exposure was measured for this study. The location also has exposures of 

the overlying Montezuma Valley and Niobrara Formations which were measured and 

described by Bruchez (2013).  

 

Figure 3-11: Delaney Buttes outcrop exposure of the Juana Lopez. 

The Juana Lopez at Delaney Buttes was divided into 46 small scale 

parasequence hemicycles, nine parasequence sets, and two large scale sequences 

hemicycles (Figure 3-12) The Delaney Buttes outcrop has a net-to-gross ratio of over 

70% with only 7.9% mudstone (Figure 3-13). This is a much higher value than 

measured at the other locations to the south and southeast. In terms of facies, the 

section contains abundant rippled beds, particularly wave rippled beds, and planar 

laminated beds (Figure 3-13). 
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Figure 3-12: Delaney Buttes measured section 
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Figure 3-13: Lithology and facies percentages observed at the Delaney Buttes Outcrop. 

3.2.2 Kremmling Outcrop 

The Kremmling outcrop is located in Sec. 30, T1N, R80W (40.014611°,-

106.397303°). It is on BLM land and is accessed via Trough Rd/Grand County Road 1 

about 2 miles west of the junction with CO Hwy 9. 

At the Kremmling outcrop, 23.2 ft of Juana Lopez is exposed (Figure 3-14). The 

overlying Montezuma Valley and Niobrara Formations are exposed here as well and 

were recently described by Bruchez (2013). 
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Figure 3-14: Kremmling outcrop exposure of the Juana Lopez. 

The Kremmling section was divided into 98 small scale parasequence cycles, 11 

parasequence sets, and three large scale sequences (Figure 3-15). The section has a 

net-to-gross of 42.6% and is dominated by the alternating siltstone and starved and 

isolated ripple facies (Figure 3-16). This thin bedding of siltstone and sandstone is 

apparent in the upper and middle sections of the Juana Lopez as shown in the outcrop 

overview photo (Figure 3-14). 

3.2.3 Wolcott Outcrop 

The Wolcott outcrop is located in Sec. 14, T4S, R82W (39.702346°,-

106.666069°). It is accessed by parking near the junction of U.S. Hwy 6 and CO Hw y 

131 and walking east from the town of Wolcott, CO along abandoned railroad tracks. 

The exposure is a large south facing cliff face approximately one third of a mile in 

length. The best and most accessible exposure of the Juana Lopez is on the east side 

of the cliff and is accessed by hiking along the abandoned railroad tracks to reach a trail 

just before the cliff ends. 
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Figure 3-15: Kremmling measured section 
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Figure 3-16: Lithology and facies percentages observed at the Kremmling Outcrop. 

At Wolcott, 13 feet of Juana Lopez is exposed (Figure 3-17). Overlying the Juana 

Lopez are the Montezuma Valley and Niobrara Formations recently described by 

Bruchez (2013). Underlying the Juana Lopez at Wolcott is the Codell Sandstone, the 

Greenhorn Formation and the Graneros Formation (Rogers, 2012; Von Holdt, 1982). 

While Rogers (2012) and Von Holdt (1982) describe the presence of the Codell 

Sandstone at this location, other authors dispute this correlation (Merewether and 

Cobban, 1986).  
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Figure 3-17: Wolcott outcrop exposure of the Juana Lopez at the location of the 
measured section. The Codell Sandstone and the Juana Lopez were measured and 
described for this study.  

The outcrop at Wolcott can be divided into 86 parasequence cycles, 11 

parasequence sets, and three large scale sequences (Figure 3-18). The section has a 

net-to-gross of 47%, slightly more than in Kremmling; however, there is a large increase 

in the percentage of mudstone in Wolcott compared to Kremmling (Figure 3-19). The 

section contains abundant ripple laminated beds. 
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Figure 3-18: Wolcott measured section 
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Figure 3-19: Lithology and facies percentages observed at the Wolcott Outcrop. 

3.2.4 New Castle Outcrop 

The New Castle outcrop is located in Sec. 34, T5S, R90W (39.572402°, -

107.480940°). It is accessed via CO H wy 6 approximately 1.5 mi west of the Canyon 

Creek Rd Exit from I-70. 

At New Castle, 30 ft of Juana Lopez is exposed (Figure 3-20). Overlying the 

Juana Lopez are the Montezuma Valley and Niobrara Formations recently described by 

Bruchez (2013). Underlying the Juana Lopez is the Frontier Sandstone which previous 

authors have claimed to be equivalent to the Codell Sandstone (Kuzniak, 2009). More 

work needs to be done on this interval to determine its genetic relationship to the Juana 

Lopez and if it is correlative to the Codell Sandstone. Kuzniak (2009) briefly described 



43 

this section and conducted petrography work indicating different provenance from the 

overlying Juana Lopez, but direct correlation to the Codell Sandstone remains unclear. 

 

Figure 3-20: New Castle outcrop exposure of the Juana Lopez and over- and 
underlying units. 

The Juana Lopez at New Castle was divided into 79 small scale parasequence 

cycles, 15 parasequence sets, and three large scale sequences (Figure 3-21). Figure 

3-21 shows the Juana Lopez section of the measured section. To see the entire section 

refer to the supplemental electronic files listed in Appendix A. This section has a net-to-

gross of 43.6% with 23.8% mudstone. In terms of facies, the outcrop contains a large 

proportion of thinly bedded siltstone with starved and isolated ripples and wave rippled 

sandstone (Figure 3-22). 
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Figure 3-21: New Castle measured section of the Juana Lopez (starting at 18.25 ft) 
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Figure 3-22: Lithology and facies percentages observed at the New Castle Outcrop 

3.2.5 Pleasure Park Outcrop 

The Pleasure Park outcrop is located in Sec. 31, T14S, 93W (38.798046°, -

107.826281°). It is accessed via CO Hwy 92 slightly east of the junction with Pleasure 

Park Road and about 5.5 miles west of Hotchkiss, CO. It is briefly described by Noe 

(2012) as being the best exposure of the Juana Lopez in southwestern CO. 

At Pleasure Park, 26 ft of Juana Lopez was measured (Figure 3-23). The light-

brown Juana Lopez beds sharply overlie black shale identified by Noe (2012) as the 

Blue Hill Shale deposited during the Prionocyclus hyatti ammonite zone. However, no 

ammonites were observed at this section. Correlations with the biostratigraphic 

evidence in the nearby USGS Candy Lane 1 core discussed below suggest the entire 
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exposed section is Juana Lopez. The section is capped by erosion resistant ancient 

river gravels preserving the outcrop from erosion. 

 

Figure 3-23: Pleasure Park outcrop exposure of the Juana Lopez. 

The Juana Lopez at Pleasure Park was divided into 59 small scale 

parasequences, seven parasequence sets, and two large scale sequences (Figure 

3-24). The Pleasure Park outcrop has a net-to-gross of 36.3% and 40.2% mudstone, a 

decrease in net-to-gross and increase in proportion of mudstone from the outcrops to 

the northeast (Figure 3-25). The outcrop also has a much higher proportion of 

hummocky and swaley cross stratified sandstone than outcrops further to the northeast. 

3.2.6 Delta Outcrop 

The Delta Outcrop is located in Sec. 7, T15S, R96W (38.757887°, -

108.170834°). It is accessed via Star Nelson Road north of U.S. Hwy 50 about 6 mile s 

west of Delta, CO. 
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Figure 3-24: Pleasure Park measured section 
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Figure 3-25: Lithology and facies percentages observed at the Pleasure Park Outcrop. 

At Delta, 26 ft of Juana Lopez was measured (Figure 3-26). Like the Pleasure 

Park outcrop, light-brown beds sharply overlie black shale. No biostratigraphic 

indicators were observed in the black shale at this location, but as described above, due 

to correlations with the biostratigraphy in the USGS Candy Lane 1 core, the black shale 

is interpreted to be Juana Lopez.  

The Juana Lopez at Delta was divided into 48 small scale parasequences, seven 

parasequence sets, and two large scale sequences (Figure 3-26). Like the section at 

Pleasure Park, the Delta outcrop has a much lower net-to-gross and higher proportion 

of hummocky and swaley cross stratified sandstone than outcrops further to the 

northeast (Figure 3-28). 
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Figure 3-26: Delta outcrop exposure of the Juana Lopez. 
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Figure 3-27: Delta measured section 
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Figure 3-28: Lithology and facies percentages observed at the Delta Outcrop. 

3.2.7 USGS Candy Lane-1 Core 

The USGS Candy Lane Core was taken as part of a multidisciplinary study of the 

Mancos Shale landscapes in the Gunnison Gorge National Conservation Area in Delta 

and Montrose Counties by the U.S. Geological Survey, Bureau of Land Management, 

and Bureau of Reclamation. The borehole is located south of the Piceance Basin on the 

southern flank of the Gunnison Uplift in Sec. 8, T50N, R9W (38.617731°, -

107.900003°). Core was recovered between depths of 20 and 557 ft and contains the 

following stratigraphic intervals, from oldest to youngest: Bridge Creek Limestone (part), 

Fairport, Blue Hill, Juana Lopez, Montezuma Valley, and Niobrara (part) (Ball et al., 

2009). 
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The core contains 138 ft of Juana Lopez which was described for this study 

(Supplemental Electronic Files listed in Appendix A). Continuing the trend of decreasing 

net-to-gross in sections to the south, the Juana Lopez in the Candy Lane core has a 

net-to-gross of only 13.8% and consists of 60% mudstone (Figure 3-29). 

 

Figure 3-29: Lithology and facies percentages observed in the USGS Candy Lane-1 
core. 

The core contains abundant biostratigraphic data in the form of ammonites and 

inoceramids that indicate Juana Lopez age in strata through 138 ft of core. This 

suggests that the nearby outcrop exposures in Delta and Pleasure Park represent 

incomplete sections of the Juana Lopez where the low net-to-gross and less resistant 

sections of the Juana Lopez are not exposed in outcrop. 
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3.3 Outcrop to Subsurface Correlation and Stratigraphic Framework 

Abundant well logs in the North Park and Piceance Basins allow for correlation of 

outcrop and core data across the area of interest. The Fort Hays and Montezuma Valley 

overlying the Juana Lopez are easily distinguished in well logs and are completely 

exposed at most outcrops. The Montezuma Valley and Fort Hays are not exposed at 

Delta and Pleasure Park, but jump correlations to nearby core and well logs using 

stacking patterns are robust.  

The six outcrops and one core were correlated with reference wells in the North 

Park and Piceance Basins using IHS Petra and well logs provided by MJ Systems and 

Colorado Oil and Gas Conservation Commission. Well information for the reference 

wells used in correlations is listed in Table 3-2.  

Table 3-2: Reference Wells in Northern Correlation Panel. 

API Operator Well Name Location 
05-049-06014 Tiger Oil USA-Federal1 Sec. 31, T3N, R78W 
05-057-06214 Young Marshall Oil McNamara 35-1 Sec. 35, T6N, R81W 
05-029-06108 Gunnison Energy Oak Mesa 12-22 Sec. 12, T13S, R93W 
05-077-08581 Texaco Incorporated Thunderhawk Unit 1 Sec. 4, T9S, R90W 

 

The correlations show that the Montezuma Valley and Fort Hays have minimal 

variation in thickness across the North Park Basin and the northeastern part of the AOI 

(Figure 3-30). West of the Wolcott outcrop, the Montezuma Valley and Fort Hays 

thicken dramatically due to increasing accommodation in the WIC basin with increasing 

proximity to the thrust sheets of the Sevier Orogeny. The Juana Lopez thickens as well 

due to a low net-to-gross section present above the relatively sand-rich section 

observed and described in outcrop exposures. This section, which was identified in the 

USGS Candy Lane 1 core using biostratigraphic data, is interpreted to thin from 
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southwest to northeast from the Candy Lane 1 core to pinch out southwest of the New 

Castle Outcrop. 

Flattening the section on the top of the Fort Hays allows for the interpretation of 

the depositional topography of the underlying Juana Lopez. Calculating the slope of the 

Juana Lopez across the section yields that the depositional gradient was, at a minimum, 

between 0.01 and 0.02 degrees. 

In order to correlate depositional cycles that were interpreted in outcrop, core and 

well logs, the measured sections and reference well logs were hung on the top of the 

sand–rich interval of the Juana Lopez (Figure 3-31). This surface is interpreted to be a 

transgressive surface of erosion truncating seaward dipping sequences. But despite the 

truncation, it is the best available surface to use as a datum. The well logs and 

measured sections were projected onto a north to south trending section line because, 

as will be discussed in detail below, the interpreted depositional trend of the Juana 

Lopez in this study area is proximal to the north and distal to the south. Base level rise 

and fall cycles interpreted in the gamma ray signature of the reference well logs 

correspond to the lowest order, sequence-scale cycles interpreted in core and outcrop 

sections. Figure 3-31 demonstrates how the cycles are interpreted to correlate across 

the area of interest. The geometries demonstrated in the correlations are indicative of a 

top truncated shelf sandstone system prograding from north to south. 
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Figure 3-30: Well-to-well cross section across the study area showing correlations of outcrop data to subsurface data. 
The section is datumed on the top of the Fort Hays, to demonstrate thickening trends and depositional topography. There 
is a significant thickening trend in the Fort Hays, Montezuma Valley and the Juana Lopez from northeast to southwest. 
This suggests increasing accommodation and proximity to the depocenter within the study area from east to west. West of 
the New Castle outcrop, a low net-to-gross section of the Juana Lopez is present above the sand-rich section observed in 
the outcrops. This is confirmed by ammonites and inoceramid ages observed in the USGS Candy Lane 1 core. Across the 
section, depositional slope on the top of the Juana Lopez is, at a minimum, on the order of 0.01 - 0.02 degrees. The bold 
line correlating the top of the outcrop sections is used as the datum in Figure 3-31. 
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Figure 3-31: Well-to-line cross section flattened on the top of the sand-rich section of the Juana Lopez to demonstrate 
correlative base level cycles and depositional geometries. Outcrop, core and reference wells were projected onto a cross 
section line trending north to south because, as is discussed in detail below, the interpreted depositional trend of the 
Juana Lopez in the study area is proximal to the north and distal to the south. Seven base level rise and fall cycles were 
identified from the gamma ray log signature and correlated to the lowest order, sequence scale cycles identified in outcrop 
and core. The well logs and measured sections were projected onto a north to south trending section line because the 
interpreted depositional trend of the Juana Lopez in the study area is proximal to the north and distal to the south. The 
Pleasure Park Outcrop is omitted from this section because it is roughly parallel with the Delta outcrop along the 
depositional profile. 
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3.4 Summary and Discussion 

Facies analysis and mapping suggest the Juana Lopez was deposited as the 

result of storm and wave processes on a broad, low gradient, shallow shelf. The Juana 

Lopez consists of similar facies throughout the study area in varying proportions. As 

shown in Figure 3-32 and Figure 3-33, the facies and lithology proportions for the 

overall outcrops and cores have a non-uniform distribution. There is a decreasing trend 

in the percentage of sandstone and a corresponding increase in the proportion of 

siltstone and mudstone from north to south. This trend was observed when the entire 

section of each outcrop was considered as well as when each hemicycle as shown in 

Figure 3-31 is considered individually (Figure 3-34 and Figure 3-35) In addition, there is 

a general decrease in the proportion of the ripple laminated sandstone facies from north 

to south and an increase in the proportion of hummocky and swaley cross stratified 

sandstone facies.  

The decreasing percentage of sandstone and the increasing proportion of finer 

grained lithologies from north to south suggests that within the study area the Juana 

Lopez is more proximal in the locations to the north and more distal in the locations to 

the south. The more sandstone-prone outcrops were likely deposited more proximally, 

and the more mudstone-prone outcrops were deposited in more distal locations where 

sand was not as easily transported. 
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Figure 3-32: Map showing the proportion of each lithology present at each described 
location. For the exact proportion for each location, see the figures above. 
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Figure 3-33: Map showing the proportion of each facies present at each described 
location. For the exact proportion for each location see the individual figures in the 
section above. 
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Figure 3-34: Area plots showing how the percentage of each lithology varies from 
outrop to outctop for each base level hemicycles 1-3 as interpreted on Figure 3-31. The 
plots represent the outcrop locations evenly spaced along the x-axis from south to north 
with the proportion of each lithology represented on the y-axis. 
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Figure 3-35: Area plots showing how the percentage of each lithology varies from 
outcrop to outcrop for each base level hemicycles 4-6 as interpreted on Figure 3 31. 
The plots represent the outcrop locations evenly spaced along the x-axis from south to 
north with the proportion of each lithology represented on the y-axis. 
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The trend of increasing hummocky cross stratified sandstone facies and the 

decrease in ripple laminated sandstone facies from north to south also supports this 

interpretation. As discussed above, hummocky cross stratified sandstone is interpreted 

to form near storm wave base on shelves and shorefaces as the result of storm 

processes generating large waves. Thus, one would expect to see a higher proportion 

of hummocky cross stratified sandstone in deeper and more distal deposits than in 

shallower and more proximal deposits where shallower processes more commonly 

rework and deposit ripple laminated sediment. The USGS Candy Lane-1 core appears 

to present an exception to this trend. However, the section represented by this core is 

very low net-to-gross and is dominated by mudstone, suggesting that it was located 

further offshore than the other sections. For the majority of the time, it was likely below 

storm wave base, and insufficient sand would have been transported offshore to deposit 

hummocky cross stratified sandstone beds. 

Mapping and stratigraphic correlations also support the interpretation that the 

Juana Lopez is more proximal to the north and prograding southward on a low gradient 

shelf. The cross section in Figure 3-30 shows dramatic thickening in both the Juana 

Lopez and overlying units across the AOI from the northeast to southwest. This 

suggests the presence of a high accommodation depocenter within the WIC Basin. By 

flattening on the top of the Fort Hays, the top of the Juana Lopez approximates 

depositional topography. As described above, the calculated gradient, uncorrected for 

compaction, along the depositional profile is between 0.01 and 0.02 degrees. The 

section shown in Figure 3-31 shows the outcrops, cores, and well logs projected onto a 
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line paralleling the interpreted depositional profile from north to south. Correlations of 

the base level rise and fall cycles demonstrate southward prograding geometry. 

This also agrees with regional paleographical work summarized and published by 

Blakey (2014). As shown in Figure 3-36, regional work on time equivalent sediments 

indicates that the Juana Lopez was deposited in a bight of the Western Interior Seaway 

bounded on the north by a large peninsula. This peninsula is known as the Wall Creek 

Promontory, and is associated with the Turner and Wall Creek Sandstones of Wyoming. 

This suggests that the Juana Lopez within the study area may have been sourced from 

sediments being shed from the Wall Creek Promontory. 
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Figure 3-36: Outcrop and core locations superimposed on a regional paleographic map 
from the time of late Juana Lopez deposition (Scaphites whitfieldi) Modified from 
(Blakey, 2014) © 2014 Colorado Plateau Geosystems Inc. 
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CHAPTER 4 

LABORATORY ANALYSIS 

4.1 Organic Geochemistry and Source Rock Analysis 

Organic-rich portions of the Kremmling, Wolcott, New Castle, Pleasure Park, and 

Delta outcrops were sampled for source rock analysis. The results of source rock 

analysis from the outcrop samples were compared to results from the USGS Candy 

Lane 1 core collected and described in detail by Harper (2015). 

The outcrop samples underwent bulk pyrolysis using the Source Rock 

AnalyzerTM (SRA) at Colorado School of Mines. The results of pyrolysis include the 

milligrams of hydrocarbons (mg HC) that can be distilled from one gram of rock (S1), 

mg HC generated by pyrolytic degradation of kerogen per one gram of rock (S2), 

milligrams of CO2 generated from one gram of rock (S3), and the temperature at which 

the maximum amount of S2 hydrocarbons is generated (Tmax). From these data, TOC, 

hydrogen index (HI), oxygen index (OI), and thermal maturity can be calculated. HI 

corresponds to the mg HC from S2 per gram of TOC and approximates the abundance 

of hydrogen in the organic matter. OI corresponds to the mg CO2 from S3 per gram of 

TOC and approximates the abundance of oxygen in the organic matter (Peters, 1986). 

As discussed above, recent work has indicated high source rock potential from 

the Juana Lopez in the Piceance Basin (El-Attar, 2013; Harper, 2015; Krueger, 2013). 

Results from this study confirm that result. Figure 4-1 shows a plot of remaining 

hydrocarbon potential (S2) vs total organic content (TOC) for the outcrop and core 

samples. The USGS Candy Lane 1 core is a shallow science core located south of the 
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Gunnison Uplift and contains immature source rock. Because of its immaturity and lack 

of weathering in the core samples, the core represents a good analog to compare to the 

outcrop data.  

Source rock quality is often classified on the basis of S1, S2 and TOC. Table 4-1 

enumerates the ranges for the classification after Peters (1986). The bounds for the 

ranges are included on the S2 vs TOC plot shown in Figure 4-1. 

Table 4-1: Geochemical parameters describing the generative potential of source rock 
(Peters, 1986) 

Quality TOC (wt. %) S1 (mg HC/g rock) S3 (mg HC/g rock) 
Poor 0-.5 0-.5 0-2.5 
Fair 0.5-1.0 0.5-1.0 2.5-5.0 

Good 1.0-2.0 1.0-2.0 5.0-10.0 
Very Good 2.0-4.0 2.0-4.0 10.0-20.0 
Excellent >4.0 >4.0 >20 
 

The data from the core samples indicate that the Juana Lopez is a very good to 

excellent source rock in terms of both S2 and TOC (Figure 4-1). Data from the nearby 

outcrops of Delta and Pleasure Park plot in the fair to good range in terms of S2 and in 

the very good range in terms of TOC. The lower values are expected due to outcrop 

weathering. Weathering and oxidation typically causes depletion in S1 and S2 and 

increase in S3 (Peters, 1986). This results in depleted calculated TOC, depleted HI, and 

increased OI. Therefore, TOC, S2, and HI measured from oxidized samples represent 

minimum values, and OI measured from oxidized samples represent maximum values. 

The data from the outcrops to the northeast of Delta and Pleasure Park plot in the poor 

to fair range in terms of S2 and the fair to very good range in terms of TOC. The 

outcrops on the southern margin of the basin confirm the result of previous authors that 



67 

the Juana Lopez is a high quality source rock in the Piceance Basin (El-Attar, 2013; 

Harper, 2015; Krueger, 2013). 

 The data also show a general trend of decreasing kerogen quality from 

southwest to northeast. Again, these values are likely depressed due to weathering and 

oxidation, but the decreasing trend to the northeast suggests a general decrease in 

source rock quality with increasing proximity to the sediment source as interpreted in 

section 3.3. 

The data from the USGS Candy Lane 1 Core plotted on both the S2 vs TOC plot 

in Figure 4-1 and the modified van Krevelen diagram in Figure 4-2 indicate that the 

kerogen is Type-II. The outcrop samples do not provide accurate indications of kerogen 

type due to increased OI and decreased HI due to surface oxidation. 

4.1.1 Summary and Discussion 

The Juana Lopez in the Piceance Basin represents, at a minimum, a good to 

excellent source rock both in terms of TOC and remaining hydrocarbon potential. 

Kerogen type is type-II marine kerogen. With sufficient burial and thermal maturity, the 

Juana Lopez could be an active source rock contributing hydrocarbons to the currently 

productive Lower Mancos/Niobrara petroleum system. In addition, the Juana Lopez may 

prove to be a viable target if reservoir properties are sufficient for storage and 

production.  
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Figure 4-1: Plot of Remaining Hydrocarbon Potential (S2) vs TOC for outcrop samples and USGS Candy Lane Core. 
Values from the Candy Lane Core indicate very good to excellent TOC and Source Rock Potential. Values for the outcrop 
samples range from poor to excellent, but are less reliable due to depressed S2 and TOC from surface weathering and 
oxidation.
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Figure 4-2: Modified van Krevelen diagram for outcrop and core samples. 

Source rock quality decreases to the north, which supports the depositional 

model discussed in section 3.3 which interprets Juana Lopez as prograding from the 
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north to the south. Organic richness was diluted by clastic input with increasing 

proximity to the sediment source to the north. In addition, organic matter is 

hydrodynamically transported and deposited with clay particles and therefore 

concentrated in the more shaley intervals further to the south. 

4.2 Elemental Chemostratigraphy 

Analysis of elemental abundances of sedimentary rocks can provide a wide 

range of information on sediment sources, mode and direction of sediment transport, 

paleo-oceanographic conditions, paleo-climactic conditions, provenance, ocean bottom 

and sediment oxygenation, and diagenetic changes since deposition. The relative ease 

of use, portability, and low cost of handheld X-ray fluorescence (XRF) compared to 

traditional X-ray crystallography, X-ray diffraction, and inductively coupled plasma 

spectroscopy analyses have made it a popular tool for outcrop and core analysis. 

For this study, elemental abundance analyses were collected on each of the six 

outcrop profiles with a Thermo Scientific Niton XL3 hand-held analyzer. The data were 

used to interpret information regarding detrital influx and the nature of carbonate 

deposition. Digital files containing the raw data for each outcrop can be found in the 

supplemental electronic files listed in Appendix A. 

4.2.1 Terrestrial Influx and Detrital Indicators 

The relative abundance of certain major-, minor-, and trace-elements in 

sedimentary rocks can serve as proxies to determine detrital and volcanogenic flux 

(Sageman and Lyons, 2004). Aluminum is generally used as a proxy for detrital flux due 

to its abundance and stability in detrital clay minerals and to its presence in similar 

concentrations in both felsic and mafic igneous rocks as well as most metamorphic 
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rocks and shales (Calvert and Pedersen, 2007; Sageman and Lyons, 2004). Changes 

in detrital flux can be identified by comparing the abundance of elements associated 

with terrigenous input to the background aluminum proxy. These elements include 

silicon related to detrital quartz; titanium and zirconium related to heavy mineral grains 

such as zircon, rutile, titanite, and ilmenite; and potassium associated with detrital clays 

(Sageman and Lyons, 2004). 

Within the study area, the elements of the detrital suite of silicon, titanium, zircon, 

and potassium show moderate to strong correlation with the proxy of aluminum 

indicating their association with detrital influx. The strong correlation of silicon and 

aluminum indicates that the silicon in the system is the result of detrital influx rather than 

biogenic processes as would be expected from a shelf to shallow marine system (Figure 

4-3). The silicon is likely partitioned into quartz, clays, and other aluminosilicates. 

 

Figure 4-3: Cross plot of silicon versus aluminum for XRF analysis collected from the 
outcrops examined for this study. 
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Titanium shows a positive correlation with aluminum and silicon (Figure 4-4). 

Titanium can substitute for magnesium (II) and iron (II) in silicate minerals and is likely 

present within the detrital clay fraction. Titanium is also an important component of 

some heavy minerals including ilmenite and rutile that are also commonly deposited as 

part of the detrital fraction. 

Potassium exhibits a very strong correlation with aluminum (Figure 4-5). This 

reflects its abundance in detrital clays (Figure 4-5). Potassium and aluminum are 

common elements in kaolinite, montmorillonite, and illite. 

 

Figure 4-4: Cross plot of titanium versus aluminum for XRF analysis collected from 
the outcrops examined for this study. 
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Figure 4-5: Cross plot of potassium versus aluminum for XRF analysis collected from 
the outcrops examined for this study. 

Zirconium exhibits a positive relationship with aluminum, but it is a weaker 

relationship than any of the other elements in the detrital suite (Figure 4-6). Zirconium 

occurs in sediments almost exclusively as the mineral zircon which has properties 

similar to quartz but with a higher specific gravity. It typically occurs in the very fine sand 

and silt fractions and is transported with fine and medium quartz grains (Calvert and 

Pedersen, 2007). For these reasons, zirconium is often used as a grain size proxy. 

Harper (2015) noted a stronger correlation and higher values of the Zr/Al ratio in the 

Juana Lopez in the northern Piceance Basin when compared to the southern Piceance 

basin. He interpreted this as being due to the northern core being closer to the source of 

sediment; however, the data collected for this study shows no spatial relationship in 

terms of Zr/Al ratio. This suggests there is no relationship between Zr/Al ratio and 

distance to the sediment source (Figure 4-7). 
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Figure 4-6: Cross plot of zirconium versus aluminum for XRF analysis collected from 
the outcrops examined for this study. 
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Figure 4-7: Box plot of Zr/Al ratio from samples at each outcrop. The box shows the 
quartiles of the dataset, while the whiskers show the maximum and minimum values 
except the outliers as determined by a function of the interquartile range. A previous 
author (Harper, 2015) suggested a potential relationship between Zr/Al ratio and the 
distance from the sediment source area in the Piceance Basin, but this appears to be 
refuted by data collected by this study. 

4.2.2 Carbonate Elements 

Studying elemental abundances of elements associated with carbonate minerals 

can be used to understand carbonate depositional and diagenetic processes. The most 

common carbonate minerals include calcite (CaCO3), dolomite (CaMg(CO3)2) and 

aragonite (CaCO3). Naturally, the most important elements in carbonate systems are 

calcium and magnesium. However, magnesium is excluded from this discussion as it is 

too light to produce reliable results from the XRF analyzer.  

Comparing the abundance of calcium to the detrital indicator aluminum can 

indicate whether calcium is biogenic or detrital in origin. Calcium can be present in 
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detrital minerals such as clays and feldspars; however, calcium demonstrates a strong 

negative correlation with aluminum suggesting that the calcium is dominantly biogenic 

and not transported as a constituent of clays, feldspars, or other detrital minerals 

(Figure 4-8). 

 

Figure 4-8: Cross plot of calcium versus aluminum for XRF analysis collected from the 
outcrops examined for this study. 
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4.2.3 Chemostratigraphy 

Figure 4-9 shows chemostratigraphic data within the stratigraphic framework 

developed in section 3.3. As expected from the cross plots in section 4.2.1 and 4.2.2, 

the detrital suite elements co-vary, and calcium shows a negative correlation to the 

detrital suite. This trend is apparent in the log data: an increase in the abundance of 

calcium is accompanied by a decrease in the abundance of detrital suite elements.  

Trends in the elemental geochemical data can be correlated across the 

sequence scale base level cycles interpreted from the facies and their stacking patterns. 

Within the fifth hemicycle (highlighted on Figure 4-9 by blue correlation lines), there is a 

general decrease in the detrital suite and an increase in the abundance of calcium from 

the base of the hemicycle to the top. This occurs along with a base level rise interpreted 

from the stratigraphy. With rising base level, detrital sediment was confined to shallower 

areas of the shelf, and intrabasinal, biogenic calcite composed a greater percentage of 

the deposited sediment. As will be discussed below, this is confirmed by thin section 

petrography. 

More trends could likely be interpreted and correlated using higher resolution 

data. For example, in the Delaney Buttes outcrop, the second hemicycle, also a base 

level rise hemicycle, shows a similar trend to the fifth hemicycle. However, it is difficult 

to correlate to the southeast because of the lack of sufficient data in the corresponding 

hemicycle in the Kremmling and Wolcott outcrops. In addition, much of the outcrop data 

has a highly serrated pattern, obscuring vertical trends and making them difficult to 

interpret. Increased sampling rate could smooth out the data and cause trends to be 

more evident. 
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Correlating the outcrop data to the subsurface data in the USGS Candy Lane 1 

well is difficult as well. The response in the XRF logs in the core is muted and shows 

unexpectedly low values for the abundance of calcium. The outcrop data was collected 

as part of this study using a Thermo Scientific Niton XL3 hand-held analyzer. The core 

data was collected by Harper (2015) using a Bruker AXS Tracer® III. Research 

comparing the results of these two instruments in Upper Cretaceous mudrocks 

demonstrates slightly depressed calcium measurements from the Bruker when 

compared to the Thermo Scientific Niton (Nakamura, 2015). The difference in 

instrumentation is likely the cause of the difference in response between the outcrop 

and core measurements. 

4.2.4 Summary and Discussion 

Elemental geochemical data has been demonstrated to aid in the stratigraphic 

interpretation of the Juana Lopez. Correlations of the abundance of the detrital suite of 

elements confirm their utility as indicators of detrital influx. The negative correlation of 

the detrital elements confirms that the majority of calcium is intrabasinal and biogenic. 

Vertical and regional trends can be interpreted from the detrital and biogenic proxies, 

but would likely benefit from measurement frequency better than one per foot. 

4.3 Thin Section Petrography 

Several petrographic thin sections were made from the sandstone facies of each 

outcrop to interpret mineralogy, porosity, and texture. Each thin section was taken from 

a sample analyzed with XRF to help constrain the mineral phases and grain type in 

which each element occurs. The Juana Lopez sandstones consist of transported, 

bioclastic calcite grains, semi-angular quartz grains, clays and pyrite. 
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Figure 4-9: Chemostratigraphic correlation of outcrops across the study area displayed within the stratigraphic 
framework developed in section 3.3. Calcium and the detrital suite elements of silicon, aluminum, and titanium are plotted 
along with the measured sections. The outcrop data was collected for this study and compared to core data collected by 
Harper (2015). Chemostratigraphic patterns can be identified and correlated within the identified hemicycles. For example, 
within the base level rise hemicycle highlighted by the blue correlation lines, a general decrease in the calcium and 
increase in the detrital suite indicates decreasing detrital influx along with base level rise. 
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Calcite is dominantly in the form of fragments and disaggregated prisms of 

inoceramids and other bivalves (Figure 4-10 and Figure 4-11). Large, intact fragments 

of inoceramid shells are common and show original, calcitic, unrecrystallized, prismatic 

structure. Inoceramids were clam-like bivalves of the family Inoceramidae common in 

the Cretaceous whose shells consisted of a thin, nacreous, aragonitic layer and a thick, 

prismatic, calcite layer (Scholle and Ulmer-Scholle, 2003). The aragonitic layer is rarely 

preserved and in many cases may have dissolved prior to burial which would have 

allowed the prismatic layer to disaggregate fairly readily (Scholle and Ulmer-Scholle, 

2003). Much of the sand-sized material in the Juana Lopez consists of disaggregated 

prisms of inoceramid shells. The prisms have a polygonal, often hexagonal, transverse 

cross section and a blunt, wedge shaped longitudinal cross section. 

The precise mechanisms for the disaggregation of inoceramid shells have been 

debated in literature and were recently reviewed by Dellenbach (2016). One possibility 

is simply the working and reworking of shells by wave and storm currents mechanically 

breaking up the shell material. Another possibility, used to explain the presence of 

disaggregated inoceramid prisms in low-energy, basinal environments, is that the shells 

were crushed during the feeding and digestion of bottom feeding fish such as 

Cretaceous hybodontiform ptychodid sharks. Regardless of the method of 

disaggregation, inoceramid fragments and prisms in the Juana Lopez were deposited 

and reworked by storm and wave processes as discussed in Chapter 3 and make up a 

large proportion of Juana Lopez sediment. 
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Figure 4-10: Calcareous, bioclastic, fine- to very fine-grained sandstone collected from 
the Kremmling outcrop at 18 ft. Note the large, intact, prismatic inoceramid fragments 
and the abundance of calcite prisms from disaggregated inoceramid shells composing 
most of the sand grains. The sample is stained alizarin red for calcite and the 
photomicrograph was taken using plane polar light. 
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Figure 4-11: Calcareous, bioclastic, very fine-grained sandstone collected from the 
Wolcott outcrop at 18 ft. Note the bottom part of the photomicrograph contains clays 
surrounding the calcite grains. There is greater intergranular porosity (filled with blue 
epoxy. The sample is stained alizarin red for calcite and the photomicrograph was taken 
using plane polar light. 
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Not all the sand in the Juana Lopez contains abundant calcite grains. As shown 

in (Figure 4-12 and Figure 4-13), some sandstone beds consist of very fine-grained 

calcite-poor sandstone. As discussed above in section 2.2, much of the previous 

literature refers to the Juana Lopez as a calcarenite, a term introduced by Grabau 

(1903) in his classification of reef limestones to refer to limestones that contain more 

that 50% detrital calcium carbonate grains or allochems. While many parts of the Juana 

Lopez contain abundant detrital calcium carbonate grains composed of disaggregated 

and reworked inoceramid fragments, not all beds examined contained more than 50% 

carbonate grains. In addition, the environmental implication associated with the term 

calcarenite is misleading when applied to the Juana Lopez which does not contain 

reefal allochems. For these reasons, the Juana Lopez is better classified as a 

calcareous, bioclastic sandstone. 

Figure 4-11 shows the contrast between a highly cemented, very fine-grained 

sandstone bed and a more clay-rich, very fine-grained sandstone bed. Much more 

primary, intergranular porosity, filled with blue epoxy, is preserved in the clay-rich bed. 

This is due to clay coating the grains and preventing compete cementation. Another 

photomicrograph depicting this phenomenon is shown in Figure 4-14. 

Figure 4-12 and Figure 4-13 show phosphatic bone fragments. Figure 4-13 

shows an intact fish vertebra. Phosphatic fish bones and teeth are fairly common in the 

Juana Lopez and are often partially dissolved resulting in secondary dissolution porosity 

(Figure 4-15 and Figure 4-16). 
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Figure 4-12: Very fine-grained angular to sub-angular quartz sandstone with calcite 
cement, clays, and pyritized grains collected from Kremmling at 1 ft. The sample is 
stained alizarin red for calcite and the photomicrograph was taken using plane polar 
light. 
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Figure 4-13: Very fine-grained quartz-rich sandstone with a fish bone collected from the 
Delta outcrop at 23 ft. Fish bones are common in the Juana Lopez and contain 
dissolution porosity in some samples. The sample is stained alizarin red for calcite and 
the photomicrograph was taken using plane polar light. 
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Figure 4-14: Contact between a highly cemented bed and a bed with higher porosity 
and higher percentage of clay. It demonstrates the same phenomenon shown in Figure 
4-11 at a higher magnification. Clay coating the grains prevented complete cementation 
and preserved primary porosity. The photomicrograph is from the Wolcott outcrop at 18 
feet. 
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Figure 4-15: Photomicrograph of dissolution and fracture porosity in phosphatic bone 
fragments. Photomicrograph from the Delta outcrop at 23 ft and taken with plane polar 
light. 
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Figure 4-16: Photomicrograph of dissolution and fracture porosity in phosphatic bone 
fragments. Photomicrograph from the Delta outcrop at 23 ft and taken with plane polar 
light. 
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Integrating the results of thin section petrography with the results of XRF 

analyses is critical for proper interpretation of XRF data. XRF analysis returns the 

concentrations of elements without any information regarding the mineral phases or 

grain types hosting the elements. Figure 4-17 shows three examples of petrofacies and 

their XRF response. The first example, taken from the Kremmling outcrop shows a 

photomicrograph of a calcareous sandstone consisting nearly exclusively of 

disaggregated inoceramid fragments and cemented with calcite. For this sample, the 

XRF returned 44.5 wt. % calcium and very low values for major elements. In the second 

example, taken from the New Castle outcrop, quartz and clays make up a much greater 

percentage of the thin section, and calcite grains are less abundant. The sample is 

cemented with calcite, and a calcite filled fracture can be seen in the photomicrograph. 

As expected, there is a much higher abundance of silicon and other detrital indicators in 

the XRF data than in the previous sample. The third example is a highly quartz-rich 

sandstone from the Delta outcrop. The XRF results from this sample demonstrate an 

even greater abundance of silicon and other detrital indicators. 

The examples provided in Figure 4-17 and petrographic work conducted on the 

additional samples shown in Appendix B, demonstrate that the XRF results correlate 

well with petrographic results. Calcium detected by XRF is dominantly present in 

bioclastic allochems and, to a lesser extent, calcite cement and fracture fill. Silica is 

dominantly present in quartz and clays. 

4.3.1 Summary and Discussion 

Thin section petrography conducted on samples from outcrops concludes that 

much of the sand sized material in the Juana Lopez consists of disaggregated and 
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broken prisms of inoceramid shells. Most of the samples examined contained abundant 

bioclastic material, but some samples were composed of quartz and other detrital 

material. These samples represent periods of increased detrital input and decreased 

biogenic generation of sediment. 

Porosity in the Juana Lopez consists of primary, intergranular porosity where clay 

coatings of grains inhibited calcite cement growth. Secondary porosity is also present 

and is the result of fracturing and dissolution of grains. 

Comparing the results of thin section petrography to the results of XRF analysis 

is necessary for the proper interpretation of the XRF data and providing understanding 

of how the elements within each sample are distributed. It showed that most calcium 

was present in bioclastic grains, and silica and other detrital elements were present 

mostly in detrital quartz and clays. This is useful because XRF data is faster and simpler 

to acquire than thin sections, and knowing how elements are typically partitioned 

increases confidence in interpretations from XRF data where thin sections were not 

examined. 
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Figure 4-17: Photomicrographs and XRF results from three outcrop samples 
demonstrating the XRF response for different petrofacies. The pie charts are normalized 
for the elements detected by the XRF (elements with greater atomic weight than 
magnesium) and the weight percent values are those recorded by the device for 
detected elements. 
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CHAPTER 5 

DISCUSSION OF PETROLEUM POTENTIAL 

The Mancos Shale in the Piceance Basin has been the subject of much 

exploration and production activity in recent years. According to the USGS, more than 

2,000 wells were drilled targeting at least one interval of the Mancos Shale between 

2003 and 2016. New drilling provided additional data and prompted the USGS to 

assess the undiscovered, technically recoverable, unconventional oil and gas resources 

of the Mancos Shale within the Piceance Basin. From the entire Mancos, they estimate 

a mean of 66 trillion cubic feet of natural gas, 74 million barrels of oil and 45 million 

barrels of natural gas liquids representing the second largest assessment of potential 

continuous gas resources that the USGS has ever conducted. Within the Lower Mancos 

Tight Gas Assessment Unit (AU), the AU that contains the Juana Lopez, they estimate 

a mean of 4,875 BCFG (Hawkins et al., 2016). 

This study adds data to confirm what was identified by previous authors: the 

Juana Lopez is a high quality source rock in the Piceance Basin. El-Attar (2013) used 

the Passy Method for Δ Log R-derived TOC and interpreted values of up to 5 wt. % 

TOC in the Juana Lopez Member. Krueger (2013) analyzed cuttings from the Juana 

Lopez Member in the CSOC Federal 1-20 well in the center of the Piceance Basin and 

found the Juana Lopez contained an average 2.0 wt. % TOC. Harper (2015) concluded 

that the Juana Lopez represents the most organic-rich interval in the lower Mancos 

Shale. He collected core data from the Juana Lopez Member that ranged from 1.0 wt. % 

to over 4.2 wt. % and averaged 2.83 wt. % within the Piceance Basin. Log-derived TOC 
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values collected by Harper agreed with El-Attar’s work and averaged roughly 3.0 wt. % 

to 4.0 wt. %. He notes that log-derived TOC increases from north to south. This is likely 

a combination of the depositional trends that were identified by this study and TOC 

decrease due to burial and maturation. 

Because the Juana Lopez is a high quality source rock, it is expected that upon 

burial and maturation it will generate significant oil and gas. Figure 4-18 is a thermal 

maturity map of the lower Mancos Shale indicating that much of the lower Mancos is 

thermally mature.  

 

Figure 4-18: Thermal maturity map of lower Mancos Shale in the Piceance Basin. 
(Harper, 2015) (modified from Kirschbaum, 2003) 
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Hydrocarbons generated from the Juana Lopez during thermal maturation could 

have been expelled and migrated into tight reservoirs in the Mancos Shale and into 

conventional reservoirs above and below the formation. Burial history modelling would 

be interesting future work to determine the volumes of hydrocarbon generated from the 

Juana Lopez. It would also be interesting to conduct organic geochemical analysis of 

biomarkers to attempt to correlate oils produced from other reservoirs to source rock 

within the Juana Lopez. 

Many authors have discussed the source rock potential of the Juana Lopez, but 

not much has been written regarding the formation’s viability as a reservoir and 

production target. It is possible that the sand and siltstone beds could serve as thin 

bedded reservoirs charged by the interbedded organic-rich shale. As discussed in 

section 0, the sandstone facies in outcrop have primary intergranular porosity where 

clays coated grains and inhibited cementation. Further research on the burial history 

and diagenesis of the Juana Lopez would help to better understand porosity in the 

subsurface. The sandstones also have secondary porosity due to dissolution and 

fracturing of grains. Reservoir characterization should be conducted on the Juana 

Lopez to understand how reservoir properties could affect production. In addition, a 

geomechanical evaluation is recommended to determine fracability and drilling 

challenges. Detailed mapping will be necessary to determine sweet spots controlled by 

the balance of increasing proportion of sandstone from north to south coupled with 

decreasing source rock quality.   
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CHAPTER 6 

CONCLUSION 

The aims of this study were to examine the sedimentology, stratigraphy, and 

depositional environment of the Juana Lopez in northwestern Colorado; interpret the 

causes and controls on the distribution of the various facies; and to discuss the 

implications these observations and interpretations have on the petroleum potential of 

the unit. Conclusions drawn from this work are as follows: 

1) The abundance of low angle cross stratification, planar and wavy lamination, 

symmetrical ripples, asymmetrical ripples, mudstone, and abundance of 

successions of coarsening upward or base level fall hemicycles suggest the Juana 

Lopez was deposited in a shallow marine shelf dominated by storm and wave 

processes. 

2) Lithology and facies distribution across the study area suggest the Juana Lopez 

becomes more distal from north to south across the study area. Sand-prone facies 

are more abundant in the northern part of the study area, and mud-prone facies are 

more abundant in the southern part of the study area. In addition, the abundance of 

ripple laminated beds, interpreted to be the result of shallow processes, decreases 

from north to south while the proportion of low angle cross stratified beds, 

interpreted to be hummocky and swaley cross stratified beds deposited near storm 

wave base, increases. This is true until a seaward limit is reached, and the facies 

are dominated by mudstone and siltstone. 
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3) Stratigraphic geometries suggest the Juana Lopez was deposited on a shallow 

shelf and prograded from north to south into the basin. Stratigraphic packages 

representing base level hemicycles are able to be correlated among the outcrops 

and core. The bounding surfaces of these hemicycles dip gently southward and 

basinward. 

4) Thin section petrography indicates that much of the Juana Lopez sediment is 

intrabasinally derived, bioclastic debris. Inoceramid fragments and sand-sized 

disaggregated inoceramid prisms constitute much of the sand, up to 100% in some 

beds. Other beds contain more quartz and clays and represent periods of increased 

detrital input and decreased biogenic productivity. 

5) Combined with thin section petrography, XRF elemental abundance data can be 

used to infer the proportion of sediment that is biogenic and intrabasinally derived 

relative to detrital influx of quartz and clays. These observations can be correlated 

across hemicycles, but interpretations of this study could likely be improved with 

greater sampling rate than one sample per foot. 

6) The Juana Lopez is a high quality source rock, and source rock quality increases 

from north to south. Outcrop TOC values from the southern margin of the Piceance 

Basin are good to excellent (median: 3.23 wt. %; range: 1.75–4.0 wt. %), and S2 

values are poor to good (median: 5.40 mg HC/g TOC; range: 1.54–9.47 mg HC/g 

TOC) (after Peters, 1986). Due to outcrop weathering and oxidation depressing the 

TOC and S2, these represent minimum values. TOC and S2 values in the nearby 

USGS Candy Lane core are very good to excellent (median: 3.74; range: 3.59-4.23 
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wt. %; median: 19.63 mg HC/g TOC; range: 16.84 – 22.32 mg HC/g TOC, 

respectively) (after Peters, 1986). 
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APPENDIX A 

SUPPLEMENTAL ELECTRONIC FILES 

Measured sections for described outcrops and core are included as 

supplemental electronic files as PDF files on the attached CD or electronically along 

with this document. The files are included in the order they were referenced in the text 

in section 3.2. 

Outcrop and Core Descriptions 
PDF Files containing the graphic logs and 
descriptions for the outcrops mentioned in 
the text 

Plate 1 Delaney Buttes.pdf 
Outcrop description of the Juana Lopez at 
Delaney Buttes. 

Plate 2 Kremmling.pdf 
Outcrop description of the Juana Lopez at 
Kremmling. 

Plate 3 Wolcott.pdf 
Outcrop description of the Juana Lopez at 
Wolcott. 

Plate 4 New Castle.pdf Outcrop description of the Juana Lopez at 
New Castle. 

Plate 5 Pleasure Park.pdf Outcrop description of the Juana Lopez at 
Pleasure Park. 

Plate 6 Delta.pdf Outcrop description of the Juana Lopez at 
Delta. 

Plate 7 USGS Candy Lane.pdf 
Core Description of the Juana Lopez in 
the USGS Candy Lane Core. 
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XRF Data 
Digital files containing elemental 
abundance data collected by XRF from 
outcrops described above.  

DB_XRF.las 
File containing XRF elemental abundance 
data from the Delaney Buttes Outcrop 

K_XRF.las 
File containing XRF elemental abundance 
data from the Kremmling Outcrop 

W__XRF.las File containing XRF elemental abundance 
data from the Wolcott Outcrop 

NC_XRF.las File containing XRF elemental abundance 
data from the New Castle Outcrop 

PP_XRF.las File containing XRF elemental abundance 
data from the Pleasure Park Outcrop 

DE_XRF.las 
File containing XRF elemental abundance 
data from the DeltaOutcrop 

 

SRA Data 
Digital files containing the results of 
source rock analysis for outcrop and core 
samples 

JuanaLopez-SRA-Harty 2017.xlx  
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APPENDIX B 

OUTCROP MEASURED SECTIONS 

 

Figure A-1: Delaney Buttes measured section, selected XRF data, and 
photomicrographs 
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Figure A-2: Kremmlilng measured section, selected XRF data, and photomicrographs 
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Figure A-3: Wolcott measured section, selected XRF data, and photomicrographs 
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Figure A-4: New Castle measured section, selected XRF data, and photomicrographs 
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Figure A-5: Pleasure Park measured section, selected XRF data, and photomicrographs 
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Figure A-6: Delta measured section, selected XRF data, and photomicrographs 


