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ABSTRACT 

The Wattenberg Field temperature anomaly solidified the field as the largest hydrocarbon producer in 

the Denver Basin and has spurred industry interest in using the field for geothermal energy and CCUS. 

While the presence and impact of the hot subsurface temperature anomaly is known, the cause of the 

anomaly is not. This study proposes that heat from northeastern Colorado Mineral Belt intrusions was 

conducted to reservoir rocks in the Greater Wattenberg Area via the subsurface circulation and migration 

of hydrothermal fluids along field-wide fault zones. Using core description, XRF, thin section 

microscopy, and FESEM analysis, pervasive hydrothermal fluid-rock interaction was observed in the 

Permian Lyons Formation. The Lyons Formation is the host of various ore minerals that are found to have 

been emplaced and nucleated in-situ: 1) low temperature (125-175 ) sulfides pyrite, marcasite, 

sphalerite and galena; 2) intermediate temperature (125-225 ) sulfarsenides of the Co-Ni-As-S 

system, including gersdorffite, nickeline, and clinosafflorite; and, 3) the high temperature (>225 ) 

sulfide chalcopyrite. Ore mineral emplacement is accompanied by various intermediate temperature 

(>150-200 ) gangue mineral alteration types such as albitization, dedolomitization, and generation of 

Fe-Mg-metal-rich clays. 

Spatial relationships between ore minerals of differing temperature regimes indicate that at least three 

episodes of hydrothermal mineralization occurred. By comparing the timing of northeastern CMB 

intrusions with the timing of dissolution-reprecipitation events in the Lyons, hydrothermal interaction is 

interpreted to have occurred in Wattenberg Field from the late Paleocene to late Miocene. Long-term heat 

conduction between hydrothermal fluids and the Greater Wattenberg Area sedimentary succession was 

facilitated by the high thermal conductivity of the Lyons Formation (3.56 Wm-1K-1) and maintained by 

the thick, insulating Mesozoic sedimentary succession ï ultimately causing the Wattenberg Field 

temperature anomaly.  

Hydrothermal fluid-rock alteration begets critical implications for CCUS and geothermal activity in 

Wattenberg Field. Operators should investigate potentially detrimental chemical reactions that could 

occur between sequestered gases, sulfides, and sulfarsenides. Geothermal system designs should account 

for potential dissolution and remobilization of cementing metals that could alter reservoir characteristics 

and release metals to the groundwater supply. Overall, understanding the distribution and impact of 

hydrothermal alteration will improve energy exploration strategies in the Greater Wattenberg Area. 
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1 

 INTRODUCTION 

 Wattenberg Field has experienced decades of energy success related to oil and gas exploration and 

development. However, operators are now looking to Wattenberg Field for carbon capture utilization and 

sequestration (CCUS) and geothermal energy resources. Located in the western Denver Basin, the Greater 

Wattenberg Area (GWA) covers approximately 2,600 mi2 and has produced a cumulative 1,060 million 

barrels of oil (MMBO) and 9.4 trillion cubic feet of gas (TCFG) from more than 40,000 wells 

(Sonnenberg, 2021). Hydrocarbon production began with Amoco Production Company in 1970 with the 

discovery of oil from the Lower Cretaceous Muddy ñJò Sandstone. Since initial production, five 

additional producing formations have been discovered (Dakota Group, Codell Sandstone, Niobrara 

Formation, and the Terry and Hygiene Members of the Pierre Shale), which have solidified Wattenberg 

Field as the foremost hydrocarbon producer in the Denver Basin. Such immense production is largely 

because of the presence of a distinct temperature anomaly. Anomalously high subsurface temperatures 

constrain hydrocarbon production to specific areas throughout the Denver Basin (Meyer and McGee, 

1985). All high-volume producing fields (Wattenberg Field, Peoria Field, Redtail Field, etc.) are 

associated with hot subsurface temperature anomalies. 

As oil and gas production in Wattenberg Field leans closer to reaching its estimated ultimate recovery 

(EUR), operators are investigating the GWA reservoirs for their renewable energy potential. The Permian 

Lyons Formation has become the rising star for both carbon capture and sequestration (CCS) and 

geothermal exploration in the Denver Basin because of its high porosity and permeability, mature grain 

composition, and thick overlying Lykins Formation which could prove to be a strong top seal. Utilization 

of reservoirs for geothermal and CCS requires a precise understanding of the distribution of the GWA 

temperature anomaly and its effect on reservoir geochemistry. Consequently, the renewable energy 

renaissance in Wattenberg Field spurs the need for closure on a long-standing enigma: what is the cause 

of the GWA temperature anomaly?  

A potential link between the GWA temperature anomaly and Colorado Mineral Belt (CMB) has been 

suggested by multiple researchers (Brokaw, 2017, Meyer and McGee, 1985, Sonnenberg, 2021, and Thul, 

2013). Colorado Mineral Belt mining districts are associated with hot subsurface temperature anomalies 

and distinct negative gravity anomaliesðattributes also observed in the GWA (Reiter et al., 1975). 

Wattenberg Field and Redtail Field, two productive hydrocarbon fields in the Denver Basin, are 

positioned directly along the NE-SW CMB trend that cross-cuts the southern part of the Rocky Mountains 

(Figure 1.1). While the possible correlation between the CMB and GWA temperature anomalies is 

apparent, there have been no detailed studies undertaken to understand their connection. This study 

hypothesizes that heat from CMB intrusions has been transferred to reservoir rocks through convection in 
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Wattenberg Field via the subsurface circulation of hydrothermal fluids, causing the GWA temperature 

anomalies. Temperature, geochemical, fluid analysis and drill core data are united in this research project 

to close the information gap between the CMB and GWA subsurface temperature anomalies. 

 
 

Figure 1.1: Location map of structural features discussed in this study. Inner boundaries of the Colorado 

Mineral Belt are outlined in blue and outer boundaries are outlined in orange. General Greater Wattenberg 

Area extents are outlined by the gray box. Map elements after Wilson and Sims, 2003. 

1.1 Objectives and Purpose 

The purpose of this study was to determine if GWA temperature anomalies are caused by the 

migration of CMB-influenced hydrothermal fluids vertically and laterally through thermally-conductive 

reservoir intervals. This was achieved by detailed geochemical characterization of the Lyons Formation in 

conjunction with formation-specific temperature mapping. An in-depth discussion of datasets and 

research methods used in this study are presented in Chapter 1.3.  
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The specific objectives of the study were to: 

1. Characterize the reservoir temperature and geothermal gradient of the Lyons Formation across the 

GWA using well log data and subsurface temperature mapping based on corrected bottom hole 

temperature (BHT) measurements.  

2. Identify mineralization and geochemical signatures associated with CMB hydrothermal 

emplacement by conducting x-ray fluorescence (XRF), field emission scanning electron 

microscopy (FESEM), and thin section analysis on Lyons Formation cores. 

3. Describe the chemical and mechanical paragenetic sequence of the Lyons Formation to identify 

when and how hydrothermal alteration may have occurred. Thin section description and FESEM 

analysis were used for this objective. 

4. Determine the temperature of migrating fluids at the time of chemical diagenetic alteration by 

characterizing emplacement temperatures of ore metal mineralization and hydrothermal alteration 

types identified in the Lyons Formation.  

1.2 Study Area 

This study was primarily conducted in the Greater Wattenberg Area, geographical extents shown in 

Figure 1.1. The Greater Wattenberg Area is located entirely in the Colorado portion of the Denver Basin, 

spanning southern Weld Co., eastern Boulder Co., Broomfield Co., and northern Adams and Jefferson 

Co. As stated earlier in this chapter, the GWA covers approximately 2,600 mi2 with extents defined by the 

edge of the subsurface temperature anomaly. 

Cores outside the GWA were taken from Albany Co., Wyoming and northern Larimer Co., Colorado 

to be used as geochemical control outside of the CMB trend. One core from Redtail Field was included in 

the study as geochemical control outside of the GWA but within the CMB trend. Figure 1.2 displays the 

location of all cores used in this study. 

1.3 Dataset & Methods 

1.3.1 Core Description 

Core description was undertaken to describe lithologic facies, map facies distribution, identify areas of 

visible diagenetic fluid alteration, and understand diagenesis of the Lyons Formation changes across the 

field area. Nine cores were described for this study; seven from the Lyons Formation and two from the 

Tensleep Formation (a Lyons Formation equivalent in Wyoming). 
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Figure 1.2: Geographic location of all cores used in this research study. Cores within the GWA are 

denoted by red stars, cores outside the CMB trend are denoted by yellow stars, and the core from Redtail 

Field is denoted by a blue star. 

As stated in Chapter 1.1, the cores were chosen from both inside and outside of the CMB trend to 

illuminate any lithologic and geochemical differences based on geographic location. Descriptions are 

provided for five Lyons Formation cores located inside the GWA and CMB trend, one Lyons Formation 

core from Redtail Field inside of the CMB trend, one Lyons Formation core outside of the GWA and 

CMB trend, and two Tensleep Formation cores outside of the GWA and CMB trend. A map of the 

geographic location of all cores is provided in Figure 1.2. Cores used in this study were provided by the 

United States Geological Survey (USGS), Whiting Oil & Gas Corporation, and Colorado School of 

Mines. Table 1.1 provides an overview of the core dataset used. 
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Table 1.1: List of all cores described for this study. Information includes well name, operator, core 

provider, USGS library number (if applicable), formation name and core thickness. 

Well Name Operator Provider USGS 

Library 

Number 

Formation Thickness # of Thin 

Sections 

Used in 

Study 

1 CLARA A 

BACON 

Amoco 

Production 

USGS B571 Lyons 40 ft 4 

1-30 

CARROLL 

Hamilton 

Bros Oil Co. 

USGS D337 Lyons 17 ft 3 

1 

BROWNELL 

California Oil USGS B355 Lyons 130 ft 4 

1 UPRR-

FERCH 

California Oil USGS E053 Lyons 71 ft 13 (Mines 

Thin 

Section 

Laboratory) 

15 (USGS) 

1-32 

MORENG 

Hershey Oil 

Corp. 

USGS C910 Lyons 93 ft 5 (Mines 

Thin 

Section 

Laboratory) 

3 (USGS) 

410 

CHAMPLIN 

Amoco 

Production 

Colorado 

School of 

Mines 

N/A Lyons 43 ft N/A 

RAZOR 26J-

2633L 

Whiting Oil & 

Gas Corp. 

Whiting 

Oil & Gas 

Corp. 

N/A Lyons 108 ft N/A 

1 LAZY W 

CROSS 

RANCH 

Amoco 

Production 

USGS B114 Tensleep 55 ft N/A 

8 WILSON California Oil USGS E987 Tensleep 293 ft N/A 

 

Descriptions were made using a core description sheet provided by the Colorado School of Mines 

MUDTOC consortium. Lithologic and diagenetic features were described in detail to establish core-based 

facies. Special consideration was taken to describe the distribution of eolian bounding surfaces across 

each core and the lithologic and/or diagenetic features associated with them. In this study, core 

description provided context for the results of core-based geochemical analyses. 
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1.3.2 Subsurface Mapping 

One objective of this study was to develop a reservoir temperature map and geothermal gradient map 

specific to the Lyons Formation. These maps were created using IHS Markit© well log data in IHS 

Petra© software. Hydrocarbon production from the Lyons Formation began in 1953 and was most active 

in the 1960ôs (Nering, 1963). There are few present-day fields that specifically target the Lyons 

Formation. Consequently, much of the available well log dataset is illegible, unavailable, or does not 

include temperature data. Quality control of well log data began with a 4,570 well dataset of all Denver 

Basin wells that penetrate the Lyons Formation. Next, this dataset was filtered down to 982 wells that 

have available well logs. Lastly, the 982 well dataset was manually dissected to select all wells that 

penetrate the Lyons Formation and have legible well logs that contain bottom hole temperature (BHT) 

data. The final well log dataset used for temperature mapping contains 181 total wells with four that have 

cement bond logs.  

The 181 well BHT dataset was adjusted using five established BHT correction methods ï Förster 

(Merriam and Förster, 1995), SMU Geothermal Laboratory Förster (Crowell et al., 2012), Denver Basin 

Adjusted Förster (Crowell et al., 2012), Harrison Correction (Harrison et al., 1983) and Kehle Correction 

(Kehle et al., 1970). To determine the most accurate correction scheme, output temperatures from each 

correction were compared to the available cement bond log dataset. The Kehle Correction, originally 

created for a widespread AAPG dataset, was found to align most closely with cement bond log 

temperatures. Further discussion as to why this correction method was chosen is discussed in Chapter 3.1.  

Corrected bottomhole temperatures were then used to develop individual geothermal gradients for 

each well. Since subsurface temperatures fluctuate quickly and drastically across the GWA, one uniform 

geothermal gradient will not suffice for accurate temperature mapping. The Corrigan (Corrigan and 

Bergman, 1996) geothermal gradient correction method was used. This correction method is discussed 

further in Chapter 3.1. Lastly, the generated geothermal gradients were used to calculate the temperature 

at the top of the Lyons Formation. Depths of Lyons Formation tops were divided by 100 then multiplied 

by the geothermal gradient, resulting in an estimated Lyons Formation temperature for each well in the 

dataset. Corrected bottomhole temperatures, geothermal gradients, and Lyons Formation temperatures 

were manually input into Petra for mapping. Two final maps ï Lyons geothermal gradient and Lyons 

Formation temperature ï were generated and contoured in Petra. Subsurface temperature maps were 

integrated with previously generated GWA structure maps to identify correlations between regional 

structures and hot subsurface temperature anomalies. 
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1.3.3 X-Ray Fluorescence 

Elemental concentrations of each core were collected using a handheld ThermoScientific Niton XL3t 

GOLDD+ ED-XRF analyzer following the procedure established by Nakamura (2015). This procedure 

collects elemental concentrations in parts per million (ppm) by using the Test All Geo spectral 

deconvolution mode on the XRF device. The Test All Geo mode is a three minute analysis that measures 

both major and trace elements. Concentrations for 43 elements ï Ag, Al, As, Au, Ba, Bi, Ca, Cd, Cl, Co, 

Cr, Cs, Cu, Fe, Hf, Hg, K, Mg, Mn, Mo, Nb, Ni, P, Pb, Pd, Rb, Re, S, Sb, Sc, Se, Si, Sn, Sr, Ta, Te, Th, 

Ti, U, V, W, Zn, Zr ï are collected using the Test All Geo mode. Data was collected at 1-foot intervals on 

each core. If present, special consideration placed on data collection at areas of preferential fluid flow - 

bounding surfaces, diagenetic fluid ñbleachingò zones, and laminations.  

X-ray fluorescence data is a crucial component of the geochemical analyses undertaken for this study. 

Therefore, it is necessary to recognize limitations of the XRF device and the accuracy of collected data. 

Nakamura (2015) studied validity trends of the major and minor element data collected by the handheld 

Niton. He finds that all major and minor elements (Al, Si, S, K, Ca, Ti, Mn, and Fe) except for Mg and P 

show very good correlation with corresponding ICP and LECO measurements. The trace elements Rb, Sr, 

Zr, and Nb have very good correlations. Magnesium lies at the limit of detection for Niton; however, Mg 

concentrations higher than 1% appear to be more reliable. The transition metals V, Cr, Cu, Zn, and Mo 

show very good correlation at relatively low concentrations and are less reliable at high concentrations. 

Copper and Zn are commonly expressed as hydrothermally-emplaced sulfide minerals throughout the 

CMB, and thus Niton data collected for these elements are of increased importance in this study. 

Measured Cu and Zn concentrations are relatively low across most cores analyzed, so concentrations of 

these elements are considered valid semi-quantitative measurements for this study. Element 

concentrations of Cs, Bi, Sb, Sc, Sn, Ag, W, Co, Hg, and Ta are found to be the least reliable of all 

measured elements. Nakamura (2015) found that the overarching trend across Niton measurements is that 

most elements are over-measured at higher concentrations and are more accurate at lower concentrations. 

This study is primarily concerned with metallic elements associated with hydrothermal mineralization 

(Cu, Zn, Pb, etc.), which occur at relatively low concentrations; therefore, XRF measurements are trusted 

as semi-qualitative in this study.  

1.3.4 Thin Section Petrography 

The petrographic dataset for this study includes eight previously prepared petrographic thin sections 

from one inch core plugs and seventeen thin sections prepared by the CSM Thin Section Lab from 

sampled core billets. Four thin sections were available from the 1 CLARA A BACON core, four from the 

1 BROWNELL core, four from the 1-32 MORENG core, and thirteen from the 1 UPRR-FERCH core. 
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Previously prepared thin sections from the USGS appear to be prepared to standard thin section 

specifications. Thin sections cut by the CSM Thin Section Lab were prepared to standards necessary to 

conduct fluid inclusion analysis ï standard slide size, 60-micron thickness, 0.25-micron polish, and blue 

epoxy impregnation. The core billets used to prepare these samples were manually cut at the location of 

XRF data collection.  

A Leica petrographic microscope was used to describe sedimentary structures, textures, detrital 

composition, cements, diagenetic features, and sulfide mineral emplacements. Thin section scale 

observations were logged into an Excel datasheet to compile and compare descriptions. Understanding the 

emplacement mechanisms of sulfide minerals is a critical research goal in this study. Therefore, detailed 

descriptions were made of sulfide types and relationships to adjacent cements and detrital grains. These 

observations will be provided in Chapter 5. Petrographic observations were integrated with core 

descriptions, XRF datasheets, and fluid inclusion analysis data. 

It is important to recognize the research limitations encountered when gathering the thin section 

dataset. All previously prepared thin sections acquired for this study are decades old and are of 

diminished quality. Most are unpolished, poorly cut, and have cover slips that hinder reflected light 

analysis. While it is possible to identify the presence of opaque sulfides in these sections, the quality is 

too poor to differentiate specific sulfide minerals. Time constraints on this study only allowed for CSM 

laboratory preparation of sections from two Lyons Formation cores; one inside the CMB trend and one 

outside the CMB trend. Therefore, identification of specific sulfide mineralization is relegated to Chapters 

5.2 and 5.6. Thin section descriptions in Chapters 5.3 and 5.4 solely establish the presence of sulfide 

minerals. Further discussion of future research recommendations regarding thin section datasets is 

presented in Chapter 8.  

1.3.5 Statistical Analysis 

The Pearson Correlation Coefficient (PCC) and Principal Component Analysis (PCA) statistical 

methods were applied to XRF datasheets using the XLSTAT plugin for Microsoft Excel. After XRF 

measurements were taken for each core, the data was uploaded and converted to spreadsheet format using 

the ThermoScientific Niton software. Two additional spreadsheets were created to separate XRF data 

from all cores within the CMB trend from all cores outside of the CMB trend. These two spreadsheets 

serve as input data for both PCC and PCA analysis. The spreadsheet for XRF data within the CMB trend 

includes 261 data points for all elements analyzed in the Test All Geo mode. The outside CMB trend 

spreadsheet is composed of 212 data points for all elements analyzed in the Test All Geo mode.  

Pearson Correlation Coefficient matrices were generated using XRF spreadsheets from each core 

analyzed and the two compiled XRF spreadsheets. These matrices were used to establish initial elemental 
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correlations on a core and regional scale. Principal Component Analysis matrices were generated for the 

two compiled XRF spreadsheets; elements were then manually placed into groups based on their locations 

within the matrix axes. Qualitative interpretation was applied to each element group to better understand 

why certain elements relate to each other. Interpretations of the two regional-scale datasets were 

integrated with thin section and core analysis to discern potential geochemical differences between the 

Lyons Formation inside and outside the CMB trend. 

1.3.6 Field Emission Scanning Electron Microscopy 

Field emission scanning electron microscopy (FESEM) analysis was conducted on six thin sections 

from the 1 UPRR-FERCH core. Selected thin sections ï at depths 9,171 ft, 9,188 ft, 9,197 ft, 9,205 ft, 

9,212 ft, and 9,230 ft ï were carbon coated to prepare for analysis using equipment provided by the 

Mineral and Materials Characterization (MMC) facility at Colorado School of Mines. Analysis types 

included Back Scattered Electron (BSE) imaging and Energy-Dispersive X-Ray Spectroscopy (EDS) to 

elementally map the BSE images. Back scattered electron imaging was undertaken to discern and 

characterize spatial relationships between detrital grains, cements, and diagenetic features that are too 

small to be seen via classic thin section petrography. Energy-dispersive x-ray spectroscopy mapping was 

applied to the BSE images to characterize subtle chemical changes that occur in diagenetic features, 

identify any inclusions in detrital and metallic minerals, and to gain a better chemostratigraphic 

understanding of the Lyons Formation.  
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 GEOLOGIC OVERVIEW 

To identify potential hydrothermal fluid-rock interactions in the Lyons Formation of the Greater 

Wattenberg Area, it is imperative to have an understanding of regional stratigraphy, regional tectonic 

history, the Colorado Mineral Belt, and the Lyons Formation itself. This chapter unites concepts from 

sedimentary geology and economic geology to provide a foundation for the discussion of sediment-hosted 

hydrothermal deposition. 

2.1 Greater Wattenberg Area Stratigraphy 

Stratigraphy of the Greater Wattenberg Area (GWA) was described using core descriptions and 

published literature. This study focuses on subsurface fluid migration from the deep basin to the Lyons 

Formation; therefore, a review of the full stratigraphic column is outside the scope of this study. 

Lithologic descriptions in this chapter will encompass all deposits from Precambrian basement to Permian 

sediments. A stratigraphic column of all described intervals is provided in Figure 2.1.   

Precambrian metasedimentary rocks compose the crystalline basement that underlies sedimentary 

deposits of the Greater Wattenberg Area. Specific rock types include biotite gneiss and migmatite 

(Chapin, 2012). Basement rock petrology differs immediately outside the GWA extents and is bound by 

Paleoproterozoic granitic rocks to the northwest and south. These basement rocks are characterized as 

granodiorites and associated intermediate rocks of the 1.7 Ga age group, and are gray, equigranular to 

porphyritic, and foliated to massive (Chapin, 2012).  

Early to middle Cambrian Period deposits were restricted to the Cordilleran basin and are notably 

absent because of erosion and periods of nondeposition (McCoy, 1953). During the late Cambrian to 

Lower Ordovician, sediments of the Denver Basin were deposited in a shallow marine environment and 

consisted of sands, calcareous deposits, and dolomites. Devonian deposits are notably absent throughout 

most of the Denver Basin, likely a result of erosion (Sonnenberg, 1981). There is no rock record of the 

Cambrian-Devonian in the GWA. While there is no Mississippian rock record in the GWA, deposits of 

this time are present in southern areas of the Denver Basin (Sonnenberg, 1981). Mississippian deposits 

primarily consist of limestones and shales deposited in shallow marine seas that flooded the basin during 

the late Paleozoic (Sonnenberg, 1981).  

The Paleozoic rock record in the GWA begins with the Pennsylvanian Morrow Series. Rocks of the 

Morrow Series were the first deposits of the transgressing Pennsylvanian sea, composed of interbedded 

calcareous sandstones and variegated shales with occasional limestone laminae (Taylor, 1958). Morrowan 

rocks are about 40 ft thick in the GWA and are overlain by the Atoka Series. Atoka Series deposits form a 

200-foot-thick alternating series of marine argillaceous limestones and calcareous shales (Taylor, 1958). 
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Figure 2.1: Denver Basin stratigraphic column. The Lyons Formation is shown with the age-equivalent 

eolian Cedar Hills Formation.   
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The 220-foot-thick Des Moines Series conformably overlies the Atoka Series is described as an 

interval of interbedded fossiliferous and oolitic limestones, chalcedonic cherts, shales, and siltstones 

(Taylor, 1958). The Missourian Series - also termed the Fountain Formation - is the most persistent basin-

wide Pennsylvanian deposit, and conformably overlies the Des Moines Series in the GWA. The 150-foot-

thick fluvial Fountain Formation is described as a conglomeratic arkose sandstone interbedded with 

calcareous and sandy mudstones and some sand-rich limestones (Sonnenberg, 1981). Pennsylvanian 

deposition in the GWA ends with the Virgil Series. Virgil Series deposits are described as an interbedded 

series of silty shales, limy shales, sandy limestones and siltstones (Taylor, 1958). Rocks of the Virgil 

Series conformably overlie Missourian deposits and are about 200 ft thick in the GWA. 

Permian Period deposition in the GWA begins with the Admire Group. The Admire Group is the first 

Wolfcampian deposit, unconformably overlying rocks of the Pennsylvanian Virgil Series. This interval is 

characterized as a 30-foot-thick interbedded series of anhydrite and red shale (Taylor, 1958). The 

Wolfcampian Council Grove Group conformably overlies Admire Group rocks and is characterized by 

various lithologies ï massive anhydrite, dolomite, limestone, sandstone, and red shale (Taylor, 1958). 

These rocks are about 180 ft thick in the GWA. The Wolfcampian Chase Dolomite conformably overlies 

the Council Grove Group and is described as a basal sandy dolomite overlain by massive anhydrite 

(Taylor, 1958). This unit is about 30 ft thick in the GWA and is the last interval in the Wolfcamp Series.  

The Leonardian Ingleside Formation conformably overlies the Wolfcamp Series and is described as a 

red to orange, fine to medium-grained feldspathic sandstone deposited in a fluvial environment 

(Sonnenberg, 1981). In Figure 2.1, the Ingleside Formation is grouped with the Satanka Formation. The 

Ingleside Formation is about 80 ft thick in the GWA and is overlain by the Leonardian Satanka 

Formation. The shallow marine Satanka Formation is composed of red quartzitic sandstone, sandy shale, 

and gray to red dolomitic limestone and is about 85 ft thick in the GWA (Condran et al., 1940). The 

eolian Lyons Formation conformably overlies the Satanka Formation in the GWA and is described as a 

red to gray, very fine to medium-grained arkose sandstone. Thickness of the Lyons Formation in the 

GWA reaches a maximum of about 120 feet. Further description of the Lyons Sandstone is provided later 

in this chapter. Deposits of the Lykins Formation conformably overlie the Lyons Sandstone, and marks 

the end of Permian deposition in the GWA. The basal deposit of the Lykins Formation is termed the 

Blaine Anhydrite. The Blaine Anhydrite is pervasive in the northern Denver Basin and the GWA, but is 

notably absent in the south. Lykins Formation deposits overlying the Blaine Anhydrite consist of very 

fine-grained sandstone, red siltstone, and red mudstone with thin carbonate intervals at the base of the 

formation (Sonnenberg, 1981). The Lykins Formation was deposited in a tidal flat and restricted marine 

setting, and ranges from 150-200 feet thick in the GWA. 
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2.2 Greater Wattenberg Area Tectonic History 

The Denver Basin was formed through multiple orogenic and epeirogenic tectonic events (McCoy, 

1953). Most of the major fault systems and shear zones in the Denver Basin formed during Precambrian 

tectonism and were reactivated during the Phanerozoic (Sonnenberg, 1981). The Laramide orogeny began 

about 67.5 Ma and ended about 50 Ma (Higley and Cox, 2007). This tectonic event folded originally flat-

lying rocks, formed the current structure of the basin, and uplifted the Rocky Mountains to the west. Most 

of the rocks and sediments currently exposed across the surface of the basin are Cenozoic in age, 

representing redistribution of sediments eroded from the Rocky Mountains (Higley and Cox, 2007). 

While the structural evolution of the Greater Wattenberg Area does not deviate from the regional tectonic 

history of the Denver Basin, structural intricacies of the GWA are discussed in depth alongside regional 

tectonics in the following sections.  

Most major fault systems and shear zones in the Denver Basin originated during Precambrian tectonic 

adjustments (Sonnenberg, 1981). The GWA is bisected by various faults of a Precambrian northeast-

trending shear zone system (Sonnenberg, 1981). Regionally, these shear zones form part of the Colorado 

Lineament, an extensive Precambrian wrench fault system extending from Arizona to Minnesota. The 

northern limit of the Colorado Lineament is marked by the Mullen Creek-Nash Fork shear zone and the 

southern limit is marked by the Ralston Creek-Idaho Springs shear zone. The Colorado Lineament 

intersects the GWA and is expressed by a series of northeast-trending, right-lateral wrench fault zones 

that cross-cut the field. The largest faults in the GWA include the Greeley Horst, Berthoud Fault, and 

Longmont Fault; all three faults are northeast-trending and lie generally parallel to each other. These 

wrench fault zones experienced recurrent movement at least through the Cretaceous.  

Three major northeast-trending shear zones have been identified in the eastern Front Range portion of 

the Colorado Lineament: the Ralston Creek-Idaho Springs shear zone, Moose Mountain shear zone, and 

the Skin Gulch shear zone. Recurrent movement on these shear zones may have influenced younger 

tectonic events. The Colorado Mineral Belt coincides with portions of the Colorado Lineament, allowing 

for mineralization to occur during and after Laramide orogenic movements along Precambrian shear 

zones. While all discussed fault systems have been identified near the Front Range, faults like these likely 

exist in much of the Denver Basin (Sonnenberg, 1981).  

All pre-Pennsylvanian deposits in the Denver Basin were controlled by two epeirogenic structural 

bodies ð the Transcontinental Arch and the Sierra Grande uplift (McCoy III, 1953). The 

Transcontinental Arch is an uplifted, north-northeast trending area stretching from Arizona to Minnesota 

(Sonnenberg, 1981). This structure was positive throughout much of the early Paleozoic, resulting in 

extensive erosion that removed most Cambro-Ordovician strata. The Sierra Grande is an uplifted area in 

northeastern New Mexico and southeastern Colorado (Ewing, 2019). These epeirogenic bodies were 
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resistant to downward crustal warping and received little to no early Paleozoic sedimentation (McCoy III, 

1953). Together, the Transcontinental Arch and Sierra Grande uplift severely restricted sedimentary 

deposition, contributing to the sparseness of Paleozoic sediments in the GWA (McCoy III, 1953).  

The northern Denver Basin experienced substantial post-Ordovician uplift (Martin, 1965). This uplift 

occurred along the axis of the Transcontinental Arch, tilting the southern part of the basin to the 

southeast. Silurian and Devonian sediments are not well preserved in most of the Denver Basin, likely 

resulting from extensive erosion of uplifted areas. Tectonic movement was relatively quiet throughout 

much of the Mississippian. Vertical uplift along northeast-trending shear zones bounding the 

Transcontinental Arch occurred in the Late Mississippian, leading to an extended period of erosion 

(Martin, 1965). Some Mississippian rocks are preserved in a structural low termed the Morgan County 

low (Sonnenberg, 1981). The Morgan County low was formed by fault movement along the 

Transcontinental Arch, creating a graben.  

Until the Pennsylvanian, the area within the confines of the present structural Denver Basin were part 

of a large epeirogenic element (McCoy III, 1953). Pennsylvanian sedimentary deposits were the first 

remaining on it in Paleozoic time. Major tectonic events during the Pennsylvanian began to separate the 

modern Denver Basin from adjacent geologic bodies. The Transcontinental Arch and Sierra Nevada uplift 

were at base level, permitting Pennsylvanian seas to encroach on the basin to the east. The Uncompahgre 

and North Park regions in Colorado were tectonic positives, referred to as the Ancestral Rocky 

Mountains. The North Park positive was either a more resistant element on the southwest end of the 

Transcontinental Arch, or a local chain of mountains uplifted in the Early Pennsylvanian (McCoy III, 

1953). The Uncompahgre positive in southwestern Colorado consisted of several mountain ranges 

uplifted one after another. These tectonic adjustments likely occurred along Precambrian fault zones. 

Through the Late Pennsylvanian, continental sedimentation prevailed near the tectonic positives while 

marine sedimentation ensued in the basin to the east (Sonnenberg, 1981).  

Permian sedimentation occurred during a period of almost continuous deposition in the Denver Basin 

(McCoy III, 1953). Shallow oscillating seas advanced into and retreated from land-locked basins and salt 

flats. Two major sub-basins formed during the Permian; the northwestern Nebraska-eastern Wyoming 

Alliance Basin and the eastern Colorado Sterling Basin (Sonnenberg, 1981). Restricted marine conditions 

allowed for evaporite deposition in both basins. The Alliance and Sterling basins are separated by a 

northeast-southwest trending thin extending from the Front Range to northern Nebraska. This area of 

thinning contains the Wattenberg high (Sonnenberg, 1981). Permian strata accumulated with variable 

thicknesses within the basins and along structural highs.  

Deposition trends remained relatively constant through the Triassic, with eolian deposition prevailing 

throughout the Middle to Late Triassic (Sonnenberg, 1981). No major tectonic activity occurred during 
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the Triassic and Early Jurassic seas left no record in the Denver Basin. Eolian deposition was widespread 

throughout the Early Jurassic. Late Jurassic seas encroached from the west, covering and reworking 

Triassic and Lower Jurassic sediments before withdrawing. These seas left freshwater lakes, swamps, and 

channels however, no major tectonic activity occurred during the Jurassic (McCoy III, 1953).  

Expanding Early Cretaceous seas entered the Denver Basin from the northwest (Martin, 1965). Early 

Cretaceous strata generally recorded a pattern of transgression interrupted by periods of major 

regressions. The last major regression before the Late Cretaceous occurred toward the middle Cretaceous, 

depositing the Muddy ñJò Sandstone (Martin, 1965). Seas encroached upon the Denver Basin again in the 

Late Cretaceous before the onset of the Laramide Orogeny (Martin, 1965). The Late Cretaceous saw the 

start of the Laramide Orogeny, the tectonic event that developed the modern structural Denver Basin. The 

area west of the basin experienced substantial uplift in response to subduction of the Farallon plate under 

the North American plate.  

The Laramide orogeny closed the Western Interior Seaway and formed the mountain ranges of 

northern New Mexico, central Colorado, and southeastern Wyoming (McCoy III, 1953). The uplifted 

mountain ranges bounded isolated inland lakes that had formed during the Late Cretaceous and persisted 

through the Cenozoic. Much of the Cenozoic Denver Basin sediment volume was deposited in and around 

these inland lakes as their shorelines oscillated. Tectonic adjustments of the Laramide orogeny occurred 

in pulses through the early Cenozoic with the peak of the orogeny occurring in the Eocene. The peak of 

the Laramide orogeny brought the Rocky Mountains and associated mountain ranges to their final 

elevation and solidified the current structure of the Denver Basin. As the mountains were uplifted, the 

entire Denver Basin was tilted east (Martin, 1965). With this tilting the Denver Basin assumed the 

structural attitude and configuration that is seen today (McCoy III, 1953). 

2.3 Colorado Mineral Belt 

The Colorado Mineral Belt (CMB) is a northeast-trending, 500 km long and 25 to 50 km wide belt of 

plutons and mining districts that extends from the Four Corners area on the Colorado Plateau to Boulder, 

Colorado (Chapin, 2012). The CMB cuts indiscriminately across the geologic grain of Colorado with an 

orientation seemingly independent of the tectonic elements that it cross-cuts. The sole unifying structural 

feature of the CMB is a system of overlapping Precambrian shear zones (Chapin, 2012). The lack of 

continuity between structural features of the belt and the Colorado geology it intercepts has influenced 

decades of research concerning the origin and evolution of the CMB. 

Basement block uplifts and arches of Laramide (75 Maï43 Ma) age comprise the Colorado Mineral 

Belt (Chapin, 2012). Orientation of CMB features during the Laramide was controlled by the Cordilleran 

plate tectonics. The Eastern bulge of the Cordillera and its component uplifts and basins filled a 1,200 km 
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wide magmatic gap between the northern and southern portions of a Laramide volcanic arc. CMB features 

lie within the magma gap, which is underlain by the subhorizontally-subducted Farallon flat slab. 

Laramide paleotectonic geometry suggests that the CMB was controlled by a ñleakyò segment boundary 

in the underlying Farallon flat slab (Chapin, 2012). The geographic extents of the CMB as defined today 

are synonymous with the extents of the segment boundary. Precambrian shear zones intersecting the 

ñleakyò segment boundary are hypothesized to have acted as conduits for CMB magmatism. Figure 2.2 

depicts the location of the CMB segment boundary in conjunction to adjacent Cordilleran structural 

elements. 

Intrusion of Laramide plutons into the CMB area began about 75 Ma, coeval with tectonic partitioning 

of the flat-slab area into subsequent basement-cored uplifts and basins (Chapin, 2012). These events 

coincided with the sharp increase in Farallon-North American plate convergence. Laramide-age CMB 

structures include alkaline intrusives, lavas, breccia pipes, and diatremes emplaced along the eastern front 

range of the Rocky Mountains. The alkaline composition of the structures indicate the presence of a 

thicker, cooler underlying lithosphere (Chapin, 2012). Mineral deposits attributed to the Laramide period 

of CMB activity contain gold tellurides, native gold, uranium, tungsten, and other rare elements. 

Middle Cenozoic magmatism was superimposed on the central CMB that formed during Laramide 

age. Magmatic activity attributed to this time period began about 43 Ma and culminated between 37 Ma 

and 18 Ma (Chapin, 2012). This magmatism was generated by two coeval events: 1) the rollback and 

sinking of the portion of the Farallon flat slab that extended from the southern boundary of the CMB to 

southern New Mexico, and 2) extension of the Rio Grande Rift through the CMB. The Farallon flat slab 

broke beneath what was later termed the Rio Grande Rift and rolled back to the southwest. Correlation of 

pulses of ignimbrite volcanism from the CMB to Mexican border records the episodic rollback of the 

Farallon flat slab. As the asthenosphere encroached between the sinking flat slab and overlying 

lithosphere, a surge of fluids and melts came in contact with the lithosphere and began magma generation 

(Chapin, 2012). Middle Cenozoic evolution of the CMB generated a series of calderas, ignimbrites, 

stocks, dikes, and sills that formed a tectonomagmatic overprint of the central Laramide-age CMB. 

Collectively, the genesis and evolution of the CMB was caused by Cordilleran tectonic adjustments 

beginning in the Late Cretaceous and culminating in the middle Cenozoic. 

The chemical composition of CMB intrusive bodies varies depending on age and location along the 

belt (Chapin, 2012). They are divided into three rock suites: 1) Silica-saturated, high-alkali monzonite 

suite, 2) Silica-oversaturated, granodiorite-quartz monzonite suite, and 3) Highly evolved alkali feldspar 

granite suite. The monzonite suite dominates the northeast portion of the CMB and includes alkali to 

mafic monzonites and quartz syenites (Chapin, 2012).  
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Figure 2.2: Laramide paleotectonic map of the western United States depicting the CMB segment 

boundary in relation to the gap in the Laramide volcanic arc, subsidence anomaly of the Wyoming 

province, and inferred boundaries of the Farallon flat slab. Modified from Chapin, 2012.  
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These rocks are characterized as having a strontium (Sr) content greater than 1,000 ppm, are the most 

variable in composition, and were emplaced during Laramide compression. The granodiorite-quartz suite 

dominates the central CMB and is composed of Laramide and middle Cenozoic rocks. This suite is the 

most abundant within the CMB and includes granodiorite and quartz monzonites. These rocks have a 

general composition of >63% silica, contain at least 20% quartz, and have an alkali content of 7% 

(Chapin, 2012). Batholiths of the granodiorite-quartz suite coincide with areas of negative gravity 

anomaly in belt. Rocks of the alkali feldspar granite suite are the least abundant in the CMB. This suite is 

characterized by high silica composition that show significant lithophile element enrichment (Chapin, 

2012).  

Ore deposits associated with early to middle Cenozoic magmatism are of special interest to this study, 

as these deposits are commonly expressed as replacement bodies in sedimentary rocks. Magmatic activity 

included the intrusion of stocks, dikes, and laterally extensive sills in the Leadville-Breckenridge area 

(Chapin, 2012). Dominant ore deposits in these areas include tabular zinc, lead, silver, and gold sulfide 

replacement bodies in dolostones, mainly in the Mississippian Leadville Limestone. Silver, lead, zinc, and 

barium are found in karst zones on the Leadville Limestone. Similar ores were found at Gilman, about 32 

km north of Leadville (Chapin, 2012). The ores in the Leadville-Breckenridge and Gilman locations are 

similar; both are mainly tabular sulfide replacement ores emplaced in dolostones of the Leadville 

Limestone. 

Hot mineralizing fluids originating from early to middle Cenozoic stocks migrated upwards and 

laterally through the Leadville Limestone. Mineralizing rock-fluid interactions concentrated in the 

Leadville Limestone due to the presence of overlying laterally-extensive, porphyritic sills that act as seals 

to hydrothermal fluids. Boundaries of the CMB and locations of the Leadville-Breckenridge and Gilman 

districts are shown in Figure 2.3. Emplacement mechanisms in the sedimentary Leadville Limestone 

serve as an analog for ore mineralization in the dolomite and anhydrite-enriched Lyons Formation. 

2.4 Lyons Formation 

The Permian Lyons Formation is an eolian feldspathic arenite to quartzarenite sandstone comprising 

the Colorado interval of a large Pennsylvanian erg system that spanned the western margin of Pangea 

(Lawton et al., 2015). Historically, the Lyons Formation has served as a hydrocarbon resource, type area 

for large-scale cross-bedded eolian systems, and an important source of building stone (Kendigelen et al, 

2023). Despite the multi-industry interest in the Lyons Formation, the paragenetic sequence forming the 

deposit seen today has been chronically misunderstood. The Lyons Formation has been informally 

divided into two units: the ñred Lyonsò and ñgray Lyonsò. The distinct difference in color and 

composition of the two units is attributed to hydrocarbon migration.  
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Figure 2.3: Colorado Mineral Belt extents with inner boundary outlined in blue and outer boundary 

outlined in orange. Mining districts defined by abundant Leadville Limestone replacement deposits are 

denoted by blue polygons. Modified from Wilson and Sims, 2003.  

Hydrocarbons reduced original iron oxide cement and ñbleachedò the formation gray. Lyons intervals 

not affected by hydrocarbon migration have retained the original light pink to red coloration. While this 

event in the paragenetic sequence is certainly important, it is only one of many diagenetic events vastly 

altering the chemistry of the Lyons Formation with consequent regional implications. This study looks at 

the Lyons Formation through a new lens; as a hydrothermal fluid conduit involved in the genesis of the 

Wattenberg Field temperature anomaly. 

2.4.1 Depositional Environments 

Various interpretations ï offshore bar, fluvial, beach, and eolian ï of depositional environment have 

been made for the Lyons Formation (Adams and Patton, 1979). The Lyons Formation is unique to other 

terrestrial eolian deposits of the time, with core samples often containing sedimentary structures typically 

attributed to fluvial and sabkha settings. These variant interpretations are not necessarily incorrect; it is 
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probable that the eolian formation was deposited in or near several closely related but distinct 

environments.  

Reconstruction of the Lyons Formation depositional setting within the GWA was completed using 

seven cores and observations spanning the southernmost Wattenberg Field to Redtail Field in the 

northeast; locations of each core were previously provided in Figure 1.2, page 4. Cores 1 CLARA A 

BACON and 1-30 CARROLL were taken from southwestern and south-central Wattenberg Field. 

Sedimentary structures described in the 1 CLARA A BACON core are dominantly high and low-angle 

wind-ripple laminations and high-angle grainflow laminations, structures characteristic of eolian dune 

deposits. Pervasive dune structures and distinct lack of convolute laminae in these cores indicate that the 

Lyons Formation in southernmost Wattenberg Field was deposited in a dry eolian erg environment 

(Kocurek and Havholm, 1993). 

The 1-30 CARROLL core was taken about 12 miles north of the 1 CLARA A BACON location. 

Sedimentary structures described in this core are dominantly low-angle wind-ripple laminations and high-

angle grainflow laminations with thin intervals of convolute laminae. Thin and discontinuous convolute 

laminations in an eolian setting are characteristic of a damp interdune. Introduction of convolute 

lamination suggests that the Lyons Formation transitions from a solely dry eolian to damp eolian-

influenced deposit at the 1-30 CARROLL location.  

Cores 1 BROWNELL, 1 UPRR-FERCH and Champlin 410 were taken from locations in northern 

Wattenberg Field. Sedimentary structures described in each core include low-angle wind-ripple 

laminations, high-angle grainflow laminations, and horizontal planar laminations frequently interbedded 

with up to 2 ft thick intervals of convolute laminations. The higher frequency and thickness of convolute 

lamination suggests that the Lyons Formation in northern Wattenberg Field was deposited in a damp 

eolian environment that underwent frequent water table fluctuations. 

Outside of the GWA, the 1-32 MORENG core was taken in the northern Denver Basin near the 

Colorado-Wyoming border. This core differs significantly from the other described Lyons cores. Grain 

size is very fine-grained to silt, and thick intervals of convolute laminations dominate. Some intervals of 

low-angle wind-ripple and high-angle grainflow laminations interrupt the convolute laminae, but these 

intervals are thin and discontinuous. Evaporite nodules are noted at three separate depths across the core. 

The prevalent convolute laminae and presence of evaporite nodules suggest that the Lyons Formation was 

deposited in a sabkha environment near the Colorado-Wyoming border. 

The Razor 26J-2633L core was taken from Redtail Field, located northeast of Wattenberg Field. 

Thickness of the Lyons Formation in this core is nearly double of that from Wattenberg Field cores and is 

composed of three distinct intervals. Low-angle wind-ripple and high-angle grainflow laminations are the 

only structures present in the basal interval, indicating dry eolian deposition. The middle interval is 
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dominated by convolute laminae with some thin intervals of low-angle wind-ripple laminations, 

indicating sabkha deposition interrupted by the migration of small dunes. The upper interval contains 

nearly equal thicknesses of eolian dune and convolute laminae, suggesting deposition in a damp eolian or 

eolian-sabkha transitional setting. Frequent cyclic changes in facies association suggest that the Lyons 

Formation was deposited in an environment that fluctuated between dry eolian and sabkha east of 

Wattenberg Field. A composite map of Lyons Formation depositional environments is provided in Figure 

2.4, page 22. 

2.4.2 Sedimentology 

Detrital sedimentology of the Lyons Formation in this study is analogous to other Permian-age eolian 

formations. Grain composition includes quartz, plagioclase feldspar, potassium feldspar, chert, lithic 

fragments, and minor amounts of heavy minerals (titanium oxide, zircon, tourmaline, sphene, apatite, and 

rutile). Subrounded to well-rounded quartz grains compose 66%ï91% of bulk detrital volume measured 

from core samples. Potassium feldspar and plagioclase feldspar compose much of the remaining bulk 

volume. Weight percent of potassium feldspar ranges from 3%ï11% and weight percent of plagioclase 

feldspar ranges from 1%ï16%. Chert, lithic fragments and minor heavy minerals compose up to 1% of 

bulk volume. Core samples are subangular to well-rounded, moderately to well-sorted and average grain 

size is lower fine to upper fine. Composite grain size spans a range of silt to lower medium sand, but silt-

sized grains are only found in thin intervals of select cores. 

2.4.3 Cementation 

Understanding cementation type and timing is a critical component of reservoir characterization. 

Cementation modifies porosity and permeability, migration pathways, resource accumulation, and more. 

This study describes cementation types in the Lyons Formation to understand the type of fluid migrating 

through the reservoir and the fluid-rock interactions that result in multiple types of diagenetic 

cementation. 

Iron oxide cement (Figure 2.5, Image A, page 24) is present in red Lyons Formation samples as grain 

coatings, pore linings and stylolite fill, and forms up to 10% of rock samples (Levandowski et al, 1973). 

Under reflected light, iron oxide cement is light to dark orange, forms clay-sized particles, and consists of 

a mixture of hydrated iron oxides. Hematite is the dominant iron oxide within the ferruginous mixture. 

Goethite is present as both part of the iron oxide cement and as discontinuous single grains. There is no 

ferruginous cement observed in gray Lyons samples. Iron oxide cement as grain coats, pore linings, and 

microfracture fill are shown in Figure 2.5, Image A, page 24. 
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Figure 2.4: Paleogeographic reconstruction of Lyons Formation depositional environments in the Denver 

Basin during the Permian Period. Modified from Lee and Bethke, 1994.  

Secondary quartz is one of the most pervasive cement types within Lyons samples, forming up to 28% 

of the rock. This cement type occurs as secondary enlargement of detrital grains with crystal faces 

directed into adjacent pore spaces (Levandowski et al., 1973). Quartz overgrowths are observed in most 

Lyons samples but higher volumes are found in the gray Lyons. In gray Lyons samples, overgrowths are 

thick and pervasive enough to mar original grain textures. Interlocked and sutured grains are common and 

contain an appreciable amount of recrystallized quartz (Levandowski et al., 1973). These recrystallized 

quartz overgrowths are precipitated, indicating silica solution interactions at sand-grain contacts. 

Secondary quartz as overgrowths are shown in Figure 2.5, Image B, page 24.  
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Type and volume of quartz cementation is integral to characterizing the diagenetic fluids that migrated 

through the Lyons Formation. Secondary quartz displays a strong correlation with temperature in 

sedimentary basins; quartz cementation increases with increasing temperature. High temperature is one of 

the primary controls inducing dissolution and recrystallization of unstable silica. In laboratory 

experiments, the solubility of macroquartz grains controls the content of dissolved silica in waters at 

temperatures above 180 (Goldstein and Rossi, 2002). Core sample studies show that secondary quartz 

precipitation in arenitic sandstones occur at variable temperatures ranging from 112-162 (Goldstein 

and Rossi, 2002). Much of the observed temperature variability depends on the chemical composition of 

diagenetic fluids. Increases in salinity and the presence of organic compounds are evidenced to accelerate 

quartz recrystallization (Goldstein and Rossi, 2012). 

Calcite cement is observed only in red Lyons samples and is thus interpreted to be one of the earliest 

cementing materials in the Lyons Formation (Levandowski et al, 1973). When present, calcite cement is 

well crystallized in closely to widely spaced, discontinuous patches and lenses that form a groundmass for 

surrounding detrital grains. In gray Lyons samples, original calcite cement is interpreted to have been 

almost completely replaced by dolomite and anhydrite. An example of discontinuous calcite lenses is 

shown in Figure 2.5, Image C.  

Solid organic matter is only present in gray Lyons samples and comprises up to 25% of rock volume 

(Levandowski et al, 1973). This cement type is present as brownish-black solid hydrocarbon that forms 

continuous grain coatings, pore linings and fill, discontinuous fragments, and stylolite fill. In some 

samples, solid hydrocarbon is often encased in anhydrite crystals indicating that organic matter 

cementation preceded anhydrite emplacement. Solid hydrocarbon is also present within quartz grains, 

likely as remnants of an early organic phase followed by secondary quartz overgrowth. A thin section 

image displaying organic matter as cement and microfracture fill is shown in Figure 2.5, Image D. 

Anhydrite is one of the most common cementing materials in the Lyons Formation, comprising up to 

25% of sample volume. This cement type is observed in most Lyons samples, but is much more pervasive 

throughout the gray Lyons. Anhydrite cement in red Lyons Formation sections is mostly restricted to 

evaporite-rich lenses and nodules. Comparatively, anhydrite is observed as a cement material in all facies 

of the gray Lyons. Anhydrite cement is coarse crystalline and poikilotopic, filling intergranular pores and 

commonly replacing siliciclastic grains. Dissolution and subsequent anhydritic replacement is associated 

with feldspars and quartz grains. Feldspars are often completely replaced whereas quartz grain 

replacement mainly occurs on grain edges. Figure 2.6, Image A, page 25 exemplifies anhydrite cement 

under reflected light.  

Dolomite and magnesite as cementing materials are pervasive in gray Lyons samples and restricted to 

evaporite-rich lenses and nodules in the red Lyons.  
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Figure 2.5: Thin section images of cementing material in red and gray Lyons Formation samples. A: Iron 

oxide cement as grain coatings, pore fill, and microfracture fill. Thin section is from the 1-32 MORENG 

core. B: Secondary quartz forming overgrowths on detrital quartz grains. Thin section is from the 1 

UPRR-FERCH core. C: Discontinuous lenses of calcite cement. Thin section is from 1-32 MORENG 

core. D: Organic matter cement as grain coats, pore fill, and microfracture fill. Thin section is from the 1 

UPRR-FERCH core.  

Dolomite is less abundant than anhydrite, and often occurs in conjunction with anhydrite. When 

present, dolomite is well-crystallized and coarse crystalline. Magnesite cement is present as an alteration 

product of dolomite, often partially to fully replacing original dolomite. The precipitation mechanism of 

magnesite after dolomite will be discussed further in Chapter 6. Dolomite and magnesite occur as 

discontinuous, unit-extinguishing lenses and masses. Figure 2.6, Image B provides an example of 

magnesite after dolomite as a cement material. 

Iron sulfide (FeS2) cement is observed in gray Lyons samples as discontinuous, unit-extinguishing 

aggregates, lenses, and disseminated masses. Sulfide cementation ï pyrite, marcasite - occurs as cement 

replacement, pore fill, and microfracture fill. Iron sulfide cement is mainly along laminae and zones of 

fluid bleaching. A thin section image depicting pyrite as cement and grain replacement is shown in Figure 
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2.6, Image C. Previous studies (Levandowski et al., 1973) suggest that iron sulfide cementation in the 

Lyons Formation is the result of iron oxide reduction via interactions with reduced hydrocarbon-bearing 

fluids. Analysis of new data allows this study to present an alternate explanation of sulfide cementation in 

the Lyons Formation. 

 

 

Figure 2.6: Thin section and back-scattered electron images of cementing material in the Lyons 

Formation. A: Reflected light image of chalcopyrite emplaced in anhydrite cement. B: Back-scattered 

electron image of a magnesite cement mass. C: Reflected light image of a pyrite aggregate as a cementing 

material.  

Describing cement types is the first step in understanding the diagenetic evolution of the Lyons 

Formation; elucidating the timing of cementation is another critical phase. Events of early to middle-stage 
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paragenesis of the Lyons Formation have been well-documented by previous researchers (Levandowski et 

al., 1973, Lee and Bethke, 1994), thus, a general overview is provided in the following paragraphs.  

Lyons Formation sediments were deposited in the Permian Period as mature sands with some clays 

and iron oxide matrix. During the Permian, the Denver Basin contained two major evaporite basins: the 

Alliance Basin to the north and the Sterling Basin to the south (Lee and Bethke, 1994). Lyons Formation 

sands were deposited between the emergent ancestral Rocky Mountains to the west and the evaporite 

basins to the east. Basinward, Lyons sands interfingered with the evaporite deposits providing calcium-

rich quartz grains to the Lyons Formation (Levandowski et al., 1973). 

The impermeable Blaine Anhydrite was deposited on top of the Lyons Formation, providing an 

impermeable top seal preventing fluid flow upwards. Deposition of a thick sedimentary succession 

continued throughout the Mesozoic, resulting in significant sediment overburden causing expulsion of 

connate formation water enriched in Ca2+ (Levandowski et al., 1973). At the same time, fluids from the 

underlying deep basin migrated vertically into the Lyons Formation. Further vertical migration was 

inhibited by the anhydrite cap causing fluids to move laterally through the Lyons. The deep basin fluids 

mixed with the expulsed Ca2+-rich formation waters, forming a pervasive calcite cement within the Lyons 

Formation. Meanwhile, Lyons sands experienced compaction via the sediment overburden, forming early 

mechanical strain features. 

Continued sediment deposition resulted in a steady increase in overburden pressure that caused Si2+-

rich pressure solution to form in the Lyons Formation. Alkalinity of the pressure solution at prevailing 

temperatures and pressures caused dissolution of silica at grain contacts and reprecipitation in open pores 

and void space; this silica formed as quartz overgrowths, the second cement type in the paragenetic 

sequence. Oil generation and accumulation began in the Late Cretaceous before the final stages of 

compaction. Hydrocarbons migrated laterally through the Lyons Formation, releasing Fe+ ions from the 

previously iron oxide-rich sands. Reduction of iron oxides caused the first ñbleachingò event of the 

Lyons. Cementation of insoluble organic matter ï the third cementation event in the paragenetic sequence 

ï occurred during the Late Cretaceous through Early Cenozoic.  

Laramide tectonic events in the Early Cenozoic induced the final stage of compaction. Late stage 

mechanical diagenetic features such as suturing, triple junctions, microfractures and microshears formed 

throughout Lyon Formation sands. At the same time, a second phase of dissolution and reprecipitation of 

quartz overgrowths occurred. Isotopically heavy (CO2-rich), deep basin waters continued vertical 

migration into and laterally through the Lyons Formation in the Early Cenozoic; these hot alkaline brines 

dissolved calcite cement and reprecipitated dolomite and anhydrite. The interaction between deep basin 

brines and diagenetically altered Lyons sediments caused a second phase of bleaching. In core, this phase 

in the paragenetic sequence can be identified by areas where the ñgrayò Lyons is now a pale white. 
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Dissolution of calcite and reprecipitation of dolomite and anhydrite has been widely accepted as the 

final stage in the Lyons Formation paragenetic sequence. This study proposes that the Early Cenozoic 

dissolution/reprecipitation event is not the final diagenetic event. Instead, this event marked the beginning 

of an extended phase of chemical diagenesis induced by hydrothermal fluid-rock interactions within the 

Lyons Formation. 
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 SUBSURFACE TEMPERATURE MAPPING 

Temperature data from actively producing formations in the GWA (Muddy ñJò Sandstone, Niobrara 

Formation, Codell Member, etc.), is plentiful, well-documented, and well-constrained. In contrast, there 

exists a stark scarcity of Lyons Formation temperature data in the GWA. Producing Lyons Formation 

fields are mainly outside of the GWA, and most active production from the reservoir ceased with the 

discovery of oil shows in the Muddy ñJò Sandstone and Niobrara Formation. Therefore, updated 

geothermal gradient and formation temperature maps were created for this study. Temperature maps were 

used to identify spatial correlations between localized ñhot-spotsò, the CMB trend, and major fault zones 

that intersect the GWA.  

3.1 Bottom-hole Temperature Corrections  

Bottom-hole temperature (BHT) measurements from oil and gas wells constitute a large, but low-

accuracy, set of subsurface temperature readings used in a variety of reservoir characterization 

calculations. Bottom-hole temperature measurements are recorded in the borehole at the total depth of the 

logging run at the time it is measured. Consequently, a BHT measurement actually represents the 

temperature of the drilling mud in a borehole at the time of measurement, which is generally cooler than 

the true undisturbed formation temperature (Deming, 1989). Drilling includes a variety of muds, 

chemicals, and other additives used lubricate and cool the drill bit and pipe, remove cuttings from the 

wellbore, and to prevent any formation fluids (oil, gas, and water) from entering the wellbore during the 

drilling process. While these fluids are effective at maintaining the integrity of the borehole, they cool the 

temperatures of adjacent formations being drilled through.   

A variety of BHT correction equations have been developed for sedimentary basins worldwide in the 

universal effort to obtain the most accurate downhole temperatures. However, while BHT correction 

equations provide better formation temperature estimates than raw BHT measurements, they are still 

notoriously inaccurate ï even when corrections are basin-specific. It becomes necessary to test multiple 

correction methods to determine which method will result in the most accurate temperatures for the 

specific basin or field being worked in.  

This study takes raw BHT measurements from the GWA and corrects them using the Harrison 

Correction (Harrison et al., 1983), Kehle Correction (Kehle, Schoeppel, and Deford, 1970), and three 

variations of the Förster Correction (Merriam and Forster, 1995, Crowell, Oschner, and Gosnold, 2012). 

Corrected BHT data was then compared temperature measurements from the five available cement bond 

logs (CBL) measured in the Lyons Formation. Cement bond log runs are conducted after the well is 

initially drilled and cased, when formation temperature is close to equilibrium. Therefore, temperatures 
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from CBLs are generally recognized as the most accurate measure of true formation temperature 

(Sonnenberg 2023, personal communication).  

Temperatures adjusted using the Kehle Correction were found to be most consistent with the CBL 

BHT dataset. The Kehle Correction was created for the AAPG dataset to optimally adjust BHT data from 

across North America (Kehle et al., 1970). The Kehle equation is given below (Equation 1.1). 

ЎὝ  ψȢψρω  ρπ   ᾀ ςȢρτσ  ρπ  ᾀ τȢσχυ  ρπ ᾀ ρȢπρψ   (1.1) 

Where, 

z = depth in m 

ȹT = correction coefficient in  

The output of this equation is a correction coefficient that is added to the raw BHT value. Adding ȹT 

to original BHT gives the corrected formation temperature. For wells that reach total depth in the Lyons 

Formation, the corrected BHT is left unaltered and assigned to the well. For wells that reach total depth in 

a formation deeper than the Lyons Formation, additional corrections are needed to obtain a corrected 

geothermal gradient and then back-calculate the Lyons Formation temperature using both the temperature 

gradient and corrected BHT. 

Geothermal gradients across the GWA change rapidly across very short distances; one gradient cannot 

be applied uniformly across the field. This variance illuminates the need for Lyons Formation-specific 

geothermal gradients calculated for each well. The Corrigan Correction (Corrigan and Bergman, 1996) 

was used to generate geothermal gradients tailored to GWA variance. The Corrigan Correction equation 

is shown below (Equation 2.1). 

    Ὕ Ὕ  Ὕ Ⱦ
 

     (2.1)  

Where, 

  Tgrad = temperature gradient for corrected BHT 

  Tavg = average annual ground surface temperature in Weld County 

  Teq = Kehle-corrected BHT 

  TD = total depth 

The output of this equation is the temperature increase in Celsius per 100 m for each well. Lyons 

Formation temperatures for all wells with a total depth deeper than the Lyons Formation can now be 

calculated using the corrected geothermal gradients. The equation for this calculation is given below 

(Equation 2.2). 
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    Ὕ  Ὕ       (2.2) 

 Where, 

  TL = Lyons Formation temperature 

  DL = Lyons Formation top depth 

Newly calculated formation temperatures are then assigned to their respective wells. The final 

subsurface temperature dataset includes 181 wells with corrected Lyons Formation temperatures and their 

associated calculated geothermal gradients. This dataset is used to generate the subsurface temperature 

maps shown throughout this chapter. 

3.2 Lyons Formation Geothermal Gradient 

Previous temperature studies (Higley et al., 2003, Sherwood et al., 2013, Sonnenberg, 2015) of the 

Greater Wattenberg Area show significant variation in geothermal temperature gradients across the field. 

Temperature gradients have been mapped across the GWA for the Muddy ñJò Sandstone, Codell, 

Niobrara, and Sussex formations. This study presents a geothermal gradient map tailored to the Lyons 

Formation, a formation which has no previously published geothermal gradient or formation temperature 

maps. The methodology for gathering geothermal gradients for wells across the GWA is discussed in the 

previous subsection. Petra software was used to create the Lyons Formation geothermal gradient map, 

which is shown in Figure 3.1.  

The average temperature gradient in the GWA is 3.6/100 m, with highest gradients calculated at 

4.7 /100 m. Wattenberg Field sees an increase of 0.9-1.1 /100 m in geothermal gradient from the outer 

edges of the field to the center of the field. Gradients in the GWA are higher than much of the Denver 

Basin. Temperature gradients across the Denver Basin generally range from 3 /100 m to 4 /100 m 

(Belitz and Bredehoeft, 1988). All of the thermal ñhotspotsò ï areas where the thermal gradient is 

>4.5 /100 m ï are located in and around the trend of the CMB. The intersection between areas of 

elevated geothermal gradient and the general CMB trend indicates that conductive heat flow from CMB 

intrusions may be influencing the GWA gradient anomalies. 

3.3 Lyons Formation Temperature 

To understand the cause of the Wattenberg Field temperature anomaly, the distribution and extents of 

the anomaly must first be established. Reservoir characteristics of the Lyons Formation have been under-

published despite the burgeoning industry interest in its geothermal energy potential.  
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Figure 3.1: Geothermal gradient map of the Lyons Formation across the Denver Basin. Individual 

gradients for 181 wells were calculated using the Kehle BHT correction (Kehle et al, 1970) and Corrigan 

geothermal gradient correction (Corrigan and Bergman, 1996). The CMB trend is outlined in orange 

dashes and Wattenberg Field is outlined in black.  

Formation temperature is no exception, as very little to no Lyons Formation temperature data was 

found throughout the literature review for this project. Most wells in the GWA do not specifically target 

the Lyons Formation, resulting in a lack of formation-specific BHT data. This study combines available 

BHT data from deep wells and calculated geothermal gradients to present a comprehensive reservoir 

temperature map of the Lyons Formation in the GWA (Figure 3.2, page 33).  
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Before temperature trends are discussed further, it is important to note that this map is likely an 

underestimation of true formation temperature. Drill stem tests (DST) penetrating shallower formations 

such as the Niobrara and Muddy ñJò Sandstone show temperatures of 116 and above in these intervals, 

which are commonly >305 m shallower than the Lyons Formation in Wattenberg Field. While the Kehle 

BHT correction method was found to be the best correction method for this dataset, future studies would 

benefit from a new BHT correction method specific to deep formations in the Denver Basin. 

Local variations of formation temperature in the above figure are comparable with trends shown in the 

geothermal gradient map (Figure 3.1). The average Lyons Formation temperature within the GWA is 

about 92.5, with maximum formation temperatures reaching 124.5. Lyons Formation in the GWA 

shows a distinct temperature increase of about 20-32 from the outer edges of the field to the center of 

the field. Almost all formation temperature ñhotspotò ï areas where Lyons Formation temperature is 

>115 - reside within or directly adjacent to the CMB trend.  

The Lyons Formation temperature map shown in Figure 3.2 illuminates an interesting correlation 

between localized ñhotspotsò and major fault zones. All areas of anomalously hot temperatures lie 

adjacent to or along Precambrian shear zones that experienced reactivation and subsequent movement 

during the Laramide orogeny (Sonnenberg, 1981). This period of fault reactivation happened coevally 

with the intrusion of late Mesozoic to early Cenozoic CMB magmatic bodies (Wallace, 1988). 

Reactivated fault zones served as conduits for hot, deep basinal brines interacting with CMB magmatism 

to flow upwards to cooler, shallower, porous reservoir rocks. As previously discussed in Chapter 2.4, 

evidence for the Laramide-age interaction between hydrothermal, deep basinal brines with Lyons 

Formation connate waters resulted in diagenesis of cements and mineralization of metallic sulfides. Deep 

basin brines migrated into and laterally through the Lyons Formation, constrained by the thick overlying 

Blaine Anhydrite top seal. Fluid mixing caused dissolution of calcite cement and pervasive replacement 

by dolomite and anhydrite, the sixth event of the Lyons Formation paragenetic sequence.  

The Lyons Formation is one of the more thermally conductive reservoirs in the Denver Basin with a 

measured thermal conductivity of 3.56 +/- 0.04 Wm-1K-1 (thermal conductivity courtesy of the U.S. 

Geological Survey). High thermal conductivity is attributed to the quartz-rich, arenitic lithology of the 

Lyons Formation. Prolonged lateral migration of deep basinal brines through the Lyons Formation 

facilitated thermal conduction from the brines to the surrounding mature sands. Elevated thermal 

conductivity likely ensured that heat from the brines remained in the Lyons Formation after upward flow 

ceased, generating the fault-controlled hotspots shown in Figure 3.2. The correlation between Lyons 

Formation temperature hotspots and Wattenberg Field fault zones suggests that significant heat 

conduction occurred between migrating deep basinal brines and the thermally conductive Lyons 
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Formation. Evidence of thermal conduction between CMB intrusions and deep basinal brines will be 

discussed in later chapters.  

 

Figure 3.2: Reservoir temperature map of the Lyons Formation across the GWA and greater Denver Basin 

area. Individual formation temperatures were calculated for a dataset of 181 wells that reached a total 

depth in reservoir intervals deeper than the Lyons Formation. Basement faults are denoted by the red lines 

and Wattenberg faults are denoted by purple dashes. 
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 CORE STUDY AND GEOCHEMISTRY 

Comprehensive lithologic descriptions of each core were made to identify trends in lithologies and 

diagenetic features in areas inside and outside the CMB. Nine Lyons, Tensleep, and Precambrian 

basement cores were examined for this study. Five cores targeted the Lyons Formation inside the Greater 

Wattenberg Area - 1 CLARA A BACON, 1-30 CARROLL, 1 BROWNELL, 1 UPRR-FERCH, and 

CHAMPLIN 410. Three cores targeted the Lyons Formation and equivalent Tensleep Formation outside 

of the CMB trend - 1-32 MORENG, 1 LAZY W CROSS RANCH, and 8 WILSON. One core targeted the 

Lyons Formation in Redtail Field within the CMB trend - RAZOR 26J-2633L (Figure 1.2, page 4). 

The purpose of a detailed core study is to establish the presence (or lack thereof) of hydrothermal fluid 

migration evidence in the Lyons Formation. This study investigates two types of evidence for 

hydrothermal fluid-rock interactions in sedimentary rocks: 

1. Presence of ore minerals associated with hydrothermal emplacement (pyrite, pyrrhotite, 

chalcopyrite, sphalerite, galena, etc.) 

2. Sulfide mineral emplacement along areas of preferential fluid flow (bounding surfaces, pore 

space, stylolites, etc.) 

Core description, facies distribution, and chemostratigraphic logs compiled from XRF data were 

combined into composite log displays to illuminate correlations between the concentrations of sulfide 

elements and areas of preferential fluid flow. Depths of thin sections containing non-detrital sulfides were 

labelled on log displays to visualize their correlation with core-scale fluid flow conduits. By integrating 

core description, chemostratigraphy, and thin section analysis, the two discussed evidence types were 

sufficiently investigated on the core-scale.  

4.1 Facies and Facies Associations 

Drill core and thin section descriptions were used to identify six facies and four facies associations 

across Lyons and Tensleep Formation cores. Facies include wind ripple-laminated sandstone, grainflow-

laminated sandstone, massive to weakly-laminated sandstone, soft sediment-deformed sandstone, wavy-

laminated sandstone and massive siltstone. Descriptions of each facies are provided in Tables 4.1 ï 4.3. 

The defined facies can be grouped into four facies associations; eolian dune, dry interdune, damp 

interdune and sabkha. Interpretations for each facies association are provided in Table 4.4. Mapping the 

distribution of facies to identify bounding surfaces, bleached zones, and other fluid controls and indicators 

is the main purpose for facies description. Patterns between sulfide enrichment zones and facies 

distribution will illuminate the mechanisms of trace ore metal enrichment in the Lyons Formation and 

other eolian sandstones. 
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Table 4.1: Descriptions for facies #1 and #2, consistent across all cores. 
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Table 4.2: Descriptions for facies #3 and #4, consistent across all cores. 
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Table 4.3: Descriptions for facies #5 and #6, consistent across all cores.  
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Table 4.4: Name, associated facies and interpretation for the four facies associations identified in the 

Lyons Formation and Tensleep Formation cores.  

Association Name Facies Interpretation  

Eolian Dune F1, F2, F3 ¶ Records the deposition, migration, 

preservation of individual dunes and 

dune systems 

¶ The included facies represent all dune 

deposition, high to low angle 

¶ F1 represents lee side dune deposits 

¶ F2 represents stoss side dune deposits 

¶ F3 represents very large stoss side 

dune deposits 

Dry Interdune F1 ¶ Records the deposition and 

preservation of the relatively flat area 

between dunes 

¶ F1 represents interdunal dune toesets 

and genuine interdune deposition 

Damp Interdune F4, F5, F6 ¶ Records interdunal deposition during a 

period of water table rise across a 

dune system 

¶ F4 encompasses all types of sediment 

deformation related to fluid movement 

¶ F5 represents the deposition of dry 

grains onto damp grain surfaces, 

resulting in irregular lamination 

¶ F6 represents suspension settling 

deposition in an interdune pond, 

forming when the water table rises 

significantly 

Sabkha F4, F5, F6 ¶ Records evaporite-rich deposition in a 

near-coastal, dry environment 

¶ F4 encompasses all types of sediment 

deformation related to fluid movement 

and evaporite nucleation and 

expansion 

¶ F5 records deposition onto irregular 

sabkha flat surfaces, forming wavy 

lamination 

¶ F6 represents suspension settling 

deposition in restricted lagoons or 

ponds 
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Characterizing and identifying the types of bounding surfaces between eolian facies is as integral as 

understanding the facies themselves. The term ñbounding surfaceò is used to describe the interface 

between different facies in an eolian deposit (Kocurek, 1988). Identifying bounding surfaces across an 

eolian succession allows intervals of the deposit to be placed into a sequence stratigraphic framework. 

Bounding surfaces are of interest to the hydrocarbon industry because different types of bounding 

surfaces have different implications for fluid movement, sealing capability and flow containers within an 

eolian deposit. Identifying these surfaces across core are of interest to this study because their distribution 

can give insight to preferential pathways of hydrothermal fluid migration within the Lyons Formation. 

Two types of bounding surfaces are of particular importance to this study: first-order bounding surfaces 

and dune migration surfaces (Mountney and Thompson, 2002).  

A first-order bounding surface is the erosional surface between an overlying interdune deposit and 

underlying dune deposit. This surface is also termed an interdune migration surface, as it records the 

migration and preservation of an interdune and proceeding dune (Mountney and Thompson, 2002). First-

order bounding surfaces are the best stratigraphic fluid baffles in an eolian system; the overlying low-

permeability interdune deposit acts as a seal for fluids that preferentially migrate along and through 

underlying high-permeability grain flow and wind ripple deposits along dune foresets. When prospecting 

in an eolian formation for oil, these surfaces are of interest to geologists because of their stratigraphic 

trapping capability. First-order bounding surfaces are important to this study as they may act as 

preferential fluid barriers for hydrothermal brine migration through the Lyons Formation.  

A dune migration surface is the surface between an overlying dune deposit and underlying interdune 

deposit. Dune migration surfaces separate the underlying low-permeability interdune deposit from 

overlying low to moderate permeability dune toeset deposits. Dune toesets are generally the part of a dune 

with the lowest permeability, with permeability increasing upwards to the dune foreset. Therefore, dune 

migration surfaces act as the base of the moderate to high permeability flow container and the first-order 

bounding surface acts as the top of the flow container. Theoretically, hydrothermal fluids would 

preferentially migrate through the dune strata between these two surfaces within the Lyons Formation. 

First-order bounding surfaces and dune migration surfaces are exemplified in a block diagram in Figure 

4.1. 

4.2 California Oil 1 UPRR-FERCH 

The California Oil 1 UPRR-FERCH well was drilled in the northeast part of the GWA. The Lyons 

Formation interval of this core is 71 ft thick with a top depth at 9,159 ft and a base depth at 9,230 ft. Top 

and basal contacts are gradational; the Lykins Formation conformably overlies the Lyons interval and the 

Satanka Formation conformably underlies the Lyons. The Lyons Formation interval is lithologically 
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characterized as a quartzarenite, dominantly composed of sandstone with minor interbedded sandy 

siltstone. 

 

Figure 4.1: Block diagram representation of first-order bounding surfaces and dune migration surfaces in 

reference to their relationships with adjacent facies. Modified from Gross, 2020.  

Facies change in a cyclic order from the top of the core (9,168 ft) to about 9,196 ft. Massive to weakly 

laminated sandstone transitions to wind ripple-laminated sandstone, which in turn transitions to 

grainflow-laminated sandstone. The cyclicity of these facies represents the migration of a dune or dune 

system. Consistent cyclicity ceases at 9,196 ft, where a thick succession of wavy-laminated sandstone is 

deposited. Wavy-laminated sandstone is deposited through the base of the Lyons Formation core (9,230 

ft), with a few interbedded thin intervals of wind-ripple laminated sandstone, grainflow-laminated 

sandstone, and massive to weakly laminated sandstone. This succession represents a prolonged rise of the 

erg system water table, where strata are deposited in a damp interdune environment. Thin intervals of 

dune facies represent the migration of poorly-preserved dunes. Facies distribution across the core is 

shown in Figure 4.3, page 42 with corresponding legend shown below in Figure 4.2. The facies legend in 

Figure 4.2 is used for all cores discussed in this chapter.  
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Figure 4.2: Facies key showing polygon colors with corresponding facies name. Key is consistent across 

all described core.  

The Lyons Formation in the 1 UPRR-FERCH core has undergone at least two fluid bleaching events, 

evidenced by coloration and cementation types. The first fluid bleaching event was the most pervasive, 

where hydrocarbon migration reduced iron oxides and ñbleachedò the entirety of the core gray 

(Levandowski et al., 1973). The second bleaching event appears locally pervasive in this core, primarily 

affecting intervals directly above and below major bounding surfaces. Intervals affected by secondary 

bleaching appear white or much lighter gray than adjacent strata, and anhydrite cement exceeds dolomite 

cement. First-order bounding surfaces are the easiest bounding surface to identify visually in this core 

largely because of their correlation with thick bleaching zones; bounding surface locations are shown in 

Figure 4.4, page 44.  

To identify potential correlations between major bounding surfaces and trace ore metal enrichment 

zones, chemostratigraphic logs are juxtaposed against core description and a facies log (Figure 4.4). 

Chemostratigraphic logs using XRF data were created for elements S, Pb, Cu, and Zn because these 

elements comprise common low to intermediate temperature hydrothermally-emplaced sulfide minerals 

(galena, chalcopyrite, and sphalerite) recognized in the CMB.  A chemostratigraphic log for the element 

Ca was also included to ascertain potential relationships between Ca-rich cements (calcite, anhydrite, and 

dolomite) and ore metal enrichment zones. In this chapter, the term ñore metal enrichment zoneò will be 

used to describe any XRF measurement where the element concentration (ppm) is above average.
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Figure 4.3: Facies distribution across the Lyons Formation interval of the 1 UPRR-FERCH core. Core photos courtesy of the U.S. Geological 

Survey. 
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Per Figure 4.4, about half of the ore metal enrichment zones occur on or near a first-order bounding 

surface and half occur in the eolian dune strata between a first-order surface and dune migration surface. 

Bounding surfaces likely functioned as intraformational fluid barriers, allowing metal-rich fluids to 

migrate through strata of the more porous eolian dune facies.  

The chemostratigraphic logs show that enrichment trends of elements Ca and S almost entirely mirror 

each other. This close relationship enforces the idea that anhydrite is a major constituent of gray Lyons 

Formation cements. A majority of the ore metal enrichment zones correspond to elevated concentrations 

of Ca and S, indicating a potential relationship between anhydrite-rich cement and sulfide emplacement. 

Thin section analysis, which is discussed hereafter, is necessary to determine whether sulfide 

emplacement is the result of direct replacement of anhydrite-rich cements or if sulfides are emplaced in 

areas of anhydrite dissolution. 

Sixteen thin sections were made from 1 UPRR-FERCH core samples selected at areas of XRF 

measurement. Detailed thin section descriptions were undertaken to identify specific sulfide 

mineralization and correlate them to chemostratigraphic and facies logs. The most prevalent sulfides in 

thin section are pyrite, chalcopyrite, and marcasite with minor sphalerite and galena. 

Pyrite (FeS2) is present in all sixteen thin sections and forms euhedral crystals, connected or 

disconnected aggregates, disseminated subhedral to anhedral crystals, and more rarely framboidal masses. 

Pyrite occurs on its own and as part of pyrite-chalcopyrite and pyrite-chalcopyrite-sphalerite assemblages. 

Examples of pyrite mineralization are shown in Figure 4.5, page 45. Emplaced pyrite does not appear to 

place stress upon adjacent detrital grains; instead, pyrite impregnates detrital grain boundaries and 

overprints grains. The lack of stress features on adjacent detrital grains suggests that pyrite dominantly 

fills secondary porosity or replaces cements; fluids depositing pyrite were not at a hot enough thermal 

regime to replace the thermally-resistant detrital quartz. When pyrite appears to ñoverprintò grains, the 

overprinting always occurs near fluid conduits such as intragranular fractures or grain boundaries. This 

relationship indicates that pyrite was deposited from migrating fluids. Pyrite is always emplaced on or 

adjacent to areas of preferential fluid flow ï cements, grain boundaries, microfractures ï further 

indicating that the sulfide was deposited and nucleated in-situ. The euhedral habit of various pyrite grains 

also suggests in-situ nucleation instead of a detrital origin.  

Chalcopyrite (CuFeS2) was observed in all analyzed thin sections and is one of the most pervasive 

sulfides in the 1 UPRR-FERCH core. Chalcopyrite forms connected and disconnected aggregates, 

subhedral to anhedral masses and disseminated subhedral to anhedral crystals. Subhedral to anhedral 

aggregates and masses are the most pervasive chalcopyrite habits observed in thin section. Like pyrite, 

chalcopyrite is emplaced along grain boundaries, microfractures, laminations, and within calcareous 

cements.   
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Figure 4.4: Composite log display for the California Oil 1 UPRR-FERCH core. All chemostratigraphic logs are in parts per million (ppm). 

Horizontal red lines denote 1st-order bounding surfaces, black lines denote dune migration surfaces, and dashed black lines indicate average ppm 

of each element within the core.   
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Figure 4.5: Pyrite mineralization habits in the 1 UPRR-FERCH core. All images are taken under reflected 

light. Py = pyrite; Cpy = chalcopyrite; Qtz = quartz; Anh = anhydrite; OM = organic matter. A: Pyrite 

aggregates replacing anhydrite cement and overprinting quartz grains. Chalcopyrite has replaced pyrite in 

some areas. B: Euhedral to subhedral pyrite emplaced in anhydrite cement and overprinting quartz grains. 

C: Anhedral pyrite aggregates filling pore space and replacing organic matter cement. D: Chalcopyrite 

and anhedral pyrite emplaced in anhydrite and overprinting quartz grains. 

The aforementioned areas of emplacement are all preferential fluid pathways, suggesting that 

chalcopyrite was deposited from a migrating fluids. Emplacement of chalcopyrite overprints detrital 

quartz in some areas, nucleating in intergranular cement and grain boundaries. Examples of chalcopyrite 

mineralization habits are shown in Figure 4.6, page 47. 

Chalcopyrite often occurs in polymetallic assemblages with pyrite, marcasite, sphalerite, and galena.  

When associated with pyrite, chalcopyrite surrounds pyrite masses, replaces pyrite grain boundaries, and 

is underlain by pyrite masses. These relationships suggest that at least two episodes of pyrite 

emplacement occurred, preceding and succeeding chalcopyrite emplacement. Chalcopyrite replaces and is 
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emplaced on the boundaries of the first stage of pyrite deposition. The second stage of pyrite 

emplacement is characterized by pyrite overlying earlier chalcopyrite masses (Figure 4.6, Image D). 

When associated with marcasite, chalcopyrite occurs as small anhedral to subhedral intergrowths and 

inclusions in marcasite veins. Marcasite likely preceded chalcopyrite emplacement; chalcopyrite appears 

to replace the marcasite it is emplaced in. When associated with sphalerite, chalcopyrite occurs as small, 

pervasive inclusions within sphalerite aggregates and as masses replacing sphalerite grain boundaries. 

Chalcopyrite inclusions in sphalerite exhibit a relationship termed ñchalcopyrite diseaseò, which 

represents the earliest stages of replacement of sphalerite by chalcopyrite (Eldridge et al, 1988). These 

relationships indicate that sphalerite deposition preceded chalcopyrite and chalcopyrite has partially 

replaced the earlier sulfide. When associated with galena, galena occurs as disseminated masses emplaced 

on chalcopyrite grain borders and filling open space in subhedral to anhedral chalcopyrite. Galena 

mineralization occurred after chalcopyrite, but does not replace the earlier sulfide.  

Marcasite (FeS2) is one of the most abundant sulfides observed, identified in most thin sections. 

Largest emplacements occur as anhedral to subhedral, unit-distinguishing pore filling cement (Figure 4.7, 

Image A, page 48). Marcasite cement was likely emplaced as fill in secondary porosity; where occurring 

as cement, pyrrhotite solely fills grain boundaries and does not appear to overprint adjacent grains. Pore-

filling aggregates contain abundant small inclusions of chalcopyrite. Marcasite also occurs as anhedral to 

subhedral disseminated masses and aggregates that are in various states of oxidation. Some marcasite 

aggregates appear to be almost entirely replaced by tarnish. Based on these relationships, marcasite was 

likely emplaced before chalcopyrite and at the peak of prior cement dissolution. Figure 4.6 provides 

examples of marcasite mineralization in thin section.  

Sphalerite (Zn,FeS) is one of the least common sulfides observed in thin section. Sphalerite occurs as 

anhedral masses and aggregates that emplaced in pore space and detrital grain boundaries. These 

relationships indicate that sphalerite was emplaced in-situ as secondary porosity fill. Sphalerite is most 

often found in association with chalcopyrite. When forming a polymetallic assemblage, chalcopyrite 

replaces sphalerite grain boundaries and often partially to fully replaces the zinc sulfide. Variably-sized 

blebs of chalcopyrite are distributed unevenly within sphalerite; a replacement texture referred to as 

ñchalcopyrite diseaseò. The small volume of sphalerite and relationship with chalcopyrite suggest that 

sphalerite was one of the earliest sulfides emplaced in the Lyons Formation. Figure 4.8, page 49 provides 

examples of sphalerite mineralization observed in thin section.  

Galena (PbS) is one of the least abundant sulfides observed, and was difficult to discern in thin 

section. Identification of galena largely relied on FESEM analysis, and will be further discussed in 

Chapter 6.  
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Figure 4.6: Thin section micrographs of chalcopyrite mineralization within the 1 UPRR-FERCH core. 

Cpy = chalcopyrite; Py = pyrite; Qtz = quartz; Anh = anhydrite; OM = organic matter. All images are 

taken under reflected light. A: Anhedral chalcopyrite aggregates emplaced in anhydrite cement and 

underlain by pyrite. B: Anhedral to subhedral chalcopyrite mass emplaced in anhydrite cement. 

Chalcopyrite impregnates detrital grain boundaries and overprints quartz. C: Anhedral to subhedral 

chalcopyrite aggregates emplaced in anhydrite cement and overlain by pyrite mass. Chalcopyrite 

impregnates detrital grain boundaries and overprints quartz. D: Anhedral to subhedral chalcopyrite and 

pyrite aggregates impregnating detrital grain boundaries and infilling microfractures in quartz.  
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Figure 4.7: Thin section micrographs of marcasite mineralization within the 1 UPRR-FERCH core. Marc = marcasite; Anh = anhydrite. All 

images are taken under reflected light. A: Marcasite emplaced as anhedral to subhedral unit-extinguishing lenses of cement fill. Marcasite occurs 

alongside anhydrite cement and tarnish via oxidation is visible. B: Marcasite emplaced as subhedral unit-extinguishing lenses of cement fill 

alongside anhydrite. Emplacement is mostly constrained by adjacent detrital grain boundaries. C: Extensively tarnished marcasite occurs as 

anhedral, unit-extinguishing lenses of cement fill alongside anhydrite. Small subhedral chalcopyrite inclusions are observed within marcasite 

cement.
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Figure 4.8: Thin section micrographs of sphalerite mineralization within the 1 UPRR-FERCH core. All 

images are taken under reflected light. Cpy = chalcopyrite; Sph = sphalerite; Anh = anhydrite; Qtz = 

quartz. A: Anhedral sphalerite aggregates being replaced by chalcopyrite and exhibiting chalcopyrite 

disease. Sphalerite impregnates pore space and grain boundaries. B: Anhedral sphalerite aggregates being 

replaced by chalcopyrite and emplaced between detrital grain boundaries. C: Anhedral sphalerite 

aggregate in chalcopyrite. 

The abundance and habit of identified sulfides indicates that they were emplaced and nucleated in-situ 

from metal-carrying hydrothermal fluids. Most sulfides were likely deposited in secondary porosity 

before nucleating to overprint detrital grains and adjacent cements. However, there is not enough data to 

discredit emplacement via cement replacement. Sulfides may have replaced secondary anhydrite cements 

to some extent. The most feasible emplacement mechanism is a combination of both secondary porosity 

fill and cement replacement. 



 

50 

 

4.3 Hershey Oil Corp 1-32 MORENG 

The Hershey Oil Corp 1-32 MORENG well was drilled about 20 miles north of the GWA, outside of 

the CMB trend. Core from this well includes the Muddy ñJò Sandstone and the Lyons Formation. The 

Lyons Formation interval of the 1-32 MORENG core is 93-ft-thick with a top depth at 8,080 ft and a base 

depth of 8,173 ft. Very-fine to fine-grained quartz-rich sandstone with minor interbedded siltstone defines 

the lithology of this core. The Lyons Formation is characterized as a subarkose sandstone.  

Lyons Formation deposits east of the Front Range near the Colorado-Wyoming border are siltier and 

more evaporite-rich than deposits in Wattenberg Field. During the Permian, this area was on the edge of 

the Lyons erg system in a sabkha environment. Consequently, the most abundant facies in this core is 

Facies #5, wavy-laminated sandstone. Some intervals of Facies #1 and #2, eolian dune facies, are present 

but are thin and do not have a consistent cyclicity. The intervals of eolian dune facies represent the 

migration of poorly-preserved dunes. Facies #4, #5, and #6, sabkha and damp interdune facies, compose 

most of the core and represent deposition in a dominantly sabkha environment. The presence of 

intermittent anhydrite nodules further suggests that this core was deposited in a sabkha environment. 

These nodules are about half an inch to an inch thick and lie in Facies #5 and #6, wavy-laminated 

sandstone and massive siltstone. Distribution of facies across the core as shown in Figures 4.9 and 4.10 

with corresponding legend shown in Figure 4.2, page 41.  

ñRedò Lyons Formation deposits, such as those seen in the 1-32 MORENG core, have not undergone 

the multiple fluid bleaching events seen in ñgrayò Lyons Formation cores. Therefore, original iron oxide 

and calcite cement is still pervasive within the core. Thin section analysis affirmed the lack of anhydrite 

and dolomite cement apart from within anhydrite nodules. Initial thin section analysis also reveals a 

distinct lack of sulfide emplacement; there is no pyrite, chalcopyrite, marcasite or sphalerite present 

within the thin sections. However, iron oxide-rich Lyons Formation deposits have a higher volume of 

heavy minerals than reduced Lyons Formation samples. Minerals such as zircon, tourmaline, sphene, 

rutile, ilmenite, apatite, and titanium oxides are present across all 1-32 MORENG thin sections and are 

concentrated within laminations. Thin section micrographs shown in Figure 4.11, page 53 display 

cementation types and detrital heavy minerals. 

X-ray fluorescence measurements were taken at one-foot intervals across the 1-32 MORENG core. 

Data from the XRF measurements do show an enrichment in ore metal elements (Pb, Zn, Cu), but the lack 

of sulfide mineral emplacement in thin section suggests that enrichment of these elements is from a 

detrital source. Figure 4.12, page 54 displays chemostratigraphic logs juxtaposed against a core 

description and facies log for the core. 
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Figure 4.9: Facies distribution across the first half of the 1-32 MORENG core, depths 8080 ft ï 8122 ft. Core photos courtesy of the U.S. 

Geological Survey. 
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Figure 4.10: Facies distribution across the second half of the 1-32 MORENG core, depths 8122 ft ï 8169 ft. Core photos courtesy of the U.S. 

Geological Survey.  


















































































































