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ABSTRACT

Diagenetic trends in sandstones of the Weber and Maroon formations record a 

complex hydrologie history that began with early depositional waters and proceeded through 

a succession of pore waters and fluid regimes that were controlled by the structural histories 

of both the Uinta and Piceance basins. The Weber and Maroon formations in northwest 

Colorado and northeast Utah record a complex interaction between eolian and fluvial systems 

in an erg-margin setting. Eolian deposits of the Weber Formation are comprised of 

predominantly low-relief, low-angle cross-stratified sandsheet sandstones and horizontally 

stratified wet and evaporitic interdune sandstones. High-angle cross-stratified dune deposits, 

although present, are relatively uncommon in the cores described. Fluvial deposits of the 

Maroon Formation are comprised predominantly of low-angle cross-stratified coarse-grained 

arkosic channel sandstones and horizontally stratified fine- to very fine-grained overbank 

sandstones, siltstones and mudstones.

Temporal relationships among diagenetic events in the Weber and Maroon formations 

exhibit a paragenetic sequence that is similar in both the Uinta and Piceance basins, although 

the dominant diagenetic processes and/or products differ between the two basins. Diagenetic 

events common to both basins include the precipitation of (in order of occurrence): 

poikilotopic calcite, pyrite, silica, carbonate (calcite and dolomite), and authigenic clay. 

Diagenesis in the Uinta basin is dominated by relatively early and extensive quartz overgrowth 

cementation and late-stage feldspar dissolution and associated precipitation of kaolinite, 

illite and fine-crystalline quartz. Diagenesis in the Piceance basin, in contrast, is dominated 

by the precipitation of pore-filling and grain-replacement nonferroan and ferroan carbonate 

cements. Authigenic clay in the Weber and Maroon formations is predominantly grain-
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replacement and pore-filling chlorite and minor amounts of illite. These diagenetic events 

are interpreted in terms of three major diagenetic environments (shallow burial, deep burial, 

and uplift), each of which are characterized by a series of diagenetic processes/products 

that are related to relative timing and the fluid regime in which they occurred.

Diagenetic events interpreted to have occurred during shallow burial include the 

formation of clay cutans, Fe-oxide grain coatings, poikilotopic calcite cement, and the 

precipitation of pyrite. Diagenetic events (with the exception of pyrite) related to shallow 

burial are interpreted to have occurred in the presence of meteoric waters that were present 

in the depositional environment and/or as shallow groundwaters. Pyrite formed by bacterial 

sulfate reduction related to infiltration of seawater into the Weber Sandstone during marine 

transgression. The deep burial environment is characterized by silica cementation, calcite 

and dolomite cementation, precipitation of authigenic clays, and hydrocarbon migration. 

The majority of burial related diagenetic processes in both the Uinta and Piceance basins 

probably occurred in late Cretaceous during accelerated burial associated with the later 

stages of the Sevier orogeny and initial stages of the Laramide orogeny. Burial diagenetic 

fluids responsible for silica cementation in the Uinta basin are interpreted to have migrated 

into the Weber Sandstone from siliceous deposits to the west in the Oquiirh basin. Fluids 

responsible for carbonate cementation in the Piceance basin are interpreted to have originated 

in carbonate strata that underlie the Weber Sandstone in the Piceance basin and/or from 

carbonate and evaporite strata in the Eagle basin. Diagenesis related to uplift includes the 

partial to complete dissolution of detrital feldspars and the precipitation of authigenic 

kaolinite, minor illite and quartz as reaction products. These diagenetic reactions are the 

result of post-Laramide recharge of meteoric waters into the Weber sandstone in the 

northeastern part of the Uinta basin, north of the Uinta basin boundary fault.
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Chapter 1 

INTRODUCTION

1.1 Purpose and Objectives

The Weber Sandstone is a Pennsylvanian - Permian eolian deposit which is present 

throughout much of the northern Piceance and northeastern Uinta basins in northwestern 

Colorado and north-central Utah, respectively. Published diagenetic studies of the Weber 

Sandstone have documented differences in diagenetic style in the Uinta and Piceance basins, 

suggesting that both local and basin-scale fluid movement and mass transport were key 

components in the diagenetic evolution of the Weber Sandstone. Measurements of the 

chemistry and isotopic composition of existing pore waters in the Weber Sandstone have 

identified two families of waters (basin margin meteoric and deep basin saline brines), the 

distributions of which are controlled by Laramide-age structural deformation (Burtner, 1987). 

The purpose of this study was to evaluate patterns of fluid flow as interpreted from 

geochemical evidence in the Weber Sandstone during the structural evolution of the Uinta 

and Piceance basins, and identify possible sources of the pore fluids as well as the chemical 

and physical processes by which the pore waters have been modified. Specific research 

objectives were to: 1) identify diagenetic events (i.e., precipitation and dissolution of minerals) 

in the formation, determine their relative order, and note stratigraphie and geographic 

variations; 2) interpret the chemical and hydrologie conditions under which the diagenetic 

events occurred; 3) integrate the diagenetic history of the sandstone with its burial history 

in each basin; and 4) constrain potential sources of pore fluids based on observed diagenetic 

trends. These objectives will help develop a calibrated predictive model for diagenesis and 

porosity evolution in the Weber Sandstone in the Uinta and Piceance basins and provide 

insight into the nature of diagenetic reactions in similar settings.
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1.2 Conceptual Framework

Many diagenetic processes in sedimentary basins involve reactions between 

porewaters and mineral phases, and are dependent on the chemical composition of the 

porewaters and local and basin-wide scales of fluid movement to redistribute mass in the 

system. The chemical composition of porewaters reflect a variety of chemical, physical 

and biological processes which act on a sediment from the time of deposition throughout its 

burial history. The extent of fluid flow within a sedimentary rock unit is strongly controlled 

by the initial permeability distribution and by fluid flow mechanisms operating throughout 

the geologic evolution of a sedimentary basin. In many sedimentary basins, the porewaters 

responsible for diagenetic reactions have either chemically evolved or completely disappeared 

from the system and therefore their characteristics cannot be directly measured. Diagenetic 

minerals which crystallized in equilibrium with porewaters, however, should retain chemical 

compositions characteristic of the waters from which they precipitated. The chemical 

composition (stable isotope and trace element) of diagenetic minerals interpreted in terms 

of the sequence of diagenetic change can be used to evaluate the chemical conditions under 

which the minerals precipitated. The stratigraphie and geographic distribution of diagenetic 

events, when coupled with the theory of groundwater flow in sedimentary basins, can provide 

a framework for understanding the hydrologie systems responsible for diagenesis of a 

sedimentary rock unit. The following is a brief review of the concepts of basin hydrology, 

stable isotope and trace element geochemistry, and chemical modeling of rock - water 

interactions and the assumptions and limitations inherent in applying these techniques to 

the study of clastic diagenesis.
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Basin Hydrology

The hydrodynamics of sedimentary basins are controlled by the interaction of several 

factors: 1) the geologic history of the basin; 2) the fluid flow driving mechanisms; 3) the 

permeability distributions within and between sedimentary rock units; and 4) the fluid 

potential energy distribution (Kreitler, 1989). The relative importance of each of these 

processes in controlling hydrologie conditions varies from basin to basin, as well as during 

the geologic evolution of a single sedimentary basin. Perhaps the two most important and 

often cited mechanisms for regional scale groundwater movement in sedimentary basins 

are compaction- and gravity-driven groundwater flow. The general characteristics of each 

of these hydrologie mechanisms are reviewed below.

Young, actively subsiding basins with rapid sedimentation of undercompacted 

sediments (particularly shales) are characterized by the establishment of compaction-driven 

groundwater flow regimes (Galloway, 1984). The driving mechanism for compactional 

flow is pore volume collapse during continued burial, resulting in an overall tendency for 

trapped pore waters to flow laterally toward the basin margins (Figure 1.1a) (Magara, 1976; 

Bethke, 1985,1990). Vertical permeability anisotropies resulting from the inter-layering of 

strata (e.g., sandstones and shales) create dominantly lateral pathways parallel to bedding. 

Compactional flow predominantly occurs below the zone of active meteoric water circulation 

and is limited to the volume of pore water buried within the sediment. Since compactional 

flow is limited by the volume of pore fluid buried, fluid volumes and velocities are controlled 

by the compaction process and not the permeability of the rock matrix (Bethke, 1985). 

Numerical models of compaction-driven flow indicate that after initial rapid pore-space 

reduction with early burial (first few hundred meters), compaction is a slow process and 

fluid velocities, therefore, are slow (only millimeters per year in intracratonic basins) (Cathes
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Figure 1.1. Groundwater flow regimes which can develop in (a) young, actively subsiding 
basins (from Galloway, 1984) and (b) mature, topographically uplifted basins (from Garvin, 
1989). The relative importance of each of these groundwater flow regimes varies from 
basin to basin and during the evolution of a single sedimentary basin. Arrows indicate the 
general direction of fluid movement.
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and Smith, 1983; Bethke, 1985). The compactional flow system remains active only as 

long as active subsidence and basin filling continues.

The chemical composition of compactional pore waters is largely controlled by the 

initial composition of waters in the depositional environment, ranging from meteoric 

(originating as continental precipitation) to sea water-derived brines (Kreitler, 1989). Solute 

transport by regional compaction-driven groundwater flow has been suggested as a 

mechanism for the genesis of basin margin ore deposits (Noble, 1963; Jackson and Beales, 

1967: Dozy, 1970) as well as contributing to the diagenesis of sandstones in the Gulf of 

Mexico basin (Galloway, 1984). Diagenetic features commonly attributed to compactional 

flow include quartz and albite overgrowths, albitization of plagioclase, calcite cementation 

and grain replacement, authigenic kaolinite and chlorite cements, and leaching of detrital 

grains and authigenic cements (Boles and Franks, 1979; Galloway, 1984).

In geologically mature, topographically uplifted, sedimentary basins, gravity is 

considered to be the dominant mechanism controlling groundwater flow (Hubbert, 1940). 

The theory of groundwater flow shows that the magnitude and direction of fluid flow is 

controlled primarily by the configuration of the water table (i.e. potential energy distribution) 

(Toth, 1962, 1963; Freeze and Witherspoon, 1966, 1967, 1968). The water table 

approximately parallels the topography across a basin, directing regional groundwater flow 

from areas of high topographic elevation toward areas of lower elevation (Figure 1.1b). 

Gravity-driven flow systems are dynamic, changing in magnitude and direction in response 

to modifications in the configuration of the water table and the permeability structure of 

basin sediments during the geologic evolution of a basin. These flow systems are usually 

dominated by meteoric water that recharges by infiltration of precipitation in the catchment 

area, with the depth of penetration restricted to shallow portions of the basin fill. The depth
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of this zone, which may reach 1.5 - 2 km (Galloway, 1984; Harrison and Summa, 1991), is 

limited by reduction in the permeability of the aquifer which may be a function of lithologie 

changes and/or faulting. Given sufficient time, once compactional flow ceases in a basin, 

gravity-driven flow systems can expand and completely flush connate waters from permeable 

aquifers. Diagenetic features commonly attributed to the meteoric regime include the 

precipitation of sparry calcite cement, kaolinite and feldspar overgrowths and the dissolution 

of detrital feldspar and rock fragments (Galloway, 1984).

Gravity-driven groundwater flow systems have been documented in the Gulf of 

Mexico basin (Galloway, 1984; Harrison and Summa, 1991), western Canada sedimentary 

basin (Hitchon, 1969a, 1969b; Toth, 1978) and in the Palo Duro basin, Texas (Senger et al, 

1987). Unlike compaction-driven groundwater flow in which fluid volume and velocity is 

proportional to the rate of pore volume collapse, gravity-induced flow is proportional to 

aquifer permeability (Bethke, 1986) and topographic elevation. Numerical simulations have 

shown that regional gravity-driven flow rates of tens of meters per year can be produced 

(Bethke, 1986; Garven, 1985,1989) and sustained at high rates for millions of years (Garven 

and Freeze, 1984a, 1984b). The relatively high rates of groundwater flow can have a major 

influence on heat flow distribution in a basin, providing nearly isothermal conditions along 

basin aquifers from the deep basin to shallow updip positions. Regional gravity-driven 

groundwater flow systems have been suggested as important mechanisms for mass transport 

and the subsequent accumulation of ore deposits and hydrocarbons in intracratonic (Bethke, 

1986,1991) and foreland basin (Garven, 1985,1989; Leach and Rowan, 1986; Hearn et al., 

1987) settings.

An additional mechanism for deep groundwater flow in evolving foreland basins is 

the concept of “tectonic fluids”, emphasizing the role of large scale compression and thrusting
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in driving regional fluid flow in foreland basins (Oliver, 1986). According to this theory, 

initially porous continental margin sediments filled with fluids (primarily seawater) are 

buried and overridden during early stages of foreland basin development. Increased rates 

of subsidence in the foreland sag in response to tectonic loading allows for more sediment 

deposition and the development of high pore pressures. Additional tectonic compression 

and loading initiate transient fluid flow in basal aquifers, focusing flow and carrying heat 

and solutes toward the basin margin. Numerical calculations have shown that tectonic 

compression and loading in an actively deforming foreland basin can create significant 

transient fluid flows (Ge and Garven, 1989; Demming et al., 1990). Much of the excess 

pore pressure generated by compression is dissipated rather quickly and results in the 

expulsion of relatively small volumes of fluid as compared to gravity-driven flow systems. 

Transient fluid flow systems may form and dissipate several times during the evolution of a 

foreland basin, periodically contributing to established gravity-driven regional flow systems.

Stable Isotope Geochemistry

Differences in the chemical and physical properties of isotopes arise from differences 

in the atomic mass of an element (Hoefs, 1980; Anderson and Arthur, 1983). These subtle 

but significant differences in the behavior of the isotopes of an element lead to the partitioning 

(fractionation) of isotopes between two substances yielding different isotopic compositions. 

Isotopic fractionation is caused by natural chemical, physical and biological processes and 

is therefore useful for suggesting possible sources of water (meteoric, seawater, seawater- 

derived brines), amongst many other things.

Stable isotope abundances and variations are reported in the standard delta (8) 

notation, which is expressed as the ratio between the heavy, rare isotope versus the light.
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abundant isotope in the sample and the standard. The relative difference (5 value), reported 

in parts per thousand or per mil (%c), is given by:

8(%c) = R(sample) ' R(sta°dald) x 1000
^(standard)

where R is the isotopic ratio (e.g., 180 /160 , 13C/12C). The reference standard for reporting 

oxygen and hydrogen isotopic variations in natural waters is SMOW (standard mean ocean 

water), which is a hypothetical water with oxygen and hydrogen isotope ratios similar to 

that for unmodified ocean water (S180  and 8D = 0 %c)(Hoefs, 1980; Anderson and Arthur, 

1983). The oxygen and carbon isotopic composition of sedimentary carbonates are reported 

against the PDB standard (derived from a belemnite from the Cretaceous Pee Dee Formation, 

South Carolina). Conversion from the SMOW to PDB scale is given by the expression:

818Opdb = 0.97006 818Osmow ~ 29.94.

The isotopic composition of natural waters is expressed in comparison to the isotopic 

composition of ocean water, which is the ultimate source of continental meteoric waters. 

Local isotopic variations in ocean waters are due to evaporation, runoff and mixing, but due 

to its large mass, isotopic variations in the ocean are small. The isotopic composition of 

continental meteoric waters are predominantly determined by evaporation and condensation 

processes related to temperature, latitude and altitude. Isotopically light water molecules 

(160 ) evaporate more easily than the isotopically heavier water molecules (lsO) due to 

differences in the vapor pressures of the two molecules. As a result, the water vapor is



T-4067 9

enriched (relative to ocean water) in the lighter water molecules (negative 5180  and 8D 

values) and the residual liquid becomes enriched in the heavier water molecules (positive 

5180  and ÔD values). The isotopic fractionation will proceed more efficiently and the trends 

in isotopic composition will become more pronounced if the vapor and residual phases are 

continually isolated from each other. Since oxygen isotope exchange occurs primarily by 

dissolution and reprecipitation in carbonate minerals, oxygen isotope geochemistry is useful 

in the study of water/rock interactions, especially for geothermometry and for suggesting 

possible sources of water.

The 813C of carbonate minerals is relatively insensitive to changes in temperature 

and is generally used as an indicator of the source of the total dissolved carbon in the solutions 

from which they precipitated. The two main carbon reservoirs are 1) the oxidized reservoir 

(CO2, HCO3-, and carbonate minerals) and 2) the reduced reservoir (organic compounds 

and fossil fuels). Dissolved carbon contributed by the dissolution of pre-existing carbonate 

rocks will yield generally heavier S13C values, with a mean of approximately 0%c (Anderson 

and Arthur, 1983). Carbon contributed by organic degradation reactions will produce S13C 

values that are isotopically light (strongly negative), with a mean value of approximately 

-25%c (Irwin et al., 1977). Carbonate minerals precipitated from meteoric waters will 

generally be depleted in 180  relative to ocean water and show a much broader range in the 

carbon isotopic composition than marine carbonates.

The isotopic composition of pore waters reflects a variety of physical, chemical and 

biological processes that occurred during deposition and burial. Seawater, meteoric water 

and formation waters (modified by mixing and/or water/rock interaction) have characteristic 

isotopic signatures that can reveal much about their origin and evolution ( Clayton et al., 

1966; Hitchon and Friedman, 1969). Since minerals crystallized in equilibrium with pore
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waters retain isotope signatures characteristic of the fluid (provided that further isotopic 

exchange does not occur between the mineral and fluid as temperatures increase), they can 

provide information concerning the origin and evolution of pore waters during diagenesis 

(Longstaffe, 1983,1984,1985,1986;Ayalon and Longstaffe, 1985; Longstaffe and Ayalon, 

1986; Tilley and Longstaffe, 1989).

Trace Elements

Compositional zoning of trace elements in diagenetic calcite and dolomite has 

provided an important tool for establishing the cause and timing of cementation, the trace 

element content and redox potential of fluids responsible for cementation, and the 

development of paleohydrologic models for cementation (Machel, 1985; Machel and Burton, 

1991; Meyers, 1991). Cathodoluminescence (CL) microscopy, coupled with electron 

microprobe analyses, are widely utilized methods for the study of diagenetic carbonates 

because luminescence is governed by the trace element distributions in these minerals. This 

section summarizes the relationship between trace element composition and visual 

cathodoluminescence, the logic involved in the correlation of cement compositional zones 

and the development of cement stratigraphies, and paleohydrologic implications of CL cement 

stratigraphies.

Visual CL colors and intensities in carbonate cements are correlated with Mn2+ and 

Fe2+ contents as measured by electron microprobe analyses (Pierson, 1981; Frank et al., 

1982; Fairchild, 1983; Grover and Read, 1983; Machel, 1985; Mason, 1987; Hemming et 

al., 1989). Although many trace elements are capable of influencing CL in carbonates, the 

most important activator and quencher of luminescence in calcite and dolomite is Mn2+ and 

Fe2+, respectively, both of which substitute for Ca2+ in the crystal lattice (Machel, 1985;
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Machel et al. 1991). The intensity and color of luminescence are a function of the absolute 

concentrations of Mn2+ and Fe2+ and of the Fe2+/Mn2+ ratio (Mason, 1987; Hemming et al., 

1989). Although Fe2+/Mn2+ ratios may control the maximum CL intensity, at constant 

Fe2+/Mn2+ ratios CL intensity is controlled mainly by the absolute concentrations of Mn2+ 

and Fe2+. Luminescence intensity appears to be positively correlated to the abundance of 

Mn2+ (at constant temperature, density, and beam current) and inversely with the Fe2+ content 

High sensitivity ion microprobe measurements give a minimum visual detection limit for 

Mn2+ - activated (quencher free) CL at approximately 25 ppm Mn2+ for natural diagenetic 

calcite (Mason, 1987), which is in close agreement to estimates of 15-30 ppm Mn2+ in 

synthetic calcites (ten Have and Heijnen, 1985). At Fe2+ concentrations below approximately 

1000 ppm (Hemming et al., 1989) to 1600 ppm (Mason, 1987), CL intensities are more 

sensitive to Mn2+ concentrations than to Fe2+ concentrations. For Fe2+ contents greater 

than 1000 - 1600 ppm, Fe2+ acts as a suppresser of CL, with CL intensity being negatively 

related to the Mn2+ content Fe2+ contents up to approximately 11,000 ppm do not extinguish 

Mn2+ - activated CL in calcites (Fairchild, 1983; Mason, 1987; Niemann and Read, 1988; 

Hemming et al., 1989).

Zoning in carbonate minerals represen ts a spatial variation in the concentration of 

trace elements (predominantly Fe and Mn), which reflects temporal changes in either growth 

conditions (e.g. pore water properties) or growth mechanism (Reeder, 1991). Compositional 

zoning types are divided into two major groups, concentric and sectoral, based on the spatial 

relationship of the compositional zoning pattern to the growth surface of the crystal (Figure 

1.2 ).

Concentric zoning is the most commonly recognized zoning type, in which the 

composition interface coincides with the growth surface (Figure 1.2a). Concentric zoning
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Figure 1.2. Common cathodoluminescent zoning types in carbonate cements: (a) simple 
concentric zoning; (b) sectoral zoning (after Machel and Burton, 1991)

reflects compositional changes at the crystal growth surface attributed to changes in the 

bulk fluid properties, thereby providing the foundation for zonal cement stratigraphy (Meyers, 

1974, 1978, 1991; Grover and Read, 1983; Dorobek, 1987; Goldstein, 1988; Kaufman et 

al., 1988; Niemann and Read, 1988). Sector - related zoning (Figure 1.2b) exists where the 

composition interface does not coincide with the crystal growth face, recording spatial rather 

than temporal trace element incorporation (Reeder and Grams, 1987; Reeder, 1991). Sectoral 

zoning can provide insight into trace element partitioning and crystal growth, but is less 

useful in cement stratigraphy because it does not record temporal variations in fluid properties 

during crystal growth.

Trace element incorporation into carbonate minerals from aqueous solutions under 

equilibrium conditions is commonly expressed by the Homogenous Distribution Equation:

t> _  (XMeWXça^s
(aMXaofOi
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where Dmc is the thermodynamic distribution coefficient, Xmc2"1" and Xca2+ are the mole 

fractions of a trace element Me2+ (substituting for Ca2+) and Ca2+, respectively, in the solid, 

s; aMe2+ and aca2+ are activities in the liquid, 1 (Machel and Burton, 1991; Dromgoole and 

Walter, 1990). The distribution coefficients for Mn2+ and Fe2+ incorporation into carbonate 

minerals depend on crystal growth kinetics, temperature, and solution chemistry (Dromgoole 

and Walter, 1990; Machel and Burton, 1991). Experimental precipitation of Mn2+- and 

Fe2+-bearing calcites indicate that for both Mn2+ and Fe2+, incorporation into calcite increases 

with decreasing precipitation rate or increasing temperature (Dromgoole and Walter, 1990). 

Variations in precipitation rate or temperature have a greater effect on the absolute amount 

of Mn2+ and Fe2+ incorporated into calcite than on their relative proportions. Relatively 

large changes in temperature or crystal growth rate are required to change the Mn2+/Fe2+ 

ratio in calcite cements precipitated from solutions with constant Mn2+ and Fe2+ 

concentrations. Although changes in precipitation rate and temperature can cause variations 

in Mn2+ and Fe2+ incorporation in carbonate cements (and therefore, variations in CL color 

and intensity), these effects are probably minimal with respect to major luminescent zoning 

in natural calcite cements.

Cathodoluminescent studies of carbonate cements in natural diagenetic environments 

are based on the assumption that Mn and Fe contents of carbonate cements can be used to 

infer redox (Eh) conditions of the pore fluids from which they crystallized (e.g., Meyers, 

1974,1978; Frank et al., 1982; Grover and Read, 1983; Dorobek, 1987). The geochemical 

model relating these factors is based on the assumption that the Mn2+ and Fe2+ concentrations 

of groundwaters are controlled primarily by Eh-dependent solubility of Mn- and Fe-bearing 

minerals, and to a lesser extent by pH, because pore water pH is buffered by carbonate 

equilibria (Carpenter and Oglesby, 1976; Oglesby, 1976; Frank et al., 1982). Changes in Eh
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affect concentrations of elements in solution which have different valence states, with the 

oxidized state (e.g., Mn4+) being less soluble than the reduced state (e.g., Mn2+). A decrease 

in Eh can increase the concentrations of Mn2+ and Fe2+ in solution, first Mn2+ and then 

Fe2+’ because Mn4+ is reduced at higher Eh than Fe3+. The sequence of cathodoluminescent 

zones in natural carbonate cements, therefore, reflect changes in redox potentials of pore 

waters through time.

One of the most common sequences of cathodoluminescent zoning in carbonate 

cements is that of non-bright-dull, which is conventionally interpreted to reflect a change in 

the diagenetic environment from near-surface oxidizing conditions to deeper burial reducing 

conditions (e.g., Meyers, 1974,1978; Grover and Read, 1983; Dorobek, 1987). Individual 

and/or sequences of cement zones can be correlated both within and between localities, 

which are then used to develop cement stratigraphies which are interpreted to have time- 

stratigraphic significance. The lateral and vertical distribution of cement zones and changes 

in cement zonation have in turn been used to interpret characteristics of paleo-groundwater 

systems (e.g., paleo-recharge areas, flow directions; intraformational subareal 

unconformities).

1.3 Study Area

The study area is located in northwest Colorado and northeast Utah, encompassing 

the northern part of the Piceance basin and the northeastern part of the Uinta basin (Figure 

1.3). Major structural features within and adjacent to the study area include the White 

River uplift and Uinta Mountain uplift which border the Piceance basin to the east and the 

Uinta basin to the north and northeast, respectively. The Douglas Creek arch is a broad 

north-south trending anticline that separates the Uinta and Piceance basins. The northwest-
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southeast trending Axial Basin arch, which is the eastern extension of the Uinta Mountain 

uplift, borders the Piceance basin to the northeast and separates the Piceance and Sand 

Wash basins. Major faults in the study area are predominantly north-south and northwest- 

southeast trending thrust and high angle reverse faults which have vertical displacements 

that may exceed 15,000 feet in some cases.

The Weber and Maroon formations crop out along the western and northwestern 

edge of the White River uplift and along the southern flank of the Uinta Mountain uplift. In 

northeastern Utah and the northwest corner of Colorado the Weber Sandstone is 

approximately 1,000 feet thick and is characterized by eolian deposits (Figure 1.4). To the 

east and southeast the eolian Weber Sandstone is interstratified with and eventually replaced 

by alluvial facies of the Maroon Formation. Depth to the top of the Weber Sandstone 

ranges from approximately 3,000 - 7,000 feet on the upthrown block associated with the 

Uinta basin boundary fault, 5,500 - 6,500 feet in the Rangely field area, to greater than 

16,000 feet in the Uinta and Piceance basin axes, adjacent to boundary faults associated 

with the Uinta Mountain and White River uplifts, respectively.
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Rangely Field
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Weber (Eolian) Transition Zone HIMaroon Formation

Figure 1.4. Within the study area, eolian facies of the Weber Sandstone attain thicknesses 
in excess of 1,200 feet, and grade into fluvial deposits of the Maroon Formation to the east 
and southeast. A zone of transition (School House Tongue) is present between eolian deposits 
of the Weber and fluvial deposits of the Maroon Formation. The transition zone is 
characterized by complexly interstratified eolian and fluvial deposits (from Fryberger and 
Koelmel, 1986).
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Chapter 2 

GEOLOGIC SETTING

2.1 Tectonic Framework

The Uinta and Piceance basins are both structural and sedimentary basins that formed 

in response to basement-involved structural deformation of the Rocky Mountain foreland 

province during the Laramide orogeny, which occurred during latest Cretaceous (Campanian) 

to early Tertiary (Eocene) time (Dickinson and Snyder, 1978). The north-eastern Uinta 

basin is presently bounded by the Uinta Mountain uplift to the north and the Uncompahgre 

uplift to the south (Figure 2.1). The northern Piceance basin is bounded by the White River 

uplift to the east, the Axial Basin arch and Uinta Mountain uplift to the north, and the 

Uncompahgre uplift to the southwest. The Douglas Creek arch, a broad north-south trending 

anticline along the Colorado-Utah border, separates the Uinta and Piceance basins. Both 

basins are highly asymmetric intermontane basins, with the deepest parts adjacent to major 

bounding thrust faults associated with the Uinta Mountain and White River uplifts. Major 

faults in the area are characterized by predominantly east-west to northwest-southeast trends, 

reverse and overthrust geometries, and large vertical displacements (Hansen, 1986; Stone, 

1986a). These deep basement faults, many of which are defined only from seismic data, are 

listric in profile with vertical separations ranging from 5,000 - 10,000 feet along the Uinta 

Mountain and Axial Basin uplifts (Hansen, 1968; Powers, 1986; Richard, 1986; Stone 1986a, 

1986b) to as much as 30,000 feet proposed for the thrust fault beneath the Grand hogback 

along the eastern margin of the Piceance basin (Johnson and Nuccio, 1986). The general 

structural geometry of the basins and adjacent uplifts are illustrated by the cross sections in 

Figure 2.2. Although the tectonic history of the area was dominated by Laramide tectonic
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Figure 2.1. General structural setting of the Uinta and Piceance basins and adjacent uplifts 
and trends of major faults in northwest Colorado and northeast Utah. Line segments A-A', 
B-B' and C-C represent positions of structural cross sections illustrated in Figure 2.2 
(modified from Bowker and Jackson, 1989).
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Figure 2.2. General structural geometries of the Uinta and Piceance basins and related
uplifts. Positions of the cross sections are illustrated in Figure 2.1 (modified from Sanborn,
1977).
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events, a mosaic of regional fault systems originating as early as Precambrian time were 

repeatedly reactivated, influencing subsequent structural and sedimentation patterns (Tweto, 

1977, 1980; DeVoto, 1986; Hansen, 1986). The tectonic history of the Uinta - Piceance 

basin province can be divided into five distinct phases of basin development (Johnson et al., 

1990): 1) passive continental margin during late Precambrian through Mississippian time; 

2) intracratonic deformation associated with the ancestral Rocky Mountain orogeny during 

earliest Pennsylvanian through early Permian time; 3) slowly subsiding continental margin 

during the early Mesozoic (Triassic - Jurassic); 4) late Mesozoic (late Jurassic - late 

Cretaceous) thrusting and foreland basin development associated with the Sevier orogeny; 

and 5) basement-involved deformation of the Rocky Mountain foreland province into 

basement-cored uplifts and intervening sediment-filled basins during the Laramide orogeny 

(late Cretaceous - late Eocene).

Throughout much of the Paleozoic era, the area now occupied by the Uinta and 

Piceance basins was part of the passive continental margin along the western edge of the 

North American craton (Sloss, 1988). The Precambrian through middle Paleozoic tectonic 

history of northeastern Utah and northwestern Colorado was characterized by recurrent 

strike-slip movements on major west-northwest-trending faults and repeated epeirogenic 

uplift with only minor associated deformation. Most of the area now occupied by the Uinta 

Mountain uplift became an west-northwest-trending structural trough that, through 

intermittent subsidence, affected sedimentation patterns until Early Cretaceous time (Crowley, 

1957; Sears et al., 1982; Hansen, 1986). Probable left wrench fault movements along major 

west-northwest-trending fault zones associated with the Axial Basin arch (Stone, 1986c) 

and Uncompahgre uplift (Stone, 1977) is suggested during middle Proterozoic to late 

Cambrian time.
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During the late Paleozoic much of northwestern Colorado and northeastern Utah 

was broken by numerous faults and uplifts which are interpreted to have formed in response 

to wrenching associated with the collision and suturing of the North American and South 

American/African continents during the Ouachita - Marathon orogeny (Kluth and Coney, 

1981; Kluth, 1984). Late Paleozoic movements on these faults have been inferred from 

abrupt facies changes, thickness variations and lithofacies patterns in early Pennsylvanian 

to late Permian strata (Curtis, 1958; DeVoto et al., 1986). During the late Paleozoic north

western Colorado was occupied by a northwest-trending structural and sedimentary basin, 

the Central Colorado trough, that was flanked by the ancestral Front Range to the east and 

the Uncompahgre uplift to the southwest. Development of these tectonic features began in 

Morrowan time, reached maximum development by the Desmoinsian, and ended in 

Wolfcampian to Leonardian time (Kluth, 1984). Paleostructure analysis along the Douglas 

Creek arch (Waechter and Johnson, 1985; 1986) and the Axial Basin arch (Stone, 1986c) 

suggest that faults associated with these tectonic features were also active during the late 

Pennsylvanian and early Permian periods. Diminishing orogenic activity and gentle, regional 

epeirogenic warping characterized northwestern Colorado and northeastern Utah during 

the late Permian and early Triassic (Maughan, 1980). Renewed uplift during early and 

middle Triassic time is expressed along the northern flank of the Uncompahgre uplift by 

erosional unconformities and the progressive southward truncation of pre-middle Triassic 

strata along the Douglas Creek arch (Stone, 1977).

Although not well established, the timing of initial eastward thrusting in the Sevier 

orogenic belt in west-central Utah and development of the adjacent Rocky Mountain foreland 

province to the east has been interpreted to have occurred as early as middle Jurassic time 

(Armstrong and Oriel, 1965; Armstrong, 1968) to as late as middle Cretaceous (Albian)
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time (Heller et al., 1986). Subsidence history analysis of the adjacent foreland basin (Heller 

et al., 1986) indicates that although Sevier thrusting may have initiated as early as middle 

Jurassic, the maximum rate of subsidence of the Rocky Mountain foreland in central Utah 

occurred during middle Cretaceous, resulting in more than 4 km of subsidence by the end of 

the Cretaceous (Jordan, 1981). The area now occupied by the Uinta and Piceance basins 

was part of the slowly subsiding, gently westward dipping flank of the larger Rocky Mountain 

foreland area (Figure 2.3). Episodic thrusting along the Sevier orogenic belt and subsidence 

in the adjacent foreland continued through the early Eocene, ceasing by approximately 57 

Ma (Cross, 1986).

The cessation of Sevier deformation and the initiation of Laramide basement-involved 

deformation of the Rocky Mountain foreland province was in part synchronous in central 

Utah (Dickinson and Snyder, 1978; Cross, 1986; Dickinson et al., 1988). The sedimentary 

record of Laramide basins indicates that Laramide-style deformation developed before the 

end of Cretaceous foreland basin deposition (Johnson, 1990), probably initiating during 

Maastrichtian time (65 - 75 Ma) in the central Rocky Mountain region (Dickinson et al., 

1988). Early Laramide deformation was characterized by ductile behavior and the formation 

of broad, arch-like folds and flexures, with minor fault-bounded basement-cored uplifts 

(Dickinson and Snyder, 1978). A second phase (approximately 60-45 Ma) was characterized 

by more intense, brittle behavior, resulting in the formation of fault-bounded basement- 

cored uplifts and intervening sedimentary basins. Structural relief between basin floors and 

the crests of adjacent uplifts commonly range from 5 -10 km. Laramide basins and associated 

uplifts in the central Rocky Mountain region display various orientations resulting from 

east-west compression caused by westward movement of the North American plate (Sales, 

1968; Stone, 1969; Cries, 1983). Laramide uplifts adjacent to the Uinta and Piceance basins
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exhibit three basic trends (from oldest to youngest): north-south, northwest-southeast, and 

east-west. The progression from north-south to east-west trending uplifts during the Laramide 

orogeny is interpreted to have resulted from a gradual change in the compressional stress 

field related to a change in direction of movement of the North American craton from 

westward to southward (dries, 1983). The Douglas Creek arch is the earliest structure to 

have formed in northwest Colorado (Cries, 1983; Cross, 1986; Johnson and Finn, 1986), 

which began development as a broad flexure during Maastrichtian time (approximately 65- 

75 Ma) when compression was predominantly east-west. During the Paleocene, the Douglas 

Creek arch evolved into its present, narrower configuration, acting as a hingeline between 

the subsiding Uinta and Piceance basins (Johnson and Finn, 1986). Northwest-trending 

features such as the White River uplift and the Axial Basin arch are associated with northeast- 

southwest compression and activation of south west-directed thrusts during the Paleocene. 

By early to middle Eocene, north-south compression in the Rocky Mountain foreland resulted 

in the development of the Uinta Mountain uplift and formation of north- and south-directed 

reverse and thrust faults. Fossil evidence suggests that the Piceance basin began to subside 

earlier than the eastern half of the Uinta basin (Johnson and Finn, 1986), indicating that the 

Laramide subsidence histories of the basins was closely linked to the adjacent uplifts. By 

the end of the Laramide orogeny (approximately 40 Ma), relaxation of regional compressional 

forces caused basin subsidence to cease and initiated partial collapse of many Laramide 

uplifts, especially the eastern part of the Uinta Mountain uplift Regional extensional tectonics 

began during late Oligocene time (approximately 25 Ma) in much of the Rocky Mountain 

area, producing normal faults with considerable displacement Regional uplift and beveling 

of the entire Rocky Mountain region was initiated during late Miocene (-10 Ma) resulting 

in the development of a widespread erosion surface across the Uinta - Piceance basin area
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(Johnson and Finn, 1986). Removal of section varies from little or none in the centers of 

the basins to an estimated 2,000 - 3,000 feet along the basin margins.

2.2 Stratigraphie Framework

The Weber Sandstone of northwest Colorado and northeast Utah was part of an 

extensive eolian system which extended from the Black Hills area of South Dakota 

southwestward into Arizona during Desmoinesian (middle Pennsylvanian) through 

Wolfcampian (early Permian) time (Rascoe and Baars, 1972; Blakey et al., 1988). The 

lower part of the Weber Sandstone (Desmoinesian - Missourian) is coeval to eolian sandstones 

of the Quadrant Sandstone in Montana and Wyoming, lower Tensleep Sandstone and Casper 

Formation in Wyoming, and the Honaker Trail Formation in southeast Utah. The upper 

Weber Sandstone (Wolfcampian) is coeval to eolian deposits in the upper Minnelusa and 

upper Casper formations in Wyoming and the Cedar Mesa Sandstone in south-central Utah. 

A significant disconformity, as interpreted from fossil occurrences, eliminates much of the 

Missourian and Virgilian section in the Weber Sandstone (Bissell and Childs, 1958; Bissell, 

1964), however, this remains speculative because there is no physical evidence for this 

unconformity in the Weber Sandstone or the Oquirrh Group and Maroon Formation with 

which the Weber is interstratified to the west and east, respectively. The stratigraphie 

nomenclature used in this study for Pennsylvanian and lower Permian strata in the Uinta - 

Piceance, Green River, and Eagle basins follows that adopted by previous researchers (e.g., 

Koelmel, 1986; Fryberger and Koelmel, 1986) (Figure 2.4).
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2.2.1 Regional Stratigraphy

Regional relationships of the Weber Sandstone with under- and overlying formations 

and major facies changes within the Weber were first documented by Bissel and Childs 

(1958) and Bissell (1964). Description of measured surface sections from the type locality 

at Weber Canyon in the Wasatch Mountains of western Utah, eastward along the south flank 

of the Uinta Mountain uplift into northwest Colorado, documented transition from dominantly 

marine deposits in the west to eolian and fluvial deposits in the east (Figure 2.5). At the 

type locality in Weber Canyon, the Weber Sandstone gradationally overlies limestones of 

the Morgan Formation and is gradationally overlain by limestones of the Park City Formation. 

The Weber is characterized by more than 2,000 feet of inter-bedded orthoquartzites, 

calcareous orthoquartzites, calcarenites, sandy limestones and argillaceous limestones. In 

the vicinity of Whiterocks Canyon in the central Uinta Mountains, the marine orthoquartzite- 

dominated facies of the western Weber Sandstone make a gradual transition into the 

predominantly eolian sandstones characteristic of the eastern Weber Sandstone. The Weber 

Sandstone at this locality is approximately 1,800 feet thick and consists predominantly of 

interbedded cross-stratified, fine- to very fine-grained quartz sandstone, dolomitic sandstone 

and thin sandy limestones. The transitional relationships with the underlying Morgan 

Formation and the overlying Park City Formation remain apparent. Eastward in northwest 

Colorado, in the vicinity of Rangely field, the eolian Weber is interstratified with and grades 

into alluvial arkoses of the Maroon Formation. In this area, the Weber Sandstone is 

approximately 1,000 feet thick, is fine- to very fine-grained subarkose to quartz arenite and 

is characterized by large-scale cross-stratification, diastems and soft-sediment deformation. 

East of the Weber - Maroon transition, the School House Tongue of the Weber Sandstone 

caps the arkoses of the Maroon Formation and extends eastward into the Eagle basin (Brill,
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1944; Bissell and Childs, 1958). The School House Tongue is thin (< 150 feet thick) and is 

interpreted as an eolian sand-sheet deposit characterized by abundant low-angle bedded, 

very fine- to fine-grained sandstones which are interbedded with and grade laterally into 

planar-tabular, planar-wedge, and trough cross-bedded strata (Johnson et al., 1990).

Throughout northeastern Utah and northwestern Colorado, the Weber Sandstone 

conformably overlies the Morgan Formation, the upper member of which consists of 

repetitively interbedded fine- to very fine-grained quartzose sandstones and thin fossiliferous 

marine limestones and dolomites (Driese and Dott, 1984; Driese, 1985). These interbedded 

sandstone and carbonate lithofacies represent deposition in a coastal setting with siliciclastic 

eolian dunes adjacent to a shallow carbonate-dominated sea, much like the modem Qatar 

Peninsula in the Arabian Gulf.

The Weber Sandstone is unconformably overlain by members of the Park City 

Formation and equivalent strata in the Phosphoria Formation to the west and the Goose Egg 

and State Bridge formations to the east (Figure 2.6) (McKelvey et al., 1956; Jado, 1977; 

Maughan, 1984; Tisoncik, 1984). Along the south flank of the Uinta Mountains in north- 

central Utah, the upper part of the Weber Sandstone is interstratified with and overlain by 

sandy dolomites, sandstones and cherts of the Grandeur Member of the Park City Formation. 

Further to the east in northeastern Utah the Weber Sandstone is unconformably overlain by 

the organic-rich shales and phosphorites of the Meade Peak Member of the Phosphoria 

Formation. In extreme eastern Utah and western Colorado the Weber Sandstone is overlain 

by the chert-rich limestones and dolomites of the Franson Member of the Park City Formation 

and is replaced further to the east and southeast by strata of the Goose Egg or State Bridge 

formations, respectively. The Goose Egg Formation consists predominantly of greenish- 

gray and yellowish-gray pyritic siltstones and mudstones interstratified with thin beds of
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gypsum, sandy limestone and dolomite (Jado, 1977; Maughan, 1984). These strata are 

interpreted to have been deposited in reducing saline lagoon, intertidal and possible sabkha 

environments. The State Bridge Formation is comprised predominantly of marginal marine 

siltstones and mudstones with thin dolomite and gypsum beds in the lower part of the 

formation (Maughan, 1980).

2.2.1 Depositional History

The Pennsylvanian and early Permian periods were a time of aggressive block-fault 

tectonism in northwest Colorado and northeast Utah, and this tectonism is reflected by 

abrupt thickness variations, facies changes, and onlap/overlap relationships in the thick (up 

to 17,000 feet) sequence of nonmarine to marine strata (DeVoto, 1980; DeVoto et al., 1986). 

Much of northeast Utah and northwest Colorado was occupied by a narrow northwest 

trending, fault-bounded structural and sedimentary basin, the Central Colorado trough, which, 

along with relative sea-level changes and climate, influenced sedimentation patterns during 

the Pennsylvanian and early Permian. The area of the Central Colorado trough is presently 

occupied by the northeastern Uinta, northern Piceance, and Eagle basins.

Lower Pennsylvanian (Morrowan - Atokan) sediments deposited in the Central 

Colorado trough include strata of the Belden, Morgan and lower Mintum formations, which 

record a marine incursion into the basin from the northwest. The Belden Formation is 

largely composed of dark-gray or black organic-rich shale of deltaic and marine origin, 

occupying the deepest, axial part of the Central Colorado trough (Figure 2.7). Outward 

from the basin center to the north and northwest, the shales of the Belden Formation increase 

in limestone content and change facies into shallow marine deposits of the lower Morgan 

Formation. Strata of the lower Morgan Formation are predominantly gray lime mudstones
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and interbedded skeletal lime packstones, grainstones, wackestones, and boundstones 

(DeVoto, 1980). Toward the depositional edges of the Central Colorado trough along the 

ancestral Front Range and Uncompahgre uplifts, Morgan strata grade into the basal arkosic 

sandstones and interbedded shale of the lower Mintum Formation. Strata of the lower 

Mintum Formation were derived from erosion of adjacent uplifts and deposited in nonmarine 

(alluvial fan/fan delta) to deltaic environments.

Desmoinesian strata of northwestern Colorado record a time of increasing aridity 

and maximum marine incursion southward into the Central Colorado trough. Desmoinesian 

deposits include strata of the upper Morgan Formation, upper Mintum Formation, lower 

Weber and Maroon formations, and Eagle Valley Evaporite. Within the center of the basin, 

a thick (up to 9,000 feet) cyclically deposited sequence of interbedded evaporite (anhydrite, 

gypsum, and halite), black and gray shale, siltstone, limestone and sandstone typify the 

Eagle Valley Evaporite (Mallory, 1971; Dodge and Bardeson, 1986; Schenk, 1986). Laterally 

these interbedded strata grade into thick, massively bedded halite and interbedded anhydrite 

sequences that are restricted to fault-bounded sub-basins within the Central Colorado trough 

(Figure 2.8). These evaporite deposits were probably precipitated from hypersaline, density 

stratified brines in these topographically low, actively subsiding sub-basins (Dodge and 

Bartleson, 1986). The basin-center deposits of the Eagle Valley Evaporite are interstratified 

with and replaced by the more basin-margin siliciclastic and carbonate deposits of the upper 

Mintum Formation. Strata of the upper Mintum Formation include arkosic siltstone, shale, 

sandstone and conglomerate deposited in marine fan-delta and braided fluvial environments 

interbedded with skeletal carbonates and algal bioherms deposited on a shallow shelf. The 

interbedded marine to nonmarine sediments of the Mintum Formation grade laterally into 

the red, arkosic alluvial fan and braid plain deposits of the lower Maroon Formation. The
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lower part of the Maroon Formation is restricted to basin-margin locations adjacent to the 

ancestral Front Range and Uncompahgre uplifts, which acted as high-relief erosional source 

areas. The evaporitic facies of the Eagle Valley Evaporite changes to the northwest into the 

interbedded very fine-grained quartz sandstones and skeletal carbonates of the upper Morgan 

Formation. These Ethologies represent repeated cycles of a shoaling-upward shallow marine 

carbonate sequence followed by an eolian, cross-bedded sandstone sequence (Driese and 

Dott, 1984). Shallow marine sedimentation recorded by the upper Morgan Formation and 

lower Weber strata persisted through the end of Desmoinesian time in northwestern portion 

of the Central Colorado trough.

The Missourian through Wolfcampian (early Permian) was a time marked by 

increasing aridity and withdrawal of the sea to the northwest from the Central Colorado 

trough. The complex facies patterns and interstratified nature of marine and nonmarine 

strata that characterized the earlier depositional history of the Central Colorado trough were 

replaced by a thick (up to 15,000 feet) sequence of nonmarine redbeds and eolian sandstones 

which comprise the Maroon and Weber formations, respectively (DeVoto, 1980; DeVoto et 

al., 1986) (Figure 2.9). Continued uplift and erosion of the ancestral Front Range and 

Uncompahgre uplifts shed coarse arkosic detritus basinward, accumulating as alluvial fan 

and braid-plain deposits of the Maroon Formation. Strata of the Maroon Formation are 

characterized by conglomerate and conglomeratic sandstones which occupy a narrow belt 

adjacent to the ancestral Front Range and Uncompahgre uplifts, grading basinward into 

finer grained interstratified sandstones, siltstones, and shales (Johnson, 1987). The proximal 

to distal changes in facies and grain size are interpreted to reflect changes from proximal 

braided river deposits to sandy braided stream and finally low-relief mudflat deposition. 

These facies changes suggest a downstream decrease in discharge which is characteristic of
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arid and serai-arid climates and is attributed to loss of water by évapotranspiration and/or 

seepage into porous alluvium. In the northwestern part of the Central Colorado trough, the 

arkosic redbeds of the Maroon Formation are interstratified with and replaced by fine-grained 

eolian sediments of the Weber Sandstone. Cross-lamination dip directions indicate that the 

dominant dune transport direction for the Weber eolian facies was to the south (Fryberger, 

1978). Progradation of alluvial Maroon Formation sediments to the north-northeast and 

west from the ancestral Uncompahgre and Front Range uplifts, respectively, toward the 

depositional axis of the Central Colorado trough, resulted in interstratification of Maroon 

and southward migrating eolian Weber sandstones (Koelmel, 1986).

Following deposition of the Weber Sandstone and Maroon Formation, the remainder 

of the Permian (Leonardian - Guadalupian) was characterized by deposition of the 

Phosphoria/Park City formations and equivalent strata in northwestern Colorado and 

northeastern Utah and adjacent areas (Figure 2.10). The Phosphoria / Park City formations 

were deposited in two major eustatically-controlled transgressive-regressive cyclic sequences 

(Maughan, 1984; Usoncik; 1984; Peterson, 1984)(Figure 2.6): 1) the lower sequence consists 

of (in ascending order), the Meade Peak Phosphatic Shale and Rex Chert members of the 

Phosphoria Formation and the Franson Member of the Park City Formation; and 2) the 

upper sequence consists of Retort Phosphatic Shale and Tosi Chert members of the Phosphoria 

Formation and the Ervay Limestone Member of the Park City Formation. Each of these 

cycles represents deposition in response to an overall eustatic rise in sea-level. The Meade 

Peak and Retort phosphatic shale members are sapropelic sediments consisting of 

interstratified peloidal phosphorite, phosphatic mudstone and organic-carbon-rich mudstone, 

which were deposited in a slope environment coincident with coastal upwelling. These 

foreslope sediments grade eastward into the shallow-water shelf carbonates of the Franson
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and Ervay Limestone members, which represent deposition in normal marine conditions on 

a shallow shelf during a sea level highstand. The Franson and Ervay members consist 

predominantly of fossiliferous dolomite and limestone with abundant chert, both as thin 

beds and nodules.

2.2.2 Weber Stratigraphy

The eolian Weber Sandstone in northeast Utah and northwest Colorado is 

approximately 1,000 feet thick, is a fine- to very fine-grained subarkose to quartz arenite 

and is characterized by large-scale cross-stratification, extensive horizontal diastems and 

soft-sediment deformation (Fryberger, 1978, 1979; Doe and Dott, 1980; Fry berger and 

Koelmel, 1986). Three depositional subenvironments (dune, interdune, and extradune) are 

recognized and are comprised of basic genetic units belonging to one of six repeatedly 

occurring Ethologies. The genetic units, in order of decreasing abundance, are: 1) large- 

scale tabular planar bedding (often contorted); 2) small- and medium-scale wedge planar 

and tabular planar bedding; 3) massive bedding; 4) trough cross bedding; 5) flat laminated 

or bedded; and 6) carbonate (Fryberger, 1978, 1979). The scale of these sedimentary 

structures was observed to decrease southwestward, with a concomitant increase in the 

proportion of interbedded of alluvial sediments of the Maroon Formation, from outcrops in 

Dinosaur National Monument toward the Rangely field area, suggesting transition into an 

erg margin setting (Fryberger and Koelmel, 1986).

Dune strata are characterized by three primary stratification types (Fryberger, 

1978,1979; Bowker and Jackson, 1989): 1) abundant high angle (up to 25°), inverse-graded 

avalanche strata; 2) ripple laminae; and 3) rare grainfall strata. A typical vertical sequence 

in dune strata consist of cross-laminated and contorted strata which abruptly overlie well-
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cemented bioturbated eolian sandstone or fluvial sediments. These strata grade upward 

into laminated strata which lack bioturbation which grade into strata which are bioturbated 

(insect burrows and root casts). The degree of bioturbation generally increases upward, 

ranging from isolated burrows surrounded by undisturbed laminae to massively bedded 

strata in which the original cross-stratification has been completely obliterated. The presence 

of these highly bioturbated zones in sand-sheet and dune strata is indicative of long periods 

of exposure prior to successive dune migrations (Bowker and Jackson, 1989). The bioturbated 

facies is followed by an abrupt change to another dune or fluvial sequence.

The interdune environment in the Weber Sandstone is characterized by both 

siliciclastic (Bowker and Jackson, 1989) and carbonate (Driese, 1985) deposits. Silici

clastic interdune deposits are thin (generally < 1 ft) and consist primarily of gray-green and 

black shales and red, laminated and occasionally rippled siltstones. These interdune deposits 

separate dune sequences and have been documented in the Rangely field area (Bowker and 

Jackson, 1989). Thin (< 60 cm) carbonate beds in the Weber Sandstone in the Dinosaur 

National Monument area of northwest Colorado and northeast Utah have also been interpreted 

as representing deposition in nonmarine interdune ponds (Driese, 1985). These carbonate 

beds are pink to tan-brown, variably sandy and/or silty (10-50%) dolomitic mudstones which 

lack skeletal grains. These deposits are laterally discontinuous (generally < 1000 meters), 

display a lenticular geometry and occur only along first-order bounding surfaces. Extremely 

shallow to periodically emergent, hypersaline to brackish conditions are indicated by 

desiccation or sheet cracks, burrows and root tubes, nodular fabric, and stromatolitic 

laminations. Carbonate interdune deposits grade laterally into horizontally stratified, wind 

ripple and grainfall strata associated with dry interdune deposits.
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Extradune deposits in the Weber Sandstone are predominantly massively bedded 

(highly bioturbated), carbonate cemented sandstones up to 10 feet thick, and are representative 

of sand sheet deposits (Bowker and Jackson, 1989). Eolian sand sheet deposits in the Weber 

Sandstone represent transitional facies between the high-angle dune deposits of the sand 

sea and the fluvial deposits of the Maroon Formation with which the Weber is interstratified 

in marginal areas. The sand sheet deposits are typically highly bioturbated (by insects and/ 

or plant roots) and preferentially cemented by calcite.

Fluvial deposits in the Weber/Maroon formations are composed predominantly of 

gray to red arkosic sandstones, siltstones and shales which are restricted to marginal areas 

of the Weber sand sea (Bowker and Jackson, 1989). These lithofacies commonly occur as 

fining-upward sequences which may be repeated several times within a single fluvial unit. 

Channel deposits are typically medium- to coarse-grained sandstones that grade upward 

into intercalated overbank siltstones and shales. The overbank deposits are the most common 

lithofacies in the Maroon Formation where it is interstratified with the Weber Sandstone.
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Chapter 3 

PREVIOUS WORK

3.1 Petrography and Diagenesis

The eolian Weber Sandstone in northeast Utah and northwest Colorado is a fine- to 

very fine-grained, subangular to subrounded, well sorted quartz arenite (Maret, 1956; Wells, 

1963; Bissell, 1964; Fryberger, 1978). The detrital components of the Weber Sandstone are 

predominantly quartz and feldspar, with minor amounts of tourmaline, zircon, garnet and 

rutile (Maret, 1956). Opaque minerals, in order of decreasing abundance, include: ilmenite, 

leucoxene, hematite, and magnetite. Pétrographie analysis of detrital grain composition in 

the Weber Sandstone along its outcrop area in the Wasatch and Uinta mountains of northern 

Utah and the White River uplift in northwestern Colorado, shows that feldspar content 

ranges from less than 1% to greater than 20%, and is predominantly orthoclase with lesser 

amounts of microcline and sodic plagioclase (Odom et al., 1976). No significant over-all 

increase in feldspar content from west to east was observed in the Weber Sandstone, although 

significant variation was observed both within and between stratigraphie sections.

Although some eolian stratification types in the Weber Sandstone are characterized 

by grading, adjacent laminae may contain different size grains with individual laminae 

being well sorted (Fryberger, 1978). Generally, the smaller grains tend to be angular, whereas 

the larger grains are well rounded. Pétrographie comparison of feldspar composition to 

grain size in the Weber Sandstone shows a positive correlation between feldspar content 

and decreasing grain size, with feldspars being concentrated in the finer grained laminations 

(Odom et al., 1976). Because feldspar content in the Weber Sandstone seems to be related 

to grain size and not to proximity to primary source areas such as the ancestral Front Range
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and Uncompahgre uplifts, and because of the presence of multiple, rounded quartz 

overgrowths and zircon-tourmaline heavy mineral assemblages, the eolian Weber Sandstone 

is believed to be a multicycle sandstone, possibly derived from the southward migration of 

sands derived from the erosion of the Pennsylvanian Tensleep Sandstone to the north on the 

Wyoming platform (Odom et al., 1976). A similar hypothesis has been suggested by Maret 

(1956) and this interpretation is consistent with a north-northeasterly paleowind pattern as 

interpreted from crossbedding orientation measurements in the eolian Weber Sandstone 

(Fryberger, 1978). Eolian sandstones in the Schoolhouse Tongue of the Weber Sandstone 

are classified as arkoses and subarkoses, with quartz comprising up to 92% of the framework 

grains (Johnson et al., 1990). Feldspar content ranges from 12-33% of framework grains, 

with plagioclase being most abundant, and lesser amounts of microcline and orthoclase. 

Common accessory minerals include muscovite and biotite. A systematic increase in 

mineralogical maturity (more quartz) from south to north between sandstones in the Maroon 

Formation, Schoolhouse Tongue and Weber Sandstone also indicate sediment input from 

the north (Koelmel, 1986; Johnson et al., 1990).

Regional pétrographie analysis of both surface and subsurface samples of the 

uppermost Weber Sandstone in northeastern Utah and northwestern Colorado documented 

a slightly different diagenetic history for the Weber in the Uinta and Piceance basins (Koelmel, 

1986)(Table 1). Although the sequence of diagenetic events is similar for both basins, the 

dominant cementing minerals are significantly different. Weber diagenesis in the Uinta 

basin is dominated by silica precipitation as quartz overgrowths and the preservation of 

primary intergranular porosity whereas diagenesis in the Piceance basin is dominated by 

carbonate cementation and both the preservation of primary intergranular porosity and the 

creation of secondary porosity through partial dissolution of the carbonate cements. Similar
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Table 3.1. Diagenetic history of the Weber Sandstone in the Piceance and Uinta basins as 
interpreted by Koelmel (1986).

Piceance Basin Uinta Basin

Stage 1 : Carbonate cement/minor clay Stage 1 : Carbonate cement/minor clay

Stage 2: Quartz overgrowths Stage 2: Quartz overgrowths

Stage 3: Carbonate/evaporite cements

1. Calcite

2. Ferroan calcite

3. Dolomite

4. Ferroan dolomite

5. Anhydrite

6 . Authigenic illite

Stage 3: Minor carbonate/evaporite 
cements

Stage 4: Hydrocarbon Migration

Stage 4: Secondary Porosity Development

Stage 5: Hydrocarbon migration

diagenetic histories have been proposed for the Weber Sandstone at Rangely field, Colorado 

(Maret, 1956; Bowker and Jackson, 1989) and for the Schoolhouse Tongue of the Weber 

Sandstone in northwestern Colorado (Johnson et al., 1990). Generally, the amount of 

cementation in the Weber Sandstone varies considerably, both within and between 

stratigraphie sections.

Diagenesis in the Weber Sandstone in both basins began contemporaneously with, 

or shortly after, deposition with the precipitation of localized patches of calcite cement with 

associated minor authigenic and detrital clay. The association of clays with this first stage 

of carbonate cementation allows them to be petrographically distinguished from later stages
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of calcite cementation. The stage 1 calcite cements occur as relatively large anhedral 

(poikilotopic) masses that may enclose several hundred framework grains, which appear to 

be floating in the cement (Maret, 1956). The high intergranular volume of the framework 

grains enclosed by these cements is consistent with cementation prior to significant 

compaction. Although relatively rare overall, early poikilotopic calcite cements are found 

predominantly in the cross-laminated (dune) facies (Bowker and Jackson, 1989) and in the 

highly bioturbated facies in the Schoolhouse Tongue of the Weber Sandstone (Johnson et 

al., 1990). Microcrystalline calcite cement is also found associated with the massive 

(bioturbated) facies and along with the poikilotopic calcite cement is interpreted to have 

precipitated through soil-forming processes (Bowker and Jackson, 1989). Cementation by 

calcite is most intense in the upper few feet of sandstone units directly below thin interdune 

carbonates (Fryberger, 1978) and within a few feet below diastems in the highly bioturbated 

(massive) lithofacies (Fryberger, 1978; Bowker and Jackson, 1989).

Early calcite cementation in the Weber Sandstone was followed by silica precipitation 

as quartz overgrowths and quartz druse, although the abundance of quartz overgrowths is 

difficult to quantify due to lack of dust rims on detrital quartz grains (Bowker and Jackson, 

1989). Very small amounts of chalcedony have been reported in samples from the Rangely 

field area (Maret, 1956). Quartz overgrowth cementation is best developed in the Weber 

Sandstone in the Uinta basin and is the primary controlling factor for loss of primary 

intergranular porosity (Koelmel, 1986a, 1986b). Cathodoluminescence petrography indicates 

minimal framework grain interpenetration, suggesting that silica precipitation and not 

pressure solution as the controlling factor. Quartz overgrowth cementation in the Schoolhouse 

Tongue of the Weber Sandstone along the White River uplift is highly variable both locally 

and regionally, but is generally best developed at the northern end and rare or absent to the
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south (Johnson et al., 1990). The distribution of quartz cement in the Schoolhouse Tongue 

is thought to be related to the abundance of detrital quartz grains (which is greatest to the 

north) and derived by precipitation from quartz-rich eolian dust dissolved in alkaline desert 

groundwaters.

Silica cementation in the Weber Sandstone is followed by a second phase of carbonate 

cementation (stage 3 of Koelmel, 1986) which dominate diagenesis in the Piceance basin. 

Stage 3 cements include (in order of precipitation) calcite, ferroan calcite, dolomite, ferroan 

dolomite, anhydrite and authigenic illite. The stage 3 carbonate cements typically occur as 

pore-filling euhedral crystals and occasionally exhibit a poikilotopic texture. These cements 

commonly etch and/or corrode stage 2 quartz overgrowths and replace stage 1 calcite cements, 

framework feldspars (particularly plagioclase) and biotite (Koelmel, 1986; Bowker and 

Jackson, 1989). Stage 3 cements are also observed in the Schoolhouse Tongue of the Weber 

Sandstone (Johnson et al., 1990) as well as arkoses in the Maroon Formation near the Weber/ 

Maroon transition (Koelmel, 1986). The source of iron for the ferroan carbonate phases is 

presumed to have been from alteration of biotite in the Maroon arkoses. Alteration of 

biotite and the partial dissolution of detrital feldspars released alumina into solution, which 

subsequently reprecipitated as authigenic illite, the last phase of stage 3 cementation. The 

regional distribution of stage 3 cements indicates that the highest bulk volume occurs in the 

northeastern part of the Piceance basin adjacent to evaporite deposits (Eagle Valley Evaporite) 

in the Eagle basin. The regional distribution and order of precipitation of the stage 3 cements 

suggests that these cements precipitated from saline brines that originated in the Eagle Valley 

Evaporite and migrated into the Weber Sandstone during faulting associated with pre- 

Laramide salt tectonics (Koelmel, 1986). This regional distribution of stage 3 cements was 

not observed for the Schoolhouse Tongue sandstones along the White River uplift (Johnson 

et al., 1990).
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In the Piceance basin, partial dissolution (stage 4) of stage 3 carbonate cements and 

detrital plagioclase feldspar grains followed precipitation of stage 3 cements (Koelmel, 

1986; Bowker and Jackson, 1989; Johnson et al., 1990). The development of secondary 

porosity may have been, in part, coincident with hydrocarbon migration. In the Schoolhouse 

Tongue secondary pores are oil stained or saturated and contain diagenetic pyrite nodules, 

also suggesting a close association between secondary porosity formation and subsequent 

hydrocarbon migration (Johnson et al., 1990). This stage of dissolution and secondary 

porosity formation was not observed in the Uinta basin, with stage 3 cementation being 

followed by hydrocarbon migration. Detailed study of diagenesis in Rangely field (Bowker 

and Jackson, 1989) suggests that two stages of hydrocarbon migration occurred in the area. 

The first stage resulted in the precipitation of asphaltene, which formed as a result of the 

loss of the lighter fluid components. The asphaltene typically lines pores in the lower parts 

of cross laminated zones. Precipitation of asphaltene was followed by a second, less 

extensive, period of dissolution which appears to have affected only carbonate cements. 

Diagenesis ceased with the migration of the more mature, lighter oil presently produced at 

Rangely field.

The distribution of diagenetic minerals in the Weber Sandstone varies both on a 

local and regional scale. On a regional scale, silica cementation as quartz overgrowths is 

most prominent in the Uinta basin, with occurrences in the Piceance basin and in the 

Schoolhouse Tongue along the White River uplift being highly variable (Koelmel, 1986; 

Johnson et al., 1990). Carbonate cementation dominates Weber diagenesis in the Piceance 

basin, with the highest bulk volume percentage of these cements occurring in the northeastern 

part of the Piceance basin (Koelmel, 1986). In the Rangely field area, cementation by 

calcite increases from northwest to southeast, whereas dolomite cementation increases from
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southeast to northwest (Maret, 1956; Bowker and Jackson, 1989). Both cements increase 

in abundance lower in the Weber Sandstone. On a local scale (i.e. within a stratigraphie 

section), carbonate cementation is most intense in the massive, highly bioturbated lithofacies 

(Fryberger, 1978; Bowker and Jackson, 1989; Johnson et al., 1990) and immediately below 

(1-3 feet) interdune carbonate deposits (Fryberger, 1978). On a microscopic scale, selective 

cementation of individual laminae by calcite cement has also been observed (Maret, 1956).

The source of oil in the Weber Sandstone in northeastern Utah and northwestern 

Colorado has been the subject of much speculation, based primarily on the distribution of 

oil-stained rock and geochemical data used to make oil-oil and oil-source rock correlations. 

Mass chromatograms of biomarkers indicate that hydrocarbons produced from subsurface 

Weber Sandstone reservoirs and in Schoolhouse Tongue sandstones on outcrop have a distinct 

Pennsylvanian - Permian signature, originating from oil-prone marine organic matter 

(Koelmel, 1986; Johnson et al., 1990; Michael et al., 1990). Stratigraphie relationships of 

the Weber Sandstone with Pennsylvanian and Permian organic-rich shales suggest that shales 

in the Belden Formation (Pennsylvanian) and the Phosphoria Formation (Permian) may 

have sourced oil in the Weber Sandstone and Schoolhouse Tongue. Distribution of oil- 

stained rock along Weber outcrops on the White River uplift as well as paleostructural 

reconstructions suggest an intrabasinal (Belden Formation) source for the oil (Waechter 

and Johnson, 1986; Johnson et al., 1990). Late Paleozoic intrabasinal faulting along the 

western edge of the White River uplift may have provided vertical conduits for migration. 

Lack of sufficient oil-prone organic matter in the Belden Formation and its restricted areal 

extent suggest that the Meade Peak and Retort shale members of the Phosphoria Formation, 

which directly overlies the Weber Sandstone to the north and northwest, as the most likely 

source of oil in the Weber Sandstone (Koelmel, 1986a, 1986b; Michael et al., 1990). Both
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theories suggest, however, that oil migration into Weber Sandstone reservoirs occurred prior 

to the onset of the Laramide orogeny in late Cretaceous time.

3.2 Formation Water Chemistry

Investigation of the regional chemistry and isotopic composition of existing pore 

waters in the Weber Sandstone of the Uinta and Piceance basins has identified two families 

of waters; fresh to saline Ca-SCU and Na-Cl basin margin meteoric waters and Na-Ca-Cl 

basinal brines (Burtoer, 1987). Each of these water types are interpreted to have a different 

origin and evolution, with their present-day distribution largely controlled by Laramide-age 

structures (Figure 3.1). Strong contrasts in pore water composition on opposite sides of 

basin margin faults indicate hydraulic discontinuity between the Weber Sandstone on the 

up- and downthrown sides of these faults, suggesting independent hydrodynamic systems 

for the same strata in basin margin and basinal settings.

The 5D and ô180  values (relative to SMOW) for basin margin meteoric waters range 

from -121 to -139%c and from -16.4 to - 18.6%c, respectively, and lie near the meteoric water 

line. These isotopic values are similar in magnitude to surface waters near recharge areas 

on adjacent uplifts. Strontium isotope ratios for shallow basin margin areas vary regionally, 

but are locally very similar, indicating differences in the strontium isotope ratios of the 

strata through which the pore waters have flowed. 87Sr/86Sr values near the Uinta Mountain 

uplift and Axial Basin Arch range from 0.7104 to 0.7109.

Basin margin pore waters are fresh to brackish (<1000 to 10,000 mg/liter TDS) 

adjacent to the Uinta Mountain uplift and saline (27,880 to 31,480 mg/liter TDS) near the 

Axial Basin arch. The dominant cations and anions in pore waters adjacent to the Uinta 

Mountain uplift are Ca2+ and SO42' or HCO3 , whereas pore waters in the Axial Basin Arch
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area are rich in Na+ and CT rich and contain small amounts of Ca2+ and SO42*. Because 

these basin margin waters are isotopically similar to surface and shallow ground waters in 

the recharge areas, they are interpreted to have a common origin as young meteoric water. 

The increase in sulfate content of the basin margin waters relative to surface waters in the 

recharge areas is interpreted to probably reflect dissolution of gypsum or anhydrite and/or 

the oxidation of sulfides. Because of the increase in the Na+ and Cl" content of pore waters 

in the Axial Basin Arch area and the 8D and 5180  values are nearly constant and independent 

of salinity variations, these waters are interpreted to reflect the dissolution of halite in addition 

to sulfate. Close proximity to a halite sub-basin associated with the Eagle Valley Evaporites 

in the northwestern Eagle basin suggest the Eagle Valley Evaporites as the ultimate source 

of the Na-Cl in pore waters in this area. The constancy of the 8D and 5180  values for the 

basin margin pore waters provides little evidence for extensive water-rock interaction with 

the Weber Sandstone, except for sulfate and halite dissolution.

Extensive flooding with injection waters of meteoric origin in Rangely field has 

significantly altered the isotopic composition of indigenous Weber Sandstone pore waters 

and has prevented the direct determination of the hydrogen and oxygen composition of 

preflood Weber brines. Plots of 5D and 5180  versus total dissolved solids (TDS) for injection 

waters and preflood brines in the Weber Sandstone show a well-defined linear relationship 

that is interpreted to represent a mixing line between meteoric injection waters and preflood 

brines. Extrapolation of this mixing line to preflood salinities of 110,000 -120,000 mg/liter 

TDS show that preflood SD and 5180  values range from -36 to -43%c and +0.4 to +2.0%c, 

respectively. Extrapolation of the strontium content of Rangely pore waters to preflood 

salinities suggest a range of 87Sr/86Sr values between 0.7199 and 0.7200 on the strontium 

mixing curve.
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Preflood basinal brines in the Uinta and Piceance basins are primarily a Na-Ca-Cl 

brine with TDS contents estimated at 110,000 - 120,000 mg/liter. Estimated chloride and 

bromide concentrations of the preflood Weber brine and the Cl/Br ratio are interpreted to be 

consistent with an origin as evaporated seawater associated with evaporite deposits 

(Carpenter, 1978). Precipitation of gypsum or anhydrite, dolomidzation of limestone, clay 

formation, and albitization of plagioclase are likely diagenetic reactions proposed to have 

taken place as the brine evolved.

The pre-waterflood composition and proposed evolution of the basinal Weber brines 

in the Uinta and Piceance basins is interpreted to be consistent with a Desmoinsian Eagle 

Valley Evaporite source as suggested by Koelmel (1986). Fluid communication, established 

by pne-Laramide salt tectonics, between the Weber Sandstone and Eagle Valley Evaporites 

allowed precipitation of pore-occluding carbonate cements observed in the Weber Sandstone. 

Although the estimated 87Sr/86Sr values for the Rangely brine (-0.7199) are higher than 

those reported for Pennsylvanian seawater by Burke et al., (1982), Burtner (1987) suggests 

that interaction of the evaporated brine with detrital feldspars in the Maroon Formation and 

Weber Sandstone could account for the increase in the Sr isotope composition.

The distribution of meteoric and evaporated seawater brines in the Uinta and Piceance 

basins and adjacent uplifts is interpreted to be strongly controlled by Laramide-age structural 

deformation. Strong contrasts in Weber pore water composition on opposite sides of basin 

margin faults suggest lithologie discontinuities and, therefore, separate present-day 

hydrologie circulation systems. Although the saline brines are presently restricted to the 

deeper parts of the Uinta and Piceance basins, they were probably more widespread prior to 

Laramide tectonism and likely accounted for much of the diagenetic alteration of the Weber 

Sandstone.
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3.3 Present-day Hydrology

Hydrostratigraphic characterization of Paleozoic strata in northwest Colorado 

identifies the Weber Sandstone as the second most productive Paleozoic aquifer in the area 

(Geldon, 1986). Hydraulic conductivities range from 0.01 - 20 feet per day in uplifted areas 

along the western edge of the White River uplift. Axial Basin arch and the eastern Uinta 

Mountain uplift In structural basins, such as the northern part of the Piceance basin, hydraulic 

conductivities range from less than 0.0001 to 0.01 feet per day, indicating restricted ground

water flow. Potentiometric data for the Weber Sandstone (Geldon, 1986) (Figure 3.2) and 

maps of pore water salinity (Lindner-Lunsford et al., 1989) have been interpreted to indicate 

that hydraulic continuity exists between the Weber on opposite sides of Uinta and Piceance 

basin margin boundary faults. This interpretation is in contrast to that of Burtner (1987) 

which suggests that the distribution of pore waters in the Weber Sandstone is controlled by 

these Laramide-age faults.

The hydrostratigraphic unit which consists entirely of the Weber Sandstone is 

underlain by the hydrostratigraphic unit containing strata of the Maroon, Morgan and Mintum 

formations, which is classified as a local aquifer with limited water production. The State 

Bridge, Park City and Goose Egg formations comprise the overlying hydrostratigraphic 

unit and is considered a confining layer over most of the study area. Natural recharge to the 

upper Paleozoic strata occurs from the perimeter of the basins, predominantly in the White 

River and Uinta Mountain uplifts, with water movement from topographically high areas to 

discharge in river valleys (Lindner-Lundsford et al., 1989).
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Figure 3.2. Map illustrating potentiometric surface and directions of groundwater flow in 
the Weber Sandstone in northwestern Colorado. Regional groundwater movement appears 
to be strongly influenced by topography, flowing from elevated basin margin recharge areas 
to discharge areas in the basin center. This map suggests hydrologie continuity in the Weber 
Sandstone between basin margin and basin center areas in the northern Piceance basin 
(modified from Geldon, 1986).
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Chapter 4 

METHODOLOGY 

4.1 Sampling

Samples for pétrographie and geochemical analysis were taken from approximately 

1300 feet of Weber Sandstone and Maroon Formation core available from 13 wells providing 

wide geographic coverage within the study area (Figure 4.1). Core depths range from 3,315 

feet to greater than 18,000 fee t, with cores from near the top of the formations being the 

most common (Table 4.1). Sample locations were selected from different facies from the 

total depth range in each core and preferentially from areas exhibiting extensive cementation 

and/or porosity development. Composition of detrital and authigenic components was 

determined by standard thin-section petrography, scanning electron microscopy (SEM) with 

an energy dispersive spectrometer (EDX), X-ray diffraction (XRD) analysis, 

cathodoluminescent (CL) petrography, electron microprobe analysis and stable isotope 

analysis.

4.2 Pétrographie Analysis

Thin sections were impregnated with blue-dye epoxy to aid in porosity identification 

and stained with potassium ferricyanide and alizarin red-S to aid in the determination of 

carbonate cement composition (Dickson, 1966). This method distinguishes between calcite 

and dolomite and provides a qualitative indication of the relative iron content. Calcite will 

stain pink, purple, and blue with increasing iron content, whereas dolomite does not stain 

and stains pale to deep turquoise with increasing iron content. Although Lindholm and 

Finkelman (1972) assigned quantitative weight-% FeO for different calcite stain colors.
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problems created by staining technique, crystal orientation, and gradational changes in iron 

content can affect stain color. For the purposes of this study, calcite and dolomite cements 

were categorized as either nonferroan or ferroan. Pink-staining calcite cement was considered 

to be nonferroan and purple- to blue-staining calcite as ferroan.

Point counts (300 points) of 98 thin sections provided a modal analysis of detrital 

and authigenic components and porosity. Samples were classified using Folk’s (1974) 

mineralogical classification of sandstones. Framework grain size and sorting was determined 

by visual estimates using textural standards. Scanning electron microscopy (SEM) with an 

energy dispersive X-ray spectrometer (EDX) was used to aid in identification of detrital 

and authigenic components as well as the determination of paragenetic sequence.

4.3 X-ray Diffraction Analysis

Qualitative identification of authigenic clay minerals in the Weber Sandstone was 

accomplished through X-ray diffraction analysis of oriented samples of the <2pm clay

sized fraction prepared from representative whole rock core samples. Whole rock samples 

were disaggregated with a mortar and pestle and subsequently crushed in a mixer ball mill 

for approximately four minutes. Two hundred and fifty milliliters of distilled water and 4 - 

5 drops of 0.1 molar sodium hydroxide (to prevent flocculation) were added to the crushed 

sample which was then placed in a sonic disaggregator to produce a homogeneous dispersed 

suspension of clay-sized material. The clay-sized suspension was centrifuged at 600 rpm 

for 120 seconds to settle-out particles larger than 3.5pm. The suspension was then decanted 

and centrifuged at 2000 rpm for 10 minutes to separate the <2pm clay-sized fraction. Most 

of the remaining water was removed from the centrifuge bottle, creating a concentrated 

suspension, which was transferred to a glass slide with an eye dropper and allowed to slowly 

dry on a hot-plate.
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X-ray diffractograms were obtained for each sample on a Philips-Norelco X-ray 

generator and diffractometer producing CuKa radiation at an accelerating voltage of 30 Kv 

and 15 ma. Diffractometer scans of 40.96 °29 were used for each sample, starting at 2 °20. 

Interpretation of X-ray diffractograms and identification of authigenic clay minerals was 

accomplished by comparison of peak positions and intensities with published values.

4.4 Traœ Element Analysis

Trace element (Ca, Mg, Fe, and Mn) compositions of carbonate cements were 

measured on highly polished, carbon-coated thin sections using a JEOL JXA-8600 

Superprobe microprobe equipped with three spectrometers and a backscattered electron 

detector. Standard microprobe operating conditions were 15 kV accelerating voltage, 29 

nA sample current, and a 5 fim beam diameter. Analyses for complexly zoned crystals were 

obtained with a 1 pm beam diameter. Automated traverses across individual cement crystals 

were guided by electron backscatter imaging zonations and/or zonation observed on 

cathodoluminescent photomicrographs. Data were reduced using the Bence-Albee program. 

Measurements are based on the following standards: dolomite for Ca and Mg, sphene for 

iron, and garnet for Mn. Minimum detection limits for Ca, Mg, Fe, and Mn are 0.0533 wt 

%, 0.0078 wt %, 0.0272 wt %, and 0.0260 wt %, respectively. Values below the microprobe 

detection limits for these elements are recorded as zero. Because of the difficulties in 

obtaining accurate trace element analyses from carbonate cements, trends in trace element 

composition between various cement types and cement zones will be emphasized rather 

than absolute values for individual spot analyses.
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4.5 Cathodoluminescence Microscopy

Cathodoluminescence (CL) petrography was done on polished thin sections with a 

TECHNOSYN Model 8200 Mk U cold cathode luminescence stage attached to a Zeiss 

pétrographie microscope. Operating conditions for cathodoluminescence petrography were 

maintained at 15 kV beam energy and approximately 300 milliamp gun current at 0.02 Torr 

vacuum to ensure that luminescence color and intensity were influenced only by trace element 

concentrations in the diagenetic carbonate minerals and not by variations in operating 

conditions. Although CL color and intensity were recorded for the visual description of 

cathodoluminescent zonation in diagenetic calcite and dolomite, only the relative visual CL 

intensity was used in interpretations of chemical environments of precipitation because CL 

intensity is less dependent on equipment operating conditions than is color (Walker and 

Burley, 1991). Cathodoluminescence intensities were classified in general terms as non-, 

bright-, or dull-luminescent, noting zonation patterns and thicknesses of zones.

Photomicrographs of the luminescence characteristics of authigenic carbonate 

minerals were made using a Nikon camera attachment and Kodak Ektar 1000 (1000 ASA) 

color print film. Exposures were determined by a light meter in the camera system and 

ranged from 30 seconds to more than two minutes. Exposures were bracketed in order to 

compensate for the high contrast between quartz framework grains (which were non- 

luminescent and appear black under CL for the operating conditions used in this study) and 

the relatively bright luminescence of the carbonate minerals. To facilitate accurate 

representation of luminescence and to minimize differences in luminescence intensity and 

color due to exposure variations, photographs were printed such that framework grains 

always appear black. Delineation and comparison of the luminescent characteristics of 

individual cement crystals was made primarily from inspection of the photomicrographs.



T-4067 62

4.5 Stable Isotope Analysis

Powdered samples for oxygen (0180) and carbon (013C) isotope analysis of carbonate 

minerals were obtained from thin section stubs using a dental drill under a binocular 

microscope. Because of the very fine grain size of these sandstones, individual carbonate 

phases could not be physically separated, necessitating the use of bulk sandstone samples. 

Isotopic analyses for samples containing only calcite or dolomite cement were performed 

by the stable isotope facilities at the Rosenstiel School of Marine and Atmospheric Sciences 

(University of Miami) and the Texaco Inc. Exploration and Production Technology Division 

(Houston, Texas). Samples containing mixtures of calcite and dolomite were separated 

chemically and analyzed at the stable isotope facility at the Colorado School of Mines 

(Golden, Colorado).

Stable isotope analyses performed at the University of Miami and Texaco Inc. 

employed an automated system which allowed online extraction of CO2 derived from reaction 

of the carbonate sample in a common acid bath. The “common acid bath” method involves 

the reaction of the powdered sample with an aliquot of 100% phosphoric acid at 90 °C and 

the online extraction of the evolved CO2 after a specified reaction time (7 minutes for the 

University of Miami; 9 minutes for Texaco Inc.). Following the completion of one reaction, 

additional samples are continually dropped into the same acid. Experiments conducted at 

90 °C indicate that the acid memory effect (i.e., the amount of CO2 retained in the acid from 

the previous reaction) is minimal (Swart et al., 1991). The extracted CO2 for each sample 

was analyzed on Finnigan-MAT® 251 (University of Miami) and Finnigan Delta-E® (Texaco 

Inc.) mass spectrometers. Analytical precision of the data are ± 0.10 and ± 0.04 for 5180  

and 813C, respectively.
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Samples containing mixtures of calcite and dolomite were separated chemically 

using the extraction procedure by Walters et al. (1972) which is based on solubility differences 

between calcite and dolomite. Mixed samples were reacted with 100 % phosphoric acid at 

25 °C, removing CO2 after 2 hours. Selective chemical separations of calcite / dolomite 

mixtures by Al-Aasm et al. (1990) have demonstrated contamination of CO2 derived from 

calcite by that from dolomite after 4 hours of reaction, whereas CO2 extracted after only 2 

hours of reaction exhibits very little contribution from dolomite. For this study, the CO2 

collected after 2 hours of reaction is considered to be representative of the isotopic 

composition of the calcite in the mixture. The reaction was continued at 25 °C for 24 hours 

at which time the CO2 released was discarded. The sample was then allowed to react for 24 

hours at 50 °C and the CO2 extracted is considered to be representative of the isotopic 

composition of the dolomite in the mixture. After each extraction the CO2 evolved was 

purified by distillation through a cold trap and analyzed on a VG Micromass 602E mass 

spectrometer. Concentrations of lsO and 13C are reported as per mil (%c) relative to the 

PDB standard. Analytical precision of the data are better than 0.1 % c for both 5180  and 

813C.

4.6 Burial History Curves

To better understand the diagenetic history of the Weber Sandstone, an estimation of 

the temperature history through time must be established. Burial history curves of the top 

and base of the Weber Sandstone were plotted for four locations in the study area, each 

exhibiting a different structural history and corresponding to areas exhibiting different 

present-day formation water chemistries. Stratigraphie and age data for the burial history 

curves were obtained from regional stratigraphie and time-stratigraphic cross sections
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constructed for the Uinta and Piceance basins form outcrop and borehole data (Johnson and 

Johnson, 1991; Johnson and Johnson, 1991). These cross sections provided information on 

the thickness of stratigraphie units, ages of stratigraphie unit boundaries, lithology, and the 

location and duration of erosional events.

Burial history models were constructed using the computer code BasinMod™. Input 

parameters for the numerical model include thickness of stratigraphie units, hiatuses and 

erosional events, geothermal gradients, average surface temperature, and basic lithologies 

for each stratigraphie unit. Present-day compacted thicknesses of the stratigraphie units 

were used in the models and deposition rates were assumed to be constant throughout. 

Geothermal gradients and average surface temperature for each plot were taken from 

published thermal data (Sweeney et al., 1986; Chapman et al., 1984; Willett and Chapman, 

1987a-c; Sweeney et al., 1987; and Johnson and Nuccio, 1986). Average surface temperature 

and geothermal gradient were assumed to have remained constant through time except where 

otherwise noted. Due to uncertainties about the amount of erosion at unconformities in the 

stratigraphie section, most of these events were designated as hiatuses, thereby not removing 

any section at these points. Present burial depths, however, do not represent the maximum 

burial depth since a considerable amount of regional epeirogenic uplift and erosion has 

occurred in the study area since Pliocene time. Estimates of the amount of erosion at these 

locations were based on comparison with adjacent stratigraphie sections that were less 

affected by erosion.
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Chapter 5 

BURIAL AND THERMAL HISTORY

5.1 Introduction

Interpretation of the diagenetic history of the Weber Sandstone in the Uinta and 

Piceance basins and adjacent areas, requires estimation of the burial and thermal history of 

the formation through time. Major diagenetic processes (mechanical compaction, chemical 

compaction, and cementation/dissolution) are controlled to various degrees by the burial, 

and resultant thermal history of the formation. The subsidence and thermal history of a 

basin also exert an important influence on patterns of fluid flow within basin strata and the 

principal type of hydrologie regime (i.e. gravity-driven, compaction-driven, or thermobaric 

flow) established during different stages of basin development. An understanding of the 

burial and thermal histories of a formation through time can, therefore, aid in establishing 

the range of thermal conditions under which diagenetic processes may have occurred and, 

more importantly, the mass transfer mechanisms that may have been important for different 

diagenetic events based on theoretical and observed patterns of fluid flow in comparable 

basins.

Burial history curves for the top and base of the Weber Sandstone were plotted for 

five wells (Figure 5.1; Table 5.1) in the study area because of aerial variations in geothermal 

gradient and variations in the maximum burial depth and subsequent uplift between basin 

and basin-margin areas. Each of the areas chosen for subsidence modeling also corresponds 

to areas with different present-day formation water chemistries, the distribution of which is 

considered to be the result of Laramide tectonism (Burtner, 1987). The stratigraphy of each 

of the basins preserves a record of the nature of subsidenc throughout basin evolution and
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Wyoming
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Uinta Mountains Basin
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Figure 5.1. Location of wells used for subsidence and thermal modeling. Names and 
locations for each well are listed in Table 5.1 according to corresponding well identification 
number.
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Table 5.1. Names and locations of wells used for burial history modeling. Well numbers 
correspond to well identification numbers in Figure 5.1____________________________

Well
#

Well Name Location

1 Gulf Oil #1 Ute Federal Sec. 12 - T4S - R22E, Uintah Co., Utah
2 Continental Oil #22-1 Conoco Federal Sec. 22 - T9S - R20E, Uintah Co., Utah
3 The Texas Company #70-32 UPRR Sec. 32 - T2N - R102W, Rio Blanco Co., Colorado
4 Mobil Oil #52-19G Sec. 19 - T2S - R96W, Rio Blanco Co., Colorado
5 Texaco #20 Wilson Creek Sec. 34 - T3N - R94W, Rio Blanco Co., Colorado

serves as the primary input for the subsidence and thermal models. Stratigraphie and age 

data for the burial history curves were obtained from regional stratigraphie and time- 

stratigraphic cross sections constructed from borehole and outcrop data for the Uinta and 

Piceance basins (Johnson and Johnson, 1991; Johnson and Johnson, 1991). These cross 

sections provided information on the thickness of stratigraphie units, ages of stratigraphie 

unit boundaries, lithology, and the location and duration of erosional events in the stratigraphie 

section.

Input parameters for the burial history plots include thickness of stratigraphie units, 

age and duration of hiatuses and erosional events, average geothermal gradients or heat 

flow values, average surface temperature, and basic lithologies for each stratigraphie unit. 

Present-day compacted thicknesses of the stratigraphie units were used in the models and 

deposition rates were assumed to have been constant through time. Average geothermal 

gradients or heat flow values for each plot were taken from published thermal data (Chapman 

et al., 1984; Johnson and Nuccio, 1986; Sweeney et al., 1986; Sweeney et al., 1987; Willett 

and Chapman, 1987) and were assumed to have remained constant through time except 

where otherwise noted. Average surface temperatures used for different geologic time 

intervals were taken from determinations made by Johnson and Nuccio (1986) for northwest 

Colorado (Table 5.2). Due to uncertainties about the amount of erosion represented by
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Table 5.2. Mean annual surface temperatures used for burial and thermal history modeling 
in the southeastern Uinta basin and northern Piceance basin (from Nuccio et al., 1989).

A ge (M .Y ) F C
320-272 69 20.7
272-230 63 17.4
130-67 57 14.0
67-36 54 12.3
36-0 53 11.8

unconformities within the stratigraphie section, these events were designated as hiatuses, 

thereby not removing any section at these points. The burial history curves, which remain 

horizontal at these points, will therefore represent a maximum burial depth for the Weber 

Sandstone. Present burial depths, however, do not represent the maximum burial depth 

since considerable epeirogenic uplift and erosion has occurred in the study area since Pliocene 

time. The amount of post Pliocene erosion at each of the locations was estimated based on 

comparison with adjacent stratigraphie sections where that formation has been preserved 

and considered to have been less affected by erosion. Stratigraphic-thickness, age, and 

basic end-member lithologie data used for each of the burial history plots are tabulated in 

Appendix I.

5.2 Burial History

A representative burial history curve for the top and base of the Weber Sandstone in 

the Uinta and Piceance basins is illustrated in Figure 5.2. All of the subsidence curves for 

the Uinta and Piceance basins have similar forms although the depth of maximum burial 

and magnitude of the subsequent uplift vary between areas. The burial history curves are 

divided into four distinct stages (cratonic platform, foreland basin, Laramide, and regional 

epeirogenic uplift) based on the nature of subsidence, which reflect large-scale tectonic 

processes responsible for basin evolution.
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Figure 5.2. Representative subsidence curve for the Uinta and Piceance basins and adjacent 
areas. All curves for the Weber Sandstone have similar forms reflecting widespread orogenic 
processes, but show different maximum depths of burial and magnitudes of subsequent 
uplift.
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The cratonic platform phase of subsidence is represented on the burial history curves 

by a long-term shallow gradient with superimposed short-term steep gradients between the 

early Pennsylvanian (-310 Ma), at the beginning of Weber deposition, and late Cretaceous 

(-75 Ma). The relatively slow, uniform subsidence characteristic of this part of the burial 

history curve is similar to subsidence curves characteristic of the post-rift phase in the 

evolution of modem (Steckler and Watts, 1978) and ancient (Bond and Kominz, 1984) 

passive continental margins. The post-rift phase of continental margin subsidence is driven 

primarily by the flexural response of cooled lithosphere to loading by water and accumulating 

sediment. Throughout much of the Paleozoic era prior to deposition of the Weber Sandstone, 

the area now occupied by the Uinta and Piceance basins was dominated by shallow- to 

marginal-marine (continental margin) carbonate and siliciclastic sedimen-tation along the 

western passive margin of the North American craton (Ross and Tweto, 1980; DeVoto, 

1980). Shallow-marine to non-marine sedimentation persisted in the study area from the 

time of Weber deposition until final withdrawal of the Western Interior seaway in late 

Cretaceous (Maestrichtian) time (Berman et al., 1980). This pattern of craton-margin 

sedimentation coupled with the relatively slow, uniform subsidence depicted on the burial 

history curve suggests the first phase of subsidence in the study area was characterized by 

flexure of cooled lithosphere driven primarily by loading and not associated with thermal 

events.

The second phase of basin evolution, subsidence associated with formation of the 

Rocky Mountain foreland, is depicted on the burial history curve by a dramatic increase in 

the subsidence rate which initiated during Turonian to Santorian (approximately 90 - 85 

Ma) time (upper Cretaceous) and continued until Maastrichtian (-70 Ma) time, when a 

short (-10 M.Y.) hiatus in subsidence occurred. Age of the initiation of subsidence in the
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Rocky Mountain foreland associated with thrusting and load emplacement in the adjacent 

Sevier orogenic belt is not well established. Stratigraphie evidence from Armstrong (1968) 

suggests that thrusting may have been initiated as early as late Jurassic or early Cretaceous. 

Dating of synorogenic conglomerates in western Utah by Heller et al. (1986) suggests that 

Sevier deformation did not begin until late Cretaceous, with the initiation of subsidence in 

the Utah part of the foreland basin not occurring until Albian - Cenomanian time (-113-91 

Ma). The timing of subsidence in response to foreland basin formation in the study area 

(-90 - 85 Ma) (Figure 5.2) most closely approximates the timing suggested by Heller et 

al.(1986).

Models for foreland basin evolution suggest that the primary factor controlling basin 

subsidence is flexure of the lithosphere due to tectonic loading of the approaching orogenic 

belt (Beaumont, 1981; Jordon, 1981) and not thermal phenomena. Thrusting and foreland 

basin formation result from lateral forces due to compression induced by the collision of 

continental plates. As a consequence, foreland basins are often superimposed on passive 

continental margin or craton edge sequences, as is the case with the formation of the Rocky 

Mountain foreland province. This would suggest that the subsidence history in the study 

area through late Cretaceous time was dominated by tectonic events characterized by flexure 

of lithosphere and not to thermal events.

Discrimination of subsidence related to thrusting in the Sevier orogenic belt and 

vertical basement-block tectonics associated with the Laramide orogeny as separate events 

on the burial history curves is interpretive. Subsidence related to thrusting associated with 

the Sevier orogeny is interpreted to have ceased at approximately 70 Ma, followed by 

approximately 10 M.Y. of tectonic quiescence. Subsidence related to the onset of the 

Laramide orogeny is depicted on the burial history curve by renewed rapid subsidence in
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upper Paleocene (-60 Ma) time. The steep subsidence gradient continues through the mid- 

to late Tertiary (-40-10 Ma), depending on location. This represents the maximum depth to 

which the Weber Sandstone was buried throughout the tectonic evolution of the area. In 

basinal areas (Uinta and Piceance basins), Laramide-induced subsidence continues to 

approximately 10 Ma, when regional epeirogenic uplift begins in the area. Basin-margin 

areas (south side of Uinta Mountain uplift, northern Douglas Creek arch, and southeastern 

Axial Basin arch) are characterized by uplift which began approximately 40 Ma. The 

difference in the time of initiation of the final episode of uplift between basin and basin- 

margin areas is due to variations in the timing of the response of individual basement blocks 

to tectonic forces.

Laramide-style basins throughout the Rocky Mountain foreland area are characterized 

by thick accumulations of Upper Cretaceous and Tertiary non-marine strata and the 

association of at least one Pnecambrian basement-cored uplift (Dickinson et al., 1988; Hagen 

and Surdam, 1989). Although the underlying mechanism, vertical versus horizontal tectonics, 

for Laramide-style basin formation remains unresolved, flexural modeling of the northern 

Big Horn and northern Green River basin suggests that subsidence in Laramide-style basins 

is due to the flexural response of thermally mature lithosphere to tectonic loading by adjacent 

uplifts (Hagen et al., 1985) and enhanced by the large volume of sediment accumulation. 

The close temporal and spatial association of Laramide-style basins with the Rocky Mountain 

foreland basin also suggest similar mechanisms contributing to subsidence.

The final tectonic phase, regional epeirogenic uplift, represented on the burial history 

curve brings the Weber Sandstone to its present depth of burial. The amount of final uplift 

varies considerably between basin and basin-margin areas. Epeirogenic uplift and subsequent 

erosion in the Uinta and Piceance basins is generally less than approximately 5,000 feet
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(~ 1525m). In the tectonically more active basin-margin areas (southern Uinta Mountain 

uplift, Douglas Creek arch, and Axial Basin arch), uplift and erosion since Laramide time 

can be in excess of 10,000 feet (~3050m). In both basin and basin-margin areas, the maximum 

depth of burial associated with the Laramide orogeny and the amount of epeirogenic uplift 

to present burial depths will have a great influence on the temperature history experienced 

by the Weber Sandstone in each of these areas.

5.3 Thermal History

In models for the evolution of sedimentary basins, the mechanical evolution of 

different basin types usually evoke an associated thermal mechanism that has important 

implications as to the nature of heat flow on a basinwide scale. The tectonic subsidence of 

sedimentary basins is caused by several different processes, which may or may not be 

associated with a thermal mechanism. The principle driving mechanisms of tectonic 

subsidence are thinning of continental crust due to horizontal extension, flexure due to 

loading and downwarping of the lithosphere driven by compressional tectonics, and thermal 

contraction of the lithosphere due to cooling. Generally, tectonic subsidence due to thinning 

of continental lithosphere or the thermal contraction of lithosphere due to cooling are related 

to thermal processes within the lithosphere and are characterized by variations in heat flow 

through time. Subsidence due to flexure of the lithosphere is controlled primarily by the 

pre-existing physical properties of the lithosphere and the response of the lithosphere to 

water and sediment loading. In situations where flexure is the primary subsidence mechanism, 

the thermal regime remains relatively constant through time and is usually of secondary 

importance. Therefore, since the thermal history of sedimentary basins is directly related to 

basin genesis, a knowledge of the general subsidence mechanisms involved in the tectonic 

evolution of an area can aid with assumptions used in thermal history modeling.
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Reconstruction of the subsidence history of the Uinta / Piceance basin area suggests 

that throughout the tectonic evolution of the area, flexural responses of the lithosphere can 

be evoked as the primary underlying mechanism for each phase of subsidence. The later 

stages of continental-margin or craton-margin subsidence, foreland basin subsidence, and 

vertical basement-block-related subsidence can be accounted for by flexural responses of 

the lithosphere with thermal phenomena being of secondary importance and relatively 

constant through time.

A thermal model for the Laramide development of the northern Big Horn basin in 

Wyoming (Hagen and Surdam, 1989) is based on a steady-state thermal regime (constant 

heat flow) through time with variations in the temperature history of the basin due primarily 

to the thermal conductivity structure of the basin. Formation temperatures predicted by 

Hagen and Surdam (1989) show good correlation with observed present-day formation 

temperatures and maximum diagenetic temperatures predicted by the authors also show 

good correlation with temperature computed for illite/smectite conversion. The results of 

the steady-state thermal model show that the thermal history of the northern Big Horn basin 

is characterized by uniform heat flow through time and is largely dependent on the thermal 

conductivity structure of the basin. The geologic similarities between Laramide-style basins 

in the Rocky Mountain foreland suggest that such a uniform heat flow model can be applied 

to other basins as well.

5.3.1 Uinta Basin

Thermal history plots for the Weber Sandstone in the Uinta basin and adjacent 

southern part of the Uinta Mountain uplift are based on heat flow determinations by Chapman 

et al. (1984), Willett and Chapman (1987a-c), and Willett and Chapman (1989). Analysis of
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bottom-hole temperature data and thermal conductivity values from samples of the Tertiary 

rock sequence showed that the average heat flow and geothermal gradient for the basin are 

57 mW/m2 and 25 °C km-1, respectively. Maps of the aerial distribution of surface heat 

flow values and geothermal gradients show considerable variation, ranging from <40 - 70 

mW/m2 and from 15 °C km-1 (1.8 TV 100 ft) to >40 °C km-1 (3.2 °F/100 ft), respectively. A 

north-south profile extending from the center of the Uinta basin north to the south flank of 

the Uinta Mountain uplift shows a systematic decrease in heat flow to the north, from 65 

mW/m2 in the basin to 40 mW/m2 adjacent to the Uinta Mountain front. A temperature 

field profile shows that temperatures within the Tertiary stratigraphie section are depressed 

significantly for 30 km (18.6 mi) south of the Uinta Mountain front (Figure 5.3a), producing 

a significant temperature field anomaly (Figure 5.3b). Forward modeling of heat transfer 

and fluid flow indicate that the temperature perturbations in the Tertiary section adjacent to 

the southern Uinta Mountain uplift are the result of the combined effects of thermal 

conductivity variations within the basin and a topographically-driven ground water flow 

system created by vertical recharge along the Uinta Mountain front (Willett and Chapman, 

1987a-c, 1989). The effects of active ground water flow systems on sedimentary basin 

thermal regimes has also been documented in other basins. Studies of the regional geothermal 

pattern in the sedimentary basins in Alberta Canada (Majorowicz and Jessop, 1981; 

Majorowicz et al., 1984; Hitchon, 1984;) show that low heat flow and geothermal gradient 

values coincide with areas of active ground water recharge and high hydraulic head. 

Numerical simulation of the influence of fluid flow on subsurface temperature distribution 

indicates that water can play an important role in the control of heat flow, provided that the 

permeability of the aquifer allows large quantities of water to flow (Smith and Chapman, 

1983; Jessop, 1989). Generally, the magnitude of the thermal perturbation increases with
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Figure 5.3. Temperature field (a) and temperature anomaly field (b) calculated from 
formation gradients in the Tertiary section for a north-south profile from the south flank of 
the Uinta Mountains to the central part of the Uinta basin (from Willett and Chapman, 
1987a). Isotherms are in °C.
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the amount of recharge, increases in the thickness and permeability of the aquifer, and 

increases in the depth to the aquifer (Smith and Chapman, 1983).

Since the Weber Sandstone crops out along the southern flank of the Uinta Mountain 

uplift, two thermal models (Figure 5.4) were constructed to evaluate whether topographically- 

driven fluid flow through the Weber Sandstone may be effecting the geothermal gradient 

through basin evolution. The first model (Figure 5.4a) assumes a constant geothermal 

gradient of 25 °C/km (2.4 °F/100 ft) through time whereas the second model (Figure 5.4b) 

assumes a constant geothermal gradient of 25 °C/km (2.4 °F/100 ft) from the time of Weber 

deposition (-310 Ma) until approximately 15 Ma (estimated time of initiation of ground 

water flow system). From 15 Ma to the present, the geothermal gradient was fixed at 15 °C/ 

km (1.8 °F/100 ft), based on the present-day geothermal gradient in the area and possibly 

reflecting cooling due to active ground water recharge. Uncorrected formation temperatures 

in the Weber Sandstone obtained from well logs show that temperatures are in the 38 - 43 °C 

(100 - 110 °F) range at a depth of approximately 7,000 f t  The thermal model assuming a 

constant geothermal gradient of 25 °C (2.4 TV 100 ft) (Figure 5.4a) through time predicts 

present-day subsurface temperatures in the Weber of 65 - 70 °C (149 - 158 °F). This is 

considerably higher than the observed temperature range of 38 - 43 °C (100 -109 °F). The 

thermal model which assumes a decrease in the geothermal gradient through time (Figure 

5.4b) predicts present-day formation temperature in the Weber of approximately 40 - 45 °C 

(104 -113 °F), in close agreement to the observed temperature range. This model predicts 

maximum diagenetic temperatures of greater that 120 °C (248 °F) during maximum depth 

of burial (-15,000 ft) in the early Tertiary.

The thermal model constructed for the central part of the northeastern Uinta basin in 

the Red Wash field area (Figure 5.5) assumes a constant geothermal gradient of 25 °C/km
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Figure 5.4. Burial history curves for the northeastern part of the Uinta basin, north of Uinta 
basin boundary bault. Curve (a) shows the thermal history based on a constant geothermal 
gradient whereas curve (b) shows a thermal history based on a depressed gradient due to 
hydrodynamic cooling.
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(2.4 "F/100 ft), which is the average geothermal gradient for the Uinta basin (Chapman et 

al., 1984). The geothermal gradient was assumed to remain constant through time since the 

Weber in the area south of the Uinta basin boundary fault is not in hydrologie communication 

with the Weber on the south flank of the Uinta Mountain uplift. This model predicts a 

present-day formation temperature in the Weber Sandstone of approximately 160 °C (320 

°F), with maximum diagenetic temperatures approaching 200 °C (-390 °F) during maximum 

depth of burial (-24,000 ft) during the Tertiary. Unfortunately, lack of subsurface formation 

temperature data or thermal maturity data does not allow comparison of the predicted 

temperatures with observed.

5.3.2 Piceance Basin

Thermal models for the Weber Sandstone in the Piceance basin and adjacent areas 

are based on geothermal gradients determined from corrected bottomhole temperatures 

(Johnson and Nuccio, 1986). The thermal history model for the north-central part of the 

Piceance basin (Figure 5.6a) assumes a constant geothermal gradient of 18.7 °C/km (2.0 °F/ 

100ft) through time. Present-day formation temperatures in the Weber Sandstone predicted 

by the model show temperatures in the range of approximately 230 - 255 °C (-446 - 490 

°F), with maximum predicted diagenetic temperatures in excess of 280 °C (530 °F) during 

maximum burial during the Tertiary. A comparison of the predicted thermal maturity profile 

for the model with observed subsurface thermal maturity data (Johnson and Nuccio, 1986) 

shows a good correlation (Figure 5.6b).

Thermal models constructed for the Rangely (Douglas Creek arch area) and Wilson 

Creek (Axial Basin arch area) field areas (Figure 5.7) assume a constant geothermal gradient

11.4 °C/km (1.6 °F/100 ft) through time. Present-day formation temperatures for the Weber
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in the Rangely field area range from 60 - 70 °C (140 - 158 °F) at approximately 6000 ft 

depth, which is close to reservoir temperatures of approximately 160 °F reported for the 

Weber at Rangely field (Mendeck, 1986). The burial and thermal history curve constructed 

for the Douglas Creek arch area (Figure 5.7a) show that a maximum burial depth of 

approximately 13,000 feet (3,962 m) was reached during the early Tertiary, with maximum 

diagenetic temperatures of greater than 120 °C (approximately 250 °F). The burial and 

thermal history curve (Figure 5.7b) for the southeastern end of the Axial Basin arch (Wilson 

Creek field) show that predicted present-day formation temperatures for the Weber Sandstone 

interval range from approximately 85 - 95 °C (185 - 203 °F) at burial depths of approximately 

8,500 - 9,500 feet (2,590 - 2,895 m). Maximum burial depth of approximately 15,000 feet 

(4,572 m) was reached during early Tertiary time, with maximum diagenetic temperatures 

of approximately 140 - 150 °C (284 - 302 °F). Lack of present-day formation temperature 

data or thermal maturity data do not allow comparison of temperatures predicted by this 

model with observed values.

5.4 Porosity-Depth Relationship

In order to determine the approximate temperature range of different diagenetic 

events from burial history curves, the range of depths of cementation must be estimated 

from intergranular volumes and porosity versus depth curves for sandstones. Empirical 

porosity-depth curves have been developed for different sandstone types in many different 

basins (e.g., Atwater and Miller, 1965; Dixon and Kirkland, 1985; Galloway, 1974; Sclater 

and Christie, 1980), each showing a significantly different relationship. The porosity-depth 

relationship developed by Atwater and Miller (1965) and Dixon and Kirkland (1985) is 

representative of sandstones in which porosity is lost primarily by compactional processes,
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whereas the relationship defined by Galloway (1974) is for sandstones in which porosity 

destruction is primarily by cementation. The porosity-depth relationship defined by Sclater 

and Christie (1980) represents sandstones in which porosity is lost by a combination of 

compaction and cementation. The intergranular volume-cement relationships for the Weber 

and Maroon sandstones (see Chapter 7 - Petrography and Diagenesis; Figure 7.73) indicate 

that both compaction and cementation contributed to porosity loss, suggesting that the 

porosity-depth relationship defined by Sclater and Christie (1980) will most closely 

approximate porosity reduction in these sandstones.

The porosity-depth relationship defined by Sclater and Christie (1980) for normal 

pressured stratigraphie sections is based on the exponential relationship originally defined 

by Athy (1930):

nz = n0e~Pz,

where n0 is the initial porosity, nz is the porosity at depth z (in kilometers), and ^ is an 

exponent, the value of which depends on both the sediment type and the dimension of z. 

Measurements of initial porosity in modem eolian and fluvial sands by Pryor (1974) and 

Atkins and McBride (1992) show that initial porosity in dune sands range from 40 to 59% 

and average 49%, and initial porosity in fluvial sands range from 40 to 59% and average 

48% (Atkins and McBride, 1992). For the purposes of this study, the initial porosity for 

both Weber and Maroon sandstones is assumed at 49%, which is the average for modem 

eolian and fluvial sands (Atkins and McBride, 1992), and p = 0.27 based on observations 

for North Sea sandstones by Sclater and Christie (1980). The resultant porosity-depth 

relationship used to estimate the range of depths of precipitation of authigenic minerals 

from calculations of intergranular volumes is illustrated in Figure 5.8.
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5.5 Summary

Burial and thermal history curves generated for the Weber Sandstone in the Uinta 

and Piceance basins and adjacent areas show considerable variation in the geothermal gradient 

values throughout the study area. Average geothermal gradients are generally higher in the 

Uinta basin (25 °C/km [2.4 °F/100 ft]) than in the Piceance basin (18.7 °C/km [2.0 °F/100 

ft]), resulting in higher maximum diagenetic temperatures experienced for equivalent burial 

depths. Basin-margin areas show significantly lower geothermal gradients than basin areas, 

and in the case of the Uinta basin, are probably due to the cooling effects of ground water 

flow systems. Generally, where present-day formation temperatures or thermal maturity 

measurements are available, predicted temperatures from the thermal models agree favorably 

with the observed values. However, due to assumptions of constant geothermal gradients 

through time, uncertainty in estimates of eroded thicknesses in the construction of the burial 

history curves, and lack of good thermal maturity data or formation temperature data with 

which to calibrate the models, care must be taken in the interpretation of the results. Therefore, 

the results presented here will be interpreted in terms of temperature ranges for particular 

burial depths and not absolute temperature values.
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Chapter 6 

SEDEMENTOLOGY

6.1 General

Regional sedimentologic studies of the Weber Sandstone and closely associated 

Maroon Formation in northwestern Colorado (e.g., Fryberger, 1979; Fryberger and Koelmel, 

1986; Johnson, 1987; Bowker and Jackson, 1989; Johnson et al., 1990) have assigned eolian 

and fluvial origins to these deposits, respectively. Throughout much of its extent, the Weber 

Sandstone consists of medium- to large-scale, high-angle cross-stratified, fine- to very fine

grained quartzose sandstone formed by the southward migration of dunes in a large eolian 

sand sea (erg). The Maroon Formation consists of coarse- to fine-grained, cross-stratified 

and rippled arkosic sandstones, siltstones and mudstones deposited predominantly in north- 

northeast and west trending fluvial systems emanating from source areas on the northeastern 

flank of the ancestral Uncompahgre uplift and western flank of the ancestral Front Range 

uplift. A zone of transition between the Weber Sandstone and Maroon Formation is shown 

by the complex interbedding of eolian and fluvial deposits, and is referred to as the 

Schoolhouse Tongue of the Weber Sandstone (Brill, 1944,1952; Bissell and Childs, 1958) 

and Schoolhouse Member of the Maroon Formation (Johnson et al., 1990). Systematic 

variation in the distribution and thickness of eolian and fluvial lithofacies and a decrease in 

the scale of eolian sedimentary structures reflects the transition from eolian-dominated 

sandsea environments of the north to fluvial-dominated environments to the south and east 

(Fryberger and Koelmel, 1986). Eolian strata in the transition zone are dominated by low- 

angle cross-stratified sandstone and less common small- to medium-scale high-angle cross- 

stratified sandstone interpreted to have been deposited as erg-margin sandsheets with small
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isolated dunes encroaching upon northward dispersed fluvial sediments of the Maroon 

Formation. The distribution of eolian, transitional and fluvial lithofacies of the Weber 

Sandstone and Maroon Formation during early Wolfcampian time are illustrated in Figure 

6 .1. Locations of cores described in this study are plotted with respect to the Weber/Maroon 

facies distribution and are shown to occur predominantly within, or in close proximity to, 

the transition zone (erg margin) in northwestern Colorado and within the erg interior in 

northeastern Utah.

6.2 Fades Descriptions and Paleoenvironmental Interpretations

Three distinctive depositional subenvironments form the bulk of eolian sediments 

in the Weber Sandstone: 1) eolian dune deposits (high-angle cross-stratified sandstone); 2) 

interdune deposits (horizontally bedded sandstones, shales and carbonates); and 3) extradune 

deposits, which include sand-sheet (horizontal to low-angle stratified sandstone) and 

siliciclastic sabkha or playa (ripple-stratified to contorted sandstone). Fluvial deposits of 

the Maroon Formation were deposited in two depositional subenvironments : 1) fluvial 

channel deposits (cross-stratified, medium- to coarse-grained arkosic sandstones); and 2) 

overbank deposits (horizontally stratified, fine-grained sandstone, siltstone and shales). Each 

lithofacies description is followed by a paleoenvironmental interpretation. Interpretation of 

eolian subenvironments is based largely on eolian stratification types and vertical facies 

associations. Most eolian cross-strata consist of three primary stratification types (grainflow, 

grainfall and ripple-produced) which are the result of transport and deposition by a particular 

eolian process (avalanching on dune slipfaces, settling in zones of flow separation, and 

ripple migration) (Hunter, 1977; Fryberger and Schenk, 1981; Kocurek and Dott, 1981) and 

are, therefore, indicative of specific eolian subenvironments, because they show a regular 

pattern of distribution in modem eolian deposits.
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6.2.1 Eolian Dune Deposits (High-angle cross-stratified sandstones)

Eolian dune deposits in the Weber Sandstone are characterized by predominantly 

high-angle (>15°) cross-stratified fine- to very fine-grained sandstones with small- to medium- 

scale tabular-planar, wedge-planar and trough stratification geometries. Tabular-planar cross

stratification is the most common cross bedding type and is comprised of predominantly 

ripple- and avalanche-produced lamination. Wind-ripple lamination is the most common 

cross lamination type in the dune deposits described with individual laminae being generally 

less than 1cm thick, display tabular to slightly curved geometries and inverse grain size 

grading (Figure 6.2). Avalanche-produced strata are generally characterized by an average 

lamina thickness of l-2cm, gently undulating lamina boundaries and are internally 

structureless or subtly graded due to a two-fold grain segregation with coarser grains overlying 

finer grains (Figure 6.3). Eolian dune deposits in the Weber Sandstone range from 

approximately 5-35 feet thick and are commonly interstratified with eolian interdune and 

sandflat deposits (Figure 6.4).

Deformed cross-bedding is common in the high-angle cross-stratified deposits of 

the Weber Sandstone, ranging from small-scale step faults and contorted laminations which 

affect relatively few laminae to larger scale folds which disrupt entire cross-strata sets. 

Small-scale deformation structures are most common in the Weber cores described and 

consist of both monoclinal and overturned drag folds oriented in a stairstep fashion (Figure 

6.5) and stairstep microfaults (Figures 6.6 and 6.7) with displacements of a few centimeters. 

Stratification within the deformed region are usually well preserved and retain the distinct 

outlines of the individual laminae. This type of deformation typically affects individual to 

several tens of laminae and does not affect over- and underlying laminae.
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Figure 6.2. Wind-ripple laminations are the most common type of lamination in the eolian 
dune deposits described. Individual laminae are typically less than 1 cm thick and display 
tabular to slightly curved geometries and inverse grain size grading. Black streaks are 
residual asphaltic oil which is concentrated in the coarser grained laminations. Scale bar 
increments are 1 cm (Carney *17-35; 5,953 feet).
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Figure 6.4. Eolian dune deposits in the Weber Sandstone are relatively thin (<10 feet) and 
are commonly interstratified with eolian interdune and sandsheet deposits (Camey #17-35).



T-4067 94

Figure 6.5. Small-scale soft sediment deformation structures are common in the high- 
angle cross-stratified eolian deposits of the Weber Sandstone. These deformation structures 
commonly occur as monoclinal and/or overturned drag folds which are oriented in a stairstep 
fashion. Black areas represent staining by asphaltic oil. Scale bar increments are 1 cm 
(Camey *17-35; 5,942 feet).
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Figure 6 .6 . Stairstep microfaults are common smale-scale deformation structures in eolian 
strata of the Weber Sandstone, commonly having displacements of only a few centimeters 
and affecting individual to several tens of laminae. These deformation structures are 
interpreted to be syndepositional because over- and underlying laminae are generally 
unaffected. Dark gray to black staining is residual asphaltic oil. Scale bar increments are 1 
cm (Camey *17-35; 5,855 feet).
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Large-scale deformation structures (1-5 ft thick) which disrupt entire cross-bed sets 

are less common, consisting primarily of flexures and overturned folds (Figures 6.8 and 

6.9). These structures are usually confined to an individual cross-bed set and are characterized 

by a sharp base, preservation of original stratification within the deformed zone, and gradation 

upward into a thin indistinctly stratified to structureless sandstone, probably the result of 

sediment dewatering.

Interpretation

The high-angle cross-stratified sandstones are interpreted to represent deposition in 

eolian dune environments based on the predominance of wind ripple- and avalanche-produced 

stratification types, consistent fine to very fine grain size, and well sorted nature of individual 

laminae. Subcritically climbing translatent strata (terminology of Hunter, 1977) are the 

most common ripple-produced strata in the Weber Sandstone and are considered a distinctive 

characteristic of eolian deposition (Kocurek and Dott, 1981). Wind-ripple stratification is 

formed by the migration of low-angle climbing ripples and the preservation of all or a 

portion of each ripple beneath each successive ripple. Ripple-produced strata commonly 

exhibit a tabular geometry and are commonly inverse graded. Inverse grain-size grading is 

produced by sorting on the ripple surface, with coarser grains preserved on or near the 

ripple crests and finer grains in the troughs (Hunter, 1977). Wind ripple-produced strata 

have been produced in wind tunnel experiments (Fryberger and Schenk, 1981) and are 

commonly observed in modem eolian environments (e.g., McKee, 1966, 1979, 1982; 

Fryberger et al., 1983). On modem eolian dunes, wind ripples show a characteristic 

distribution on the stoss slope, lateral edges, and at the bases of lee face (Hunter, 1977; 

Kocurek and Dott, 1981). As a result of truncation by erosion of the upper parts of dunes 

and renewed deposition by the successive migration of eolian dunes, stoss slope deposits
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Figure 6.9. Large-scale ( 1 - 5  feet thick) deformation structures are usually confined to 
individual cross-bed sets within eolian dune deposits and consist primarily of flexures and 
overturned folds (Camey# 17-35).
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are rarely preserved (Kocurek and Dott, 1981), therefore, high-angle wind ripple-produced 

strata in the Weber Sandstone reflect lateral edge and lee slope dune deposits.

Although not as common as wind-ripple strata, avalanche-produced strata were 

observed in the Weber Sandstone and are also indicative of deposition by eolian dunes. 

Avalanche-produced strata originate by the loss of cohesion between grains on the 

oversteepened dune crest and subsequent avalanching down the slipface (Hunter, 1977; 

Kocurek and Dott, 1981). The grain-size segregation (inverse grading) common in avalanche- 

produced strata is the result of kinetic sieving, a process in which the coarsest grains rise to 

the surface of the flow and outdistance the finer grains, concentrating on both the upper part 

and near the base of individual avalanche cross-strata (Hunter, 1977). Avalanche-produced 

strata are commonly observed on the active slipfaces of modem eolian dunes (e.g., Fryberger 

et al., 1983) and are produced by slump degeneration or scarp recession on oversteepened 

dunes in wind tunnel experiments (Fryberger and Schenk, 1981). Sedimentary features 

such as fadeout laminae, flame structures and drag folds are common flowage features 

associated with individual grainflow strata (Fryberger and Schenk, 1981; Fryberger et al., 

1983).

Deformed cross-bedding is commonly associated with the high-angle cross-stratified 

sandstones in the Weber Sandstone and is a characteristic feature of lee-side deposits in 

both modem (McKee et al., 1971; McKee and Bigarella, 1972) and ancient eolian dunes 

(Doe and Dott, 1980). Small-scale deformation structures such as micro-faults and drag 

folds are syndepositional features that result from both tension and compression during 

individual sand flows. In modem eolian lee-side dune deposits, tensional deformation 

structures such as micro-faults form near the crest of the dune and are formed during initiation 

of the sandflow and are commonly restricted to single laminae or sets of laminae (McKee et
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al., 1971). Compressional features such as drag folds are characteristic of deposition lower 

on the lee-slope of a dune, and form as the result of drag on the lower part of the avalanche 

flow and overriding by the upper part of the flow.

Large-scale (i.e., structures disrupting entire cross-bed sets) deformation structures, 

although not common in the Weber cores described, are common elsewhere in the Weber 

Sandstone (Fryberger, 1978, 1979; Doe and Dott, 1980) as well as many other ancient 

eolian dune deposits (e.g., Steidtmann, 1974; Sanderson, 1976). Large-scale deformed 

cross-bedding in the Weber dune deposits described are typically 1-5 feet thick, as compared 

to contorted stratification with amplitudes ranging from 15-60 feet observed by Fryberger 

(1978; 1979) and Doe and Dott (1980) in the Weber Sandstone to the north of the study area 

in Dinosaur National Monument. In most instances, individual laminae and/or sets of cross

strata do not lose their integrity, even where distortion is extreme, suggesting that the sand 

was cohesive at the time of deformation (Doe and Dott, 1980). The degree of cohesion in 

sand is largely a function of the moisture content of the sand at the time of deformation 

(McKee et al., 1971). Laboratory experiments show sand that is uniformly wet, but not 

saturated with water, has the maximum cohesiveness when compared to dry and water- 

saturated sands. The formation and preservation of small-scale deformation structures are 

most pronounced in sands that are relatively cohesive. The presence of both small- and 

large-scale deformation structures in Weber lee-side dune deposits suggests that these deposits 

were at least periodically wetted, either by retention of rainfall, high water tables, or proximity 

of dunes to wet interdunes and/or ephemeral lakes and streams (Fryberger et al., 1990).

6.2.2 Eolian Sand-Sheet Deposits (Horizontal to low-angle cross-stratified 
sandstones)

Horizontal to low-angle (<15°) cross-stratified fine- to very fine-grained sandstone 

is the most common lithofacies observed in the erg-margin deposits of the Weber Sandstone.
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Sedimentary structures commonly associated with the sand-sheet facies include: (1) 

horizontal or low-angle laminated layers with low-angle climbing wind ripples and rare 

grainfall strata; (2) wind ripples of medium- to coarse-grained sand; (3) eolian deflation 

lags; (4) low-angle wind-formed erosion surfaces (deflationary); and (5) burrowing and/or 

root structures.

Inverse- and normal-graded wind-ripple laminae are the most common primary 

stratification type in the horizontal to low-angle cross-stratified sandstone lithofacies. 

Individual laminae are typically horizontal to gently inclined, tabular to slightly curved or 

convex-upward, and exhibit well-preserved ripple forms (Figure 6 .8). Wind ripples composed 

of sand coarser (medium- to coarse-grained) than the associated laminae are common, 

frequently exhibiting a poorly sorted texture or coarser layers a few grains thick are 

interlayered with discrete finer grained laminae (Figure 6.9).

Bioturbation, either as insect burrows and/or root casts, is common in the low-angle 

cross-stratified sandstones, occurring as individual burrowing traces and zones in which 

primary laminations are partially to completely disrupted, exhibiting a massive texture. 

Individual burrows are oriented both normal and oblique to bedding, and consist of small- 

diameter (2-4 mm) simple, unlined tubular structures. Vertical burrows occasionally have a 

meniscate internal structure (Figure 6.10). Commonly, strata with well-preserved wind 

ripple lamination and little or no burrowing grade upward into strata that become increasingly 

bioturbated and ultimately massive appearing due to complete obliteration of primary 

stratification (Figures 6.11 and 6.12). The highly bioturbated zones commonly show faint 

traces of remnant stratification and have been preferentially heavily cemented by calcite. 

The well-preserved nature of burrow traces in the Weber suggests that the sand was cohesive 

when it was bioturbated and/or reinforced by the burrowing organism (Ahlbrandt et al.,
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Figure 6.11. Wind ripples composed of sand coarser (medium- to coarse-grained) than the 
associated laminae are common in eolian sand-sheet deposits of the Weber Sandstone. These 
laminae exhibit a poorly sorted texture and occur as layers a few grains thick interlayered 
with discrete finer grained laminae. Darker brown streaks are areas of patchy oil stain. 
Scale bar increments are 1 cm (Govt. Trinity #1; 6,142 feet).



T-4067 105

Figure 6.12. Eolian sand-sheet strata are frequently burrowed, with individual burrows 
oriented both normal and oblique to bedding. Burrows are typically small diameter (2-4 
mm) unlined tubular structures, with vertical burrows occassionally exhibiting a meniscate 
internal structure (top center of photo). Black streaks represent individual laminae which 
are stained by asphaltic oil. Scale bar increments are 1 cm (Camey "17-35; 5,781 feet).
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1978). These mottled, bioturbated zones commonly form in the upper portions of individual 

sandstone bodies and are usually abruptly overlain by low-angle cross-laminated strata with 

well-preserved wind ripple laminations of the succeeding sandstone body.

Interpretation

The horizontal to low-angle cross-stratified sandstones in the Weber Sandstone are 

interpreted as low-relief eolian sand-sheet in origin because of the predominance of wind- 

ripple laminae, relatively uncommon occurrence of interbedded high-angle cross-bedded 

dune strata with sandflow or sandfall stratification, presence of zones of partially to 

completely obliterated lamination due to extensive burrowing and/or plant rooting, and the 

interbedding of eolian and non-eolian (fluvial) deposits. These sedimentary features are 

distinctive of modem eolian low-angle sand-sheet deposits and have been recognized in 

numerous ancient eolian sequences (Fryberger et al., 1979; Kocurek and Nielson, 1986).

The predominance of wind-ripple laminae and occasional intercalation of high-angle 

dune cross-stratification suggest that conditions were not favorable for the formation of 

eolian dunes and/or certain factors (or combination of factors) may have interfered with 

dune formation. Such factors include (Kocurek and Nielson, 1986): (1) a near-surface 

water table; (2) surface cementation or binding; (3) abundance of vegetation; (4) a significant 

coarse grain-size component; and (5) periodic flooding. The introduction of water (whether 

through retention of rainfall, high water table or periodic flooding) in an eolian system may 

determine the relative importance of the different factors that commonly promote sand- 

sheet formation. A near-surface water table can limit the amount of sand available for dune 

building, because wet sand near the water table has higher cohesion than dry sand and 

therefore resists wind scour (Stokes, 1968; Fryberger et al., 1988). Secondary biogenic 

(burrowing and root mottling) and authigenic processes (early cementation) are more common 

under damp to wet conditions (Kocurek and Nielson, 1986). High water tables can also
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cause early cementation (particularly by evaporite minerals) of eolian sands, especially in 

the capillary fringe above the water table and within the saturated zone, limiting the amount 

of loose sand available for dune formation. Near-surface water tables are also effective at 

promoting the growth of vegetation, which, when abundant interferes with sand movement 

thus stabilizing eolian sand sheets.

Eolian sand-sheet deposits in the Weber Sandstone typically contain abundant 

bioturbation and/or root mottling as well as pervasive calcite cementation within these mottled 

zones. These observations, coupled with evidence for periodic flooding (interstratified 

fluvial deposits) and common interbedded overbank-interdune deposits, suggest that a high 

water table may have been an important factor in promoting and maintaining an eolian 

sand-sheet in the transition zone between the Weber Sandstone and Maroon Formation.

6.2.3 Eolian Interdime / Sabkha Deposits (Horizontally bedded sandstones and 

shales)

Horizontally bedded fine- to very fine-grained sandstones and thin intercalated shales 

are common in the Weber Sandstone, and are typically interstratified with high-angle eolian 

dune and low-angle eolian sand-sheet deposits of the Weber and fine-grained fluvial overbank 

deposits of the Maroon Formation. Individual interdune deposits range from 2- to more 

than 30-feet thick and can be subdivided into two genetic types. The first type is characterized 

by structureless to discontinuous horizontal to subhorizontal wavy bedding, contorted 

bedding, fluid-escape structures, extensive bioturbation, and abundant thin (1-2 mm) clay 

laminae or drapes (Figures 6.15 - 6.17). The second type is characterized by millimeter- 

thick, well-preserved irregular to crinkly clay laminations, a nodular or enterolithic fabric, 

wavy bedding, contorted bedding, minor bioturbation, and pervasive cementation by 

carbonate cement (Figures 6.18 and 6.19).
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Interpretation

The horizontally bedded sandstone and thin interbedded shale lithofacies is interpreted 

to represent deposition in eolian interdune / inland sabkha environments. The presence of 

structureless to discontinuous bedding, wavy bedding, contorted bedding, fluid escape 

structures, abundant bioturbation, and intercalated thin clay laminae are consistent with 

sedimentary features observed in both modem and ancient interdune and inland sabkha 

deposits (Ahlbrandt and Fryberger, 1981; Kocurek, 1981 ; Fryberger et al„ 1983). Interdune 

deposits are commonly grouped into three categories, (dry, wet, and evaporative) based on 

the amount and salinity of the water associated with the interdune environment. The amount 

of water in an interdune, in turn, determines the primary sedimentary, biogenic and authigenic 

features of interdunal sediments. Based on the presence of the sedimentary features listed 

above, interdune deposits in the Weber Sandstone are classified as both wet and evaporative.

Wet interdune deposits in the Weber Sandstone (Figures 6.13 -6.15) are characterized 

by poorly formed discontinuous wavy laminae, abundant intercalated clay layers, contorted 

structures consisting of irregular swirls and fluid escape pipes, and moderate to pervasive 

bioturbation. The discontinuous wavy laminations probably represent poorly defined water 

ripples (either symmetric or asymmetric) that formed in a flooded interdune. Flooding of 

modem interdune basins commonly results from surface runoff during heavy rains, tidal 

flooding (in coastal settings), and fluvial flooding at the margins of dune fields (Kocurek, 

1981 ; Fryberger et al., 1983; Langford, 1989; Fryberger et al., 1990). The erg-margin setting 

of the Weber Sandstone within the study area suggest that surface runoff and fluvial flooding 

were the primary factors responsible for interdune flooding. Water ripple structures could 

have resulted from channelized flow during flooding by surface runoff or by weak wind- 

generated waves and currents in the interdune ponds. The abundant intercalated thin silt
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and clay laminations are interpreted as representing fine-grained material periodically 

transported to the interdune basin by either water and/or wind, trapped by standing bodies 

of water, and settling out of suspension, informational structures such as contorted bedding 

and fluid escape pipes are common in wet interdunes due to the lack of cohesion in water- 

saturated sand. These structures can form penecontemporaneously or as the result of loading 

by the migration of dunes over the water-saturated interdunes (Kocurek and Nielson, 1986). 

Wet interdunes are favorable environments for supporting extensive biogenic activity (both 

plants and animals), resulting in moderate to extensive mottling and destruction of primary 

sedimentary structures.

Evaporitic interdunes (inland sabkhas) in the Weber Sandstone are not as common 

as wet interdunes, and were observed only in the extreme eastern part of the study area. 

Sedimentary features of the evaporitic interdune include discontinuous wavy bedding, 

disrupted or contorted fabric, enterolithic structure, thin clay laminations, bioturbation, and 

pervasive cementation. The sedimentary features of the evaporative interdune deposits are 

similar to that of the wet interdune except for the nodular appearance, significantly less 

bioturbation, and the pervasive cementation by dolomite. The nodular or enterolithic structure 

is probably caused by in situ evaporite crystal growth or by the coalescence of nodules 

during compaction (Wilson, 1975), which tends to modify primary depositional features. 

The precipitation of gypsum, anhydrite, dolomite or calcite cement is common in modem 

evaporative interdune or inland sabkha environments (Ahlbrandt and Fryberger, 1981; 

Fryberger et al., 1983). A similar nodular fabric was observed in interdune carbonates in 

outcrops of the Weber Sandstone studied by Driese (1985). Physical and chemical processes 

which may produce this fabric include 1) pedogenic processes, 2) expansive growth of 

evaporite crystals, 3) desiccation, 4) bioturbation, or 5) plant rooting. These thin (<60 cm)
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sandy dolomitic mudstones exhibit a distinct lenticular geometry, occur only along first- 

order bounding surfaces, and extended laterally for distances less than 500 meters. Driese 

( 1985) suggests that carbonate interdunes in the Weber may have been fed by spring seepage 

and may have been continuously damp in their centers for extended periods of time. 

Evaporative interdune deposits described in this study are considerably thicker (in excess 

of 30 feet) than those described by Driese (1985), which may be related to proximity to erg- 

margin fluvial systems, and therefore, frequent flooding by groundwater derived from fluvial 

floods. A high water table established by frequent flooding can be an important factor in 

promoting and maintaining wet interdune conditions.

6.2.4 Fluvial Channel Deposits (Coarse-grained arkosic sandstones) and Fluvial 
Overbank Deposits (Horizontally bedded fine-grained sandstones, silts tones 
and shales)

The coarse-grained arkosic sandstones of the Maroon Formation are interstratified 

with eolian deposits of the Weber Sandstone and consist of light to medium red, poorly 

sorted, pebbly, fine- to very coarse-grained sandstone. These sandstones typically overlie 

and erode into eolian sand-sheet and interdune deposits of the Weber Sandstone (Figure 

6.20), and fine-grained fluvial overbank deposits of the Maroon Formation (Figure 6.21). 

Individual sandstone bodies typically fine upward, commonly in association with changes 

in sedimentary structures. Coarser grained sandstones show low-angle cross-stratification 

and occasionally massive bedding (Figures 6.22 - 6.24). Finer grained sandstones are 

typically ripple-stratified and slightly to moderately bioturbated (Figure 6.25). Individual 

fining upward sequences average approximately 10 feet in thickness, with stacked sequences 

attaining thicknesses in excess of 30 feet.

Horizontally bedded fine- to very fine-grained sandstones, siltstones and shales both 

cap fluvial channel sandstones and are commonly interstratified with eolian deposits of the
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Figure 6.20. Coarse-grained fluvial channel of the Maroon Formation eroding into eolian 
sandsheet deposit of the Weber Sandstone. The sharp erosional contact between the fluvial 
channel and eolian sandsheet deposit is shown in Figure 6.23 (Carney# 17-35).
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Figure 6.21. Coarse-grained fluvial channel deposits commonly erode into fine-grained 
fluvial overbank deposits which were deposited in topographically low interdune and 
sandsheet areas (Carney# 17-35).
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Weber Sandstone (Figure 6.26). These sandstones are ripple-stratified to massive and are 

commonly bioturbated. The shales are either massive or horizontally laminated and 

commonly contain thin stringers of fine- to very fine-grained sand.

Interpretation

The coarse-grained arkosic sandstones and fine- to very fine-grained sandstones, 

siltstones and shales are interpreted as fluvial channel fills of an erg-margin fluvial system. 

Erg-margin fluvial systems are common in modem eolian settings (Langford, 1989) and 

have been described in ancient sand sea deposits (e.g., Clemmensen et al., 1989; Langford 

and Chan, 1989). Outcrop description of fluvial and eolian strata within the Permian Cutler 

Formation and Cedar Mesa Sandstone on the Colorado Plateau by Langford and Chan (1989) 

provides a model (Figure 6.27) which can be applied to Weber/Maroon strata based on 

stratigraphie relationships observed in core. Fluvial systems periodically incise into or 

flood adjacent low-lying erg-margin eolian deposits, eroding and reworking them. Where 

channel incisement has occurred, coarse-grained fluvial channel sandstones directly overlie 

eolian sand-sheet, interdune and occasionally dune deposits. The coarse-grained channel 

sandstones grade laterally into the finer grained overbank sandstones, siltstones and 

mudstones. In the Weber cores described, it is common to see only fluvial overbank deposits 

interstratified with eolian deposits. The type of fluvial system varies in response to climatic 

conditions, both in the depositional basin and in the source area (Clemmensen et al., 1989). 

During relatively humid periods, fluvial floods are common and provide fine-grained 

sediment and water to the adjacent eolian system. During periods of increased aridity, 

ephemeral sandy streams predominate, and upon desiccation, fluvial sand is reworked by 

eolian processes.
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Figure 6.26. Fine-grained fluvial overbank deposits of the Maroon Formation are commonly 
interstratified with eolian sandsheet and interdune deposits of the Weber Sandstone. These 
fine-grained fluvial sandstones and siltstones represent periodic flooding of adjacent low- 
lying sandsheet and interdune areas (Carney *17-35).
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Weber Sandstone Maroon Formation
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Figure 6.27. (a) Schematic model of the arrangement of facies within Weber/ Maroon 
fluvial-eolian system in the northern Piceance basin, (b) Fluvial channel deposits are incised 
into underlying eolian dune or sandflat deposits and grade laterally into overbank-interdune 
deposits, (c) Overbank-interdune shales inter-tongue laterally with eolian dune deposits 
indicating concurrent fluvial deposition and eolian dune migration (adapted from Langford 
and Chan, 1989).
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6.3 Summary

The Weber Sandstone and closely associated Maroon Formation in northwest 

Colorado and northeast Utah record a complex interaction between eolian and fluvial systems 

in an erg-margin setting. A zone of transition, shown by the interbedding of eolian and 

fluvial deposits, marks the transition from predominantly eolian strata in the Weber to 

predominantly fluvial strata in the Maroon Formation. The erg-margin eolian deposits of 

the Weber are comprised of predominantly low-relief, low-angle cross-stratified sand sheet 

sandstones and horizontally stratified wet and evaporitic interdune sandstones. High-angle 

cross-stratified eolian dune deposits, although present, are relatively uncommon in this 

depositional setting. The presence of both small- and large-scale deformation structures, 

abundant burrowing and rooting traces, and the predominance of both wet and evaporative 

interdune deposits (as opposed to dry interdunes) suggests that a near surface groundwater- 

table was an important factor influencing deposition in this erg-margin environment.

Fluvial deposits of the Maroon Formation are comprised predominantly of low- 

angle cross-stratified coarse-grained arkosic channel sandstones and horizontally stratified 

fine- to very fine-grained overbank sandstones, siltstones and mudstones. The overbank 

deposits commonly cap and grade laterally into the channel sandstones. Periodic fluvial 

flooding probably contributed to the establishment and maintenance of a high water table in 

adjacent eolian deposits, which was an important factor in stabilizing the sand sheet and 

interdune deposits through abundant physical, chemical and biologic processes.
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Chapter 7 

PETROGRAPHY and DIAGENESIS

7.1 Detrital Mineralogy and Texture

Pétrographie and point count analysis of ninety-seven thin sections from the Weber 

Sandstone and Maroon Formation show that compositionally the two sandstones are quite 

different. The eolian sandstones of the Weber are predominantly fine- to very fine-grained, 

moderately well to well sorted, with sub-rounded to rounded framework grains. Much of 

the Weber Sandstone exhibits alternating finer- and coarser-grained laminae which results 

from subtle inverse grading due to wind ripple and grainfall sedimentation. Although these 

strata are best characterized as bimodally sorted, individual laminae are moderately well to 

well sorted (Figure 7.1). Wind ripple and grainfall strata are commonly burrowed to various 

degrees, disrupting primary stratification and resulting in relatively poor sorting. The eolian 

sandstones of the Weber are predominantly quartzarenite, subarkose and sublitharenite 

(Figure 7.2) using the classification of Folk (1974), with quartz being the most abundant 

detrital grain type. Most of the quartz grains are monocrystalline, exhibiting straight to 

weakly undulose extinction, with polycrystalline quartz accounting for a minor part of the 

total rock volume. Plagioclase and microcline are the dominant feldspar types present. 

Untwinned feldspars were classified as undifferentiated during point counting and are most 

likely orthoclase. Lithic fragments vary in abundance from trace amounts to approximately 

10% and are predominantly plutonic igneous and sedimentary rock fragments. Accessory 

minerals are commonly present in trace amounts (<1%) and include biotite, muscovite, 

tourmaline, zircon and garnet For classification purposes, accessory minerals were included 

with lithic fragments.
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Figure 7.2. Classification of sandstone samples from the Weber Sandstone and Maroon 
Formation. Eolian sandstones of the Weber (□) are mineralogically more mature than fluvial 
sandstones of the Maroon Formation (•). Differences in mineralogical maturity are probably 
related to proximity to source area and amount of mechanical reworking of Maroon 
sandstones by eolian processes (classification scheme from Folk, 1974).
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Fluvial sandstones of the Maroon Formation are mineralogically less mature than 

eolian sandstones of the Weber, a consequence of proximity to the source area and limited 

amount of mechanical reworking. Maroon fluvial channel sandstones typically occur as 

fining upward sequences which range from medium- to very coarse-grained, and are poorly 

sorted with angular to sub-angular framework grains. Compositionally, sandstones of the 

Maroon Formation are classified as lithic arenites, feldspathic litharenite and litharenite 

(Figure 7.2). Although rock fragments are the dominant component of Maroon fluvial 

sandstones (especially in the coarser sandstones), quartz is the most abundant detrital grain 

type. Most quartz grains are monocrystalline with subordinate amounts of polycrystalline 

quartz, especially in the finer-grained sandstones. Microcline and plagioclase are the most 

common feldspar types, with orthoclase occurring in only minor amounts. Biotite and 

muscovite are the most common accessory minerals, accounting for several percent, at 

most, of the total rock volume. Lithic fragments are comprised predominantly of plutonic 

igneous rock fragments with minor amounts of sedimentary rock fragments. Plutonic rock 

fragments are comprised predominantly of quartz and as composite grains consisting of 

both quartz and feldspar. Most of the coarser-grained sandstones of the Maroon Formation 

are matrix-rich, with the matrix probably resulting from the deformation and alteration of 

labile rock fragments. Therefore, all matrix material as well as accessory minerals were 

included with lithic fragments for rock classification.

Both feldspar and lithic abundances are quite variable in the eolian sandstones of 

the Weber, probably a consequence of both areal and stratigraphie proximity of the Weber 

sandstones to the mineralogically less mature fluvial sandstones of the Maroon Formation. 

Eolian sandstones of the Weber are presumed to have been derived from source areas to the 

north of the study area, possibly from the erosion of slightly older eolian sandstones of the



T-4067 132

Tensleep Formation to the north. Mechanical reworking over long distances has resulted in 

a relatively mature mineralogical composition in the Weber Sandstone. Fluvial sandstones 

of the Maroon Formation are sourced, however, from nearby uplifted areas to the south and 

east of the study area, and have not been extensively reworked. Interstratification of the 

eolian Weber Sandstone and fluvial Maroon Formation in the southern and eastern parts of 

the study area has led to intermixing of the two compositionally distinct sandstones, resulting 

in sandstones which are transitional between the two end members. The variability in the 

detrital mineralogy in both the Weber and Maroon sandstones can therefore be attributed to 

the interstratification of the two sandstone types as well as eolian reworking of mineralogically 

less mature fluvial deposits.

7.2 Authigenic Mineralogy

Diagenetic minerals in the Weber Sandstone include quartz, calcite, ferroan calcite, 

dolomite, ferroan dolomite/ankerite, anhydrite, pyrite, iron oxide (hematite), chlorite, 

kaolinite, and illite. The diagenetic mineral assemblage in sandstones of the Maroon 

Formation is somewhat more restricted and includes calcite, ferroan calcite, dolomite, ferroan 

dolomite/ankerite, iron oxide (hematite), chlorite and illite. The presence and relative 

abundance of these diagenetic minerals in both the Weber Sandstone and Maroon Formation 

is variable both between samples and between locations within the study area. The following 

discussion addresses the physical characteristics, occurrence and distribution of each of 

these diagenetic minerals in the samples analyzed.
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7.2.1 Authigenic Quartz

Quartz cement in the Weber Sandstone occurs predominantly as overgrowths on 

detrital grains, prismatic outgrowths on detrital grains, and as chalcedony. Overgrowths on 

detrital quartz grains are the most common mode of occurrence of authigenic quartz in the 

Weber Sandstone, forming as syntaxial, generally asymmetric overgrowths which are in 

optical continuity with the rounded detrital core (Figures 7.3 and 7.4). Quartz overgrowths 

are usually narrow at the constrictions in pore space between adjacent detrital grains and 

thickest where they grow unimpeded into larger primary intergranular pores. Early to 

intermediate stages of quartz overgrowth cementation are characterized by relatively thin 

overgrowths and/or numerous small overgrowths which may not completely surround detrital 

grains and only partially fill intergranular pore space. Advanced stages of quartz overgrowth 

cementation are characterized by the almost total occlusion of available pore space and the 

formation of multiple compromise boundaries between crystal faces of adjacent overgrowths 

formed by their mutual interference during crystal growth (Figure 7.4).

In most cases quartz overgrowths are easily distinguished from the detrital core by 

the presence of well-developed dust rims around the detrital grain (Figure 7.3). In some 

cases, however, dust rims are not obvious or are only partially preserved, making 

discrimination between the authigenic overgrowth and detrital core difficult or impossible 

(Figure 7.5). Differentiation of quartz overgrowth from detrital core when dust rims were 

not present was resolved during point counting based on proximity to planar crystal faces of 

the overgrowth. The number of quartz overgrowths identified in samples lacking well- 

developed dust rims or with thin or poorly developed crystal faces probably represent a 

minimum estimate because of difficulties with accurate discrimination. Inherited quartz 

overgrowths on detrital quartz grains were observed in the Weber Sandstone, although were
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Figure 7.3. Photomicrograph of syntaxial, asymmetric quartz overgrowths on rounded 
detrital quartz grains. Overgrowths are narrowest at constrictions between adjacent detrital 
grains and thickest where they grow into adjacent primary intergranular pores. Well- 
developed dust rims (arrows) around the detrital grains help distinguish quartz 
overgrowthfrom detrital core. Relatively loose packing preserved between framework grains 
suggests that quartz cementation occurred relatively early in the diagenetic history of the 
rock (Vernal #16-1, 7,448.2 feet).
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not common (Figure 7.6). Inherited quartz overgrowths usually occur as preserved remnants 

of a prior quartz cementation phase, and through subsequent erosion and transportation 

have been abraded and rounded. Inherited quartz overgrowths are considered evidence for 

multicycle grains (Sanderson, 1984) and were therefore not considered as authigenic cement 

in the point counting process.

In samples that are eolian wind ripple or grainfall laminated and show alternating 

finer- and coarser-grained laminae, quartz overgrowth cementation shows a selectivity for 

the coarser-grained laminae (Figure 7.7). Quartz cementation in these coarser-grained 

laminae tends to be pervasive, occluding almost all intergranular pore space. In most cases, 

dust rims are either nonexistent or poorly developed (Figure 7.5). Adjacent finer-grained 

laminae are pervasively cemented by authigenic dolomite and show little evidence of 

cementation by quartz overgrowths (Figure 7.7). Likewise, the coarser-grained laminae 

show very little cementation by dolomite. The textural selectivity of both the quartz and 

dolomite cements may have resulted from higher initial permeability in the coarser-grained 

laminae, in which quartz cementation occurred preferentially in the coarser laminae followed 

by subsequent cementation by dolomite in the finer laminae. It is also possible that the 

finer-grained laminae were selectively cemented by dolomite with subsequent cementation 

by quartz in the coarser laminae. Thus, the relative timing of the two cementation events in 

adjacent laminae is uncertain.

In sandstones characterized by alternating finer- and coarser-grained stratification, 

textural selectivity of quartz overgrowths has been observed for both the finer-grained laminae 

and the coarser-grained laminae (McBride, 1989). The textural selectivity of quartz 

overgrowths for coarser-grained laminae has been observed in other eolian sandstones such 

as the Tensleep Sandstone (Fox et al., 1975; Akhtar, 1991) and the Norphlet Sandstone
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(McBride, 1984), as well as in sandstones of other depositional origins (e.g., Housenecht, 

1984; Dutton and Diggs, 1990). Experimental studies (Heald and Renton, 1966) and 

pétrographie observations (e.g., Wescott, 1983; Land, 1984; Stonecipheret al., 1984; Dutton 

and Driggs, 1990) indicate that among the several processes that can explain cement 

selectivity, fluid flow is one of the most important factors influencing quartz cementation in 

clean sandstones. Experiments by Heald and Renton (1966) suggest that with freely 

circulating fluids, cementation will selectively occur to a greater degree in the coarser- 

grained more permeable sands whereas if the fluid flux is the same for both the fine- and 

coarse-grained sands, cementation occurs at a higher rate in the finer-grained sands. Coarser- 

grained beds or laminae generally have greater initial permeability than finer-grained beds 

or laminae and, therefore, providing higher rates of fluid flow for cementing fluids. In 

sandstones containing detrital clay matrix, the amount of quartz cement increases with 

increasing grain size and decreases as the amount of matrix increases (Wescott, 1983; 

Stonecipher et al., 1984; Dutton and Driggs, 1990). This relationship was interpreted to 

have resulted from the clay matrix lowering the initial porosity and permeability of the 

rock, thereby reducing fluid flow and the number of nucléation sites available on detrital 

quartz grains. Reduced quartz cementation in the finer-grained beds or laminae was attributed 

to their greater matrix content, which was a function of lower energy depositional conditions.

Cementation by quartz overgrowths is most pervasive in samples of the Weber 

Sandstone in the Uinta basin, occurring in all samples examined (Appendix II). In samples 

from the area north of the Uinta basin boundary fault, cementation is predominantly by 

syntaxial, asymmetric overgrowths which are interpreted to have formed early in the 

diagenetic history of the rock due to preservation of relatively loose grain packing (Figure 

7.3). The preservation of primary intergranular porosity in these samples suggests that
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quartz cementation had terminated in the early to intermediate stages of crystal growth. 

South of the Uinta basin boundary fault, cementation by quartz overgrowths is much more 

pervasive. In these samples quartz cementation continued for a longer period of time, 

proceeding to an advanced stage and occluding most of the primary intergranular pore space. 

Advanced stages of overgrowth cementation is also indicated by ubiquitous presence of 

compromise boundaries between crystal faces from overgrowths on adjacent grains.

Quartz cementation is minimal in most samples examined from the Piceance basin, 

but can be pervasive in isolated samples, especially along the eastern margin of the basin. 

In these samples, quartz cementation occurs selectively in coarser-grained laminae as 

previously described. Examination of selected samples with scanning electron microscopy 

shows that quartz overgrowth cementation had initiated in the Piceance basin, but had ceased 

before well defined crystal facies had formed (Figure 7.8). In the samples examined, incipient 

quartz overgrowth formation is quite common, occurring as interconnected poorly defined 

crystal growths and as larger isolated growths with well defined prismatic crystal terminations. 

Similar authigenic textures have been previously described by Pittman (1972) and were 

interpreted to represent the incipient growth stage quartz overgrowth precipitation. With 

time, if the proper physico-chemical conditions are maintained, and if sufficient pore space 

permits, these numerous small crystals will coalesce to form a euhedral crystal face. The 

extremely small scale of these incipient features does not allow them to be discerned with 

standard pétrographie microscopy, therefore the occurrence and distribution of quartz 

cementation in the Piceance basin has not been addressed.

Authigenic silica also occurs as chalcedonic quartz cement, which is characterized 

by fan-shaped bundles of thin elongate quartz fibers that radiate from a single point and 

show variations in extinction along the length of each fiber when viewed with crossed
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polarizers (Figure 7.9). This delicate radiating crystal morphology is considered to be 

diagnostic of growth primarily as a void-filling cement, although similar crystal habits have 

been documented as replacement fabrics (Hesse, 1989). This type of chalcedonic quartz 

cement was observed in only a single sample in the Weber/Maroon thin sections described, 

occurring within a matrix of coarsely crystalline non-ferroan calcite cement which filled a 

fracture. The mode of occurrence (void-filling versus replacement) and relative timing of 

the chalcedony with respect to the fracture-fill calcite cement cannot be determined from 

textural relationships in the thin section.

7.2.2. Carbonate Cements

Volumetrically, carbonate cements are the most abundant authigenic mineral in the 

Weber Sandstone and Maroon Formation, especially in the Piceance basin part of the study 

area, accounting for up to 31% of the bulk volume of the rock in some samples (Appendix 

II). Carbonate cements consist of calcite, ferroan calcite, dolomite, and ferroan dolomite/ 

ankerite, occurring as intergranular void-filling crystals, and as both detrital and authigenic 

mineral replacements. Multiple stages of both calcite and dolomite cementation are 

recognized in the Weber and Maroon formations based on crystal morphology, chemical 

composition (determined qualitatively by staining), and timing relative to other diagenetic 

events (as determined by textural relationships).

7.2.2a. Calcite

Calcite occurs in the Weber and Maroon formations as large poikilotopic crystals, 

intergranular pore-fill, detrital grain and authigenic mineral replacement, and fracture-fill. 

Coarse crystalline, poikilotopic calcite cement is interpreted as the earliest phase of calcite
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cementation, occurring as scattered masses usually l-2mm in diameter. This cement is 

commonly non-ferroan to ferroan and encloses several hundred framework grains, completely 

filling intergranular pores as well as partially to completely replacing detrital grains (Figure 

7.10). The enclosed framework grains are typically loosely packed and were, therefore, not 

subjected to mechanical compaction or chemical alteration prior to cementation. 

Cathodoluminescence petrography shows that this cement has a bright yellow to dull orange 

luminescence and blotchy appearance (Figure 7.11). The blotchy appearance may be due to 

variations in the iron content within the cement, with the dull orange luminescent areas 

representing higher iron concentrations and partial quenching of luminescence. Large 

cemented areas between adjacent framework grains commonly contain relicts of detrital 

grains suggesting grain replacement by the cement. Partial to complete detrital grain 

replacement (probably feldspars) is confirmed by cathodoluminescence petrography (Figure 

7.12).

Fine- to coarse-crystalline non-ferroan (red staining) calcite is common throughout 

the Weber (Figure 7.13) and Maroon (Figures 7.14, 7.15 and 7.16) formations, partially to 

completely filling intergranular pores and as detrital grain replacement. In many samples 

examined, detrital grain replacement by non-ferroan calcite appears to be more common 

than precipitation in intergranular pores. Detrital grains are replaced by single calcite crystals 

which are usually the same size as the grain that is being replaced and display unit extinction 

(Figure 7.17), or by numerous smaller crystals which conform to the shape of the grain that 

was replaced (7.18). The size of the calcite crystal may be related to the type of grain being 

replaced, with grains comprised of single crystals (e.g., feldspars) being replaced by single 

calcite crystals and grains composed of multiple crystals (e.g., plutonic or sedimentary rock 

fragments) being replaced by multiple calcite crystals due to the availability of numerous
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nucléation sites. In many cases the replacement of detrital feldspars by non-ferroan calcite 

is crystallographically controlled, with replacement occurring selectively along cleavage or 

twin planes (Figure 7.19).

Ferroan calcite (purple to blue staining) is common in both the Weber and Maroon 

formations as coarsely crystalline intergranular pore-filling cement, as overgrowths on non- 

ferroan calcite, and as detrital grain replacement (Figures 7.20 and 7.21). Although ferroan 

calcite fills intergranular pores, it is most commonly associated with non-ferroan calcite, 

forming optically continuous overgrowths on non-ferroan calcite cement (Figure 7.22). The 

close association between non-ferroan and ferroan calcite suggests that the non-ferroan 

calcite provided nucléation sites for ferroan calcite crystal growth. Where ferroan calcite 

surrounds non-ferroan calcite, the non-ferroan calcite has a corroded texture, suggesting 

that a phase of dissolution may have preceded ferroan calcite precipitation. This observation 

suggests that non-ferroan calcite may have occupied the entire intergranular pore before 

partial dissolution and subsequent precipitation of ferroan calcite. Compositional zoning is 

apparent on some calcite crystals, with no visual evidence of dissolution between the non- 

ferroan and ferroan calcite cements (Figure 7.22), but is less common than cements displaying 

dissolution features. Increasing iron concentration in the calcite sequence is shown by the 

systematic change in stain color from red to purple to dark blue. The evolution of calcite 

cements from non-ferroan to ferroan phases is observed at all depths in the study area and 

has been a commonly observed paragenetic sequence in other sandstones (e.g., Nash and 

Pittman, 1975; Boles, 1978; Land and Dutton, 1978; Pitman et al., 1982; Dickinson, 1988; 

Ackhtar, 1991).

Cathodoluminescent petrography shows that pore-filling calcite cements in both the 

Weber Sandstone and Maroon Formation are commonly characterized by sharply defined
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concentric and oscillatory zonation (Figures 7.23). The number of luminescent zones is 

variable from sample to sample and between pores within the same sample. In the largest 

pores, which contain the most completely developed crystals, four major luminescent zones 

are recognized (from oldest to youngest): non-luminescent, banded bright yellow luminescent, 

orange luminescent, and dull orange luminescent. These different luminescent zones reflect 

differences in trace element concentrations (predominantly Fe2+ and Mn2+) within individual 

cement crystals and will be discussed in further detail in Chapter 8: Trace Element and 

Isotope Geochemistry. The contacts between the zones are usually sharp and planar indicating 

cement precipitation without intervening dissolution events. In some samples, however, 

the inner zone is characterized by a rounded, corroded texture displaying a mottled dull 

orange luminescence (Figure 7.24). This is interpreted to represent either a detrital carbonate 

grain or partially dissolved earlier carbonate cement which acted as a nucléation site for 

subsequent calcite cementation. The younger, banded bright yellow luminescent zones 

commonly forms syntaxial overgrowths on these pre-existing cores (Figure 7.24). The 

replacement of detrital feldspar grains is also evident under cathodoluminescence (Figure 

7.25). The replaced feldspar commonly shows a mottled dull orange luminescence, 

occasionally containing relicts of the host grain, which luminesces blue. Microcrystalline 

calcite cement which commonly fills pores and acts as a detrital grain replacement is 

characterized by two main luminescent zones, an inner non-luminescent zone and an outer 

banded bright yellow luminescent zone (Figure 7.26).

7.2.2b. Dolomite/Ferroan Dolomite (Ankerite)

Dolomite cements in the Weber and Maroon formations are subdivided into two 

types based on their crystalline texture, pétrographie properties, and occurrence. Dolomite
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occurs in the Weber Sandstone as relatively small anhedral to subhedral crystals, large 

euhedral crystals, and as detrital grains. The occurrence of dolomite in sandstones of the 

Maroon Formation is as detrital grains and as large euhedral crystals. Anhedral to subhedral 

dolomite occurs as a mosaic of small crystals that partially to completely occludes 

intergranular pores in eolian wind ripple strata and interdune/sabkha deposits in the Weber 

Sandstone and in fine-grained eolian reworked overbank sandstones of the Maroon Formation 

(Figures 7.27,7.28 and 7.29). Preservation of relatively loose packing of framework grains 

in these sandstones and textural relationships with other diagenetic minerals suggests that 

this phase of dolomite cementation occurred early in the diagenetic history of the rock and 

was the first phase of dolomite cementation (Figures 7.27 and 7.29). Abundant inclusions 

or impurities within these dolomite crystals gives them a cloudy appearance, giving both 

individual crystals and laminae containing these crystals a characteristic brown coloration 

(Figures 7.27,7.28,7.29). In eolian wind ripple laminated beds that show alternating finer- 

and coarser-grained laminae, this microcrystalline dolomite selectively cements the finer- 

grained laminae, giving them a characteristic brown appearance (Figure 7.28; also see Figure 

7.7). Compositional zoning is not apparent in these crystals with standard staining techniques, 

but is apparent with cathodoluminescent petrography. Cathodoluminescence shows that 

these crystals contain three luminescent zones (Figure 7.30). The inner and outer zones are 

characterized by uniform orange luminescence and are separated by a thin zone of bright 

yellow luminescence. The geometry of the bright yellow luminescent zones shows the 

anhedral to subhedral crystal morphology of the two inner zones. The outermost zone tends 

to form euhedral crystal faces.

Late-stage dolomite is common throughout the Weber Sandstone and, although 

present, is less common in sandstones of the Maroon Formation. This dolomite cement
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1mm

Figure 7.28. Photomicrograph of bimodal grain size distribution in eolian wind ripple 
deposited strata. Finer-grained laminae are pervasively cemented by early anhedral to 
subhedral dolomite, giving these laminae a characteristic brown color. Although present in 
the coarser-grained laminae, dolomite cementation is not as pervasive as in the finer-grained 
laminae (Carney *17-35; 5,735.0 feet).
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occurs as relatively large euhedral rhombs which occlude intergranular pores (Figure 7.31), 

replace detrital grains (Figure 7.32), and replace non-ferroan and ferroan calcite cements 

(Figures 7.33,7.34, and 7.35). Although microscopic inclusions are present in this dolomite 

cement, the crystals have a relatively clear appearance due to the overall low abundance of 

impurities. Optical zonation is not apparent when observed under plane-polarized transmitted 

light, but cathodoluminescence reveals that these cements are typically concentrically zoned, 

containing two or more distinct luminescent zones. The nature of cathodoluminescent 

zonation in the late-stage dolomite cements varies considerably between samples. In most 

samples, the inner, dominant zone has a dull orange-red luminescence which has a mottled 

appearance and contain numerous irregular bright yellow and brown luminescent areas 

(Figure 7.36). The outer zone is characterized by a very dull orange-brown luminescence 

which appears to be very thinly banded. Slight variations in the intensity of luminescence 

may give rise to the banding within this zone. The contact between these two zones is often 

irregular, indication a possible dissolution event between the cementation phases. These 

dolomites are also display inner zones which are characterized by a mottled orange, brown 

and bright yellow luminescence (Figure 7.37). This inner zone is followed by a thin zone of 

alternating yellow and brown luminescent bands, and finally by a uniform orange luminescent 

zone. Many crystals contain cores which are dark brown to black and have a very irregular, 

corroded shape (Figure 7.36). These cores are interpreted to represent relicts of precursor 

carbonate cement (either calcite or dolomite) or a detrital grain which has been replaced by 

this stage of dolomite cementation. This irregular contact may also represent a dissolution/ 

reprecipitation event similar to that interpreted for the non-ferroan and ferroan calcite cements.

Ferroan dolomite and/or ankerite cements are common in the Weber and Maroon 

formations, occurring as both thin syntaxial overgrowths on dolomite rhombs or as a replacive
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cement [Note: ferroan dolomite, as defined by Boles, 1978, is a Ca(Mg, FeXCOgh carbonate 

with <20 mol% FeCOg, and ankerite is a Ca(Mg,Fe)(COg)2 carbonate with >20 mol% FeCOg. 

Because of the ferroan nature of these cements, they stain a uniform blue color and, therefore, 

the exact concentrations of iron cannot be distinguished by staining. This ferroan carbonate 

phase will, therefore, be referred to as ferroan dolomite/ ankerite]. Compositional zoning 

between unstained late-stage dolomite cores and the blue staining ankerite cement is readily 

apparent under plane-polarized transmitted light (Figures 7.38,7.39,7.40). The occurrence 

of ferroan dolomite/ankerite as thin syntaxial overgrowths along the periphery of pre-existing 

euhedral dolomite crystals is relatively rare, occurring only on isolated crystals (Figure 

7.38). The contact between the two cement zones is generally sharp and planar. Replacement 

of dolomite by ferroan dolomite/ankerite is the most common occurrence, and is indicated 

by the highly irregular contacts between the host dolomite and the ferroan dolomite/ankerite 

cement, irregular mosaic of ferroan dolomite/ankerite within the host dolomite crystal, and 

the presence of dolomite inclusions within large areas of ferroan dolomite/ankerite cement 

(Figures 7.39 and 7.40). The degree of replacement is highly variable from crystal to crystal. 

Under cathodoluminescence these cements are non-luminescent because of their high iron 

contents.

7.2.3. Anhydrite

Anhydrite cement is relatively rare in most of the Weber and Maroon samples 

analyzed, typically occurring as randomly distributed poikilotopic crystals up to several 

millimeters in diameter (Figure 7.41 and 7.42). These poikilotopic crystals engulf up to 

several hundred framework grains, occluding all intergranular porosity. In most cases 

preservation of loose packing of framework grains and the absence of prior diagenetic
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alteration indicates early emplacement. In some cases, however, poikilotopic anhydrite 

cement contains relicts of non-ferroan and ferroan calcite cement Thin sections from the 

Govt. Alcoil #1 well in the northeastern part of the Piceance basin show these rocks to be 

completely cemented by coarse crystalline pore-filling anhydrite cement. Relicts of non- 

ferroan calcite, ferroan calcite and dolomite are preserved within the anhydrite cement. In 

this well, coarse crystalline anhydrite also fills fractures, with the fracture-fill cement 

containing relicts of dolomite cement. Textural relationships with other diagenetic features 

suggest that anhydrite cementation may have occurred at two different times in the diagenetic 

history of the Weber Sandstone. An early phase of anhydrite cementation is indicated by 

the preservation of loose packing of framework grains and the lack of evidence for prior 

diagenetic alteration. A second, late phase of anhydrite cementation is indicated by relicts 

of calcite and dolomite cements within poikilotopic anhydrite cement and coarse crystalline 

anhydrite fracture-filling cement (Figure 7.43).

7.2.4. Pyrite

Authigenic pyrite is present in only minor amounts in the Weber Sandstone, being 

most common in samples from the Uinta Basin, which are from the top of the formation. 

Pyrite occurs most commonly as large irregular crystal masses and as euhedral cubes which 

partially replace detrital grains and occupy intergranular pores (Figures 7.44 and 7.45). 

Scanning electron microscopy shows that pyrite crystals are commonly embedded in detrital 

grains, indicating replacement (Figure 7.46). Pyrite also occurs in secondary pores and is 

closely associated with authigenic clays that fill the pores (Figure 7.47). Pyrite crystals are 

commonly surrounded by, and their surface partially coated with, authigenic clay, indicating 

that clay formation occurred after pyrite precipitation. Where multiple crystals of pyrite are
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surrounded by authigenic clay, the clay coating the surfaces of the pyrite crystals commonly 

forms bridges between adjacent crystals, also indicating that clay formation followed pyrite 

precipitation. Textural relationships indicate that the precipitation of pyrite in the Uinta 

basin was an early diagenetic event, probably occurring at approximately the same time as 

the precipitation of quartz overgrowths (Figure 7.47 and 7.48).

7.2.5. Clays

Clay minerals are commonly observed in the Weber and Maroon formations in both 

the Uinta and Piceance basins, occurring as both detrital and authigenic components. 

Although commonly observed, volumetrically, these minerals comprise a relatively minor 

part of the overall rock volume. Kaolinite, chlorite and illite are the primary authigenic 

clays observed, with kaolinite and illite being most common in samples from the Uinta 

basin and chlorite and illite being the dominant authigenic clay types in the Piceance basin. 

Clay cutans on detrital grains are common in fluvial sandstones of the Maroon Formation, 

but are rarely observed in the eolian sandstones of the Weber. Clay cutans occur as thin iron 

oxide-stained rims around framework grains, and typically coat the entire surface of the 

grain except at point contacts between adjacent grains (Figure 7.49). Under crossed 

polarizers, the tangential alignment of the individual high biréfringent clay particles can be 

seen. Clay cutans typically form in desert environments by the mechanical infiltration of 

detrital clay minerals into an originally clay-free sandstone (Walker, 1976; Walker et al., 

1978). Infiltration of ground water is an important mechanism whereby suspended infiltrated 

clay can adhere to detrital grain surfaces by gravity settling. The continuous circulation of 

oxygenated ground waters through the sediment alters labile ferromagnesian silicate minerals, 

releasing iron which is later reprecipitated as hematite on grain surfaces, staining infiltrated
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clays. The formation of clay cutans and iron oxide precipitation is a near surface 

syndepositional diagenetic process and represents the earliest diagenetic modification to 

Weber and Maroon sandstones.

Authigenic kaolinite commonly occurs as characteristic coarse crystalline booklets 

which partially to completely fill pores (Figures 7.50 and 7.51). The areas filled by kaolinite 

are commonly the same size and shape as adjacent framework grains, suggesting the in situ 

alteration of detrital feldspar grains (Figures 7.50 and 7.51). Kaolinite which occurs as 

feldspar replacement will generally be more densely packed than kaolinite which has 

precipitated in open pore space (Almon, 1981). Relicts of detrital grains and carbonate 

cements are commonly observed within aggregates of authigenic kaolinite (Figure 7.52). 

Pétrographie observations have shown that both calcite and dolomite cements commonly 

replace detrital feldspar grains in both the Weber and Maroon formations. Detrital feldspars 

which have been partially replaced by carbonate cement may have subsequently been altered 

to kaolinite which in turn replaced the carbonate cement. Kaolinite is the most common 

authigenic clay type in the Uinta basin, with only rare occurrences in the Piceance basin.

Authigenic chlorite occurs as both a pore-lining and pore-filling mineral (Figures 

7.53 and 7.54), which are due to both cementation and grain alteration, respectively. Chlorite 

typically occurs as fan-shaped clusters or rosettes which consist of individual crystals or 

groups of crystals which have a face-to-edge orientation with respect to each other (Figure 

7.55a). Energy dispersive x-ray spectrum (EDX) analyses of chlorite crystals indicates that 

they are iron-rich (Figure 7.55b). Chlorite which lines pores or only partially fills them are 

interpreted to have been precipitated as a cement. Relatively large chlorite aggregates which 

completely fill pores and display a size and shape comparable to adjacent framework grains 

are interpreted to have formed by the in situ alteration of detrital feldspars (Figure 7.54).
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When viewed with the scanning electron microscope, feldspars which have been partially 

altered to chlorite show a complex intergrowth between the host feldspar grain and the 

authigenic chlorite (Figure 7.56). Similar textures have been observed for chlorite replaced 

feldspars and are interpreted to be indicative of the early stages of grain replacement (Morad 

and Aldahan, 1987). In such cases, chlorite replacement occurs initially along the detrital 

grain boundaries and continues inward selectively along cleavage and twin planes of both 

microcline and albite. Chlorite is the predominant authigenic clay type in the Piceance 

basin, especially along the transition zone between the Weber and Maroon formations.

Authigenic illite occurs as a variety of different crystal forms, with delicate filamen

tous projections coating detrital grain surfaces (Figure 7.57) and partially filling intergranular 

pores (Figure 7.58) and as crenulate flakes with delicate lath-like terminations (Figure 7.59) 

being the most common forms. Illite occurs predominantly as a grain coating clay, commonly 

forming bridges between adjacent grains. These grain coatings tend to be the most delicate 

crystal form of illite. Illite also partially to completely replaces detrital feldspar grains 

(Figure 7.59), usually displaying the shorter crenulate to lath-like crystal morphology. Grain 

replacement is indicated by the overall morphology of the crystalline aggregate and relicts 

of detrital grains within the aggregate. Grain-coating and intergranular pore-filling illite is 

most common in sandstones in the Piceance basin, whereas the grain-replacing crenulate 

crystal aggregates are most common in the Weber Sandstone in the Uinta basin north of the 

Uinta basin boundary fault. Illite which forms as a product of detrital feldspar alteration 

common partially replaces adjacent detrital quartz grains and authigenic quartz overgrowths 

(Figure 7.60). Illite was also commonly found associated with other authigenic clay types, 

intertwined with both kaolinite and chlorite (Figure 7.61). The delicate filamentous illite 

crystals occur both around the crystal aggregates and between individual crystal plates,
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indicating that the illite precipitated after either the kaolinite or chlorite. The occurrence 

and distribution of illitic clays could not be accurately assessed with standard pétrographie 

microscopy due to the extremely fine crystal size of the clay.

7.2.6 Seriate

Sericite is a fine-grained white mica with a chemical formula similar to that of 

muscovite and occurs as fibrous aggregates, usually as a product of feldspar alteration 

(Hurlbut, 1971). Sericite is a common alteration product in retrograde metamorphic rocks 

and as the result of weathering of feldspars at the site of deposition in semi-arid climates 

(Folk, 1974; Blatt, 1982). As used in this study, sericite is a relatively coarse-grained (as 

compared to the very fine filamentous pore-rilling illite) illite that forms as an alteration 

product of detrital feldspar grains and is differentiated microscopically from illite by its 

crystal size. In thin section, sericitized feldspars are recognized by a brown coloration 

which results from the presence of sericite as well as fluid-filled vacuoles in the altered 

feldspar grain (Figure 7.62). Under crossed polarizers sericite is characterized by a bright 

white to yellow birefringence, with aggregates of crystals showing a crystallographically 

controlled distribution along cleavage and/or twin surfaces (Figure 7.63). A subsurface 

origin for sericite, as opposed to feldspar alteration in the source area, is indicated by euhedral 

crystal terminations which extent beyond feldspar grain boundaries (Figure 7.63) and 

aggregates of crystals which approximate the size and shape of detrital grains and contain 

relicts of detrital feldspar grains (Figure 7.64a). Energy dispersive x-ray spectrum (EDX) 

analyses indicates that authigenic sericite has a chemical composition similar to that of 

authigenic illite (Figure 7.65a). EDX analysis of relict detrital feldspar grains (Figure 7.65b) 

within the authigenic sericite matrix show a chemical composition similar to that of the
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Figure 7.65. a) Energy dispersive x-ray spectrum (EDX) of authigenic sericite which occurs 
as the alteration product of a detrital K-feldspar grain shown in Figure 7.64. The EDX 
analysis yields the major elements of silicon (Si), aluminum (Al) and potassium (K), with a 
minor amount of calcium (Ca). For authigenic sericite or illite, the relative peak height of K 
is usually less than that of Al. b) EDX spectrum of the relict detrital K-feldspar grain in 
Figure 7.64 displaying the major elements (Si, Al, and K) typical of K-feldspars. The peak 
K and Al peaks are of equal height in contrast to authigenic sericite or illite. The gold (Au) 
and copper (Cu) peaks are artifacts of the conductive metal coating on the sample and the 
specimen plug, respectively.
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sericite, but the potassium (K) and aluminum (Al) peaks are of equal height in contrast to 

that of sericite, which is diagnostic of potassium feldspars (Welton, 1984). Sericite commonly 

replaces calcite and dolomite cements which have previously partially to completely replaced 

detrital feldspar grains (Figure 7.66 and 7.67), also indicating that sericitization occurred in 

the subsurface. Feldspar seritization is common in both the Weber Sandstone and sandstones 

of the Maroon Formation, and is restricted primarily to samples from the Piceance basin, 

especially in the northeastern part of the basin.

7.2.7 Feldspar Dissolution

The dissolution of framework grains, particularly feldspars, is a common process in 

the Weber Sandstone north of the Uinta basin boundary fault in the northeastern Uinta basin 

as indicated by the presence of corroded grains (Figure 7.68) and abundant secondary pores 

(Figure 7.69) (Schmidt and McDonald, 1979). Skeletal relicts of leached feldspars are 

interpreted to be in situ alterations due to the preserved delicate textures, which could not 

have survived transport or compaction due to burial following grain dissolution. Relict 

grains commonly occur in various stages of dissolution, ranging from the formation of 

minor dissolution features along cleavage and/or twin planes to the complete dissolution of 

the grain, recognized only by the presence of elongate and oversized pores. 

Crystallographically controlled dissolution of feldspars is a commonly observed occurrence 

in ancient sedimentary deposits (e.g., Milliken, 1988) and in modem soils (Berner and 

Holdren, 1979). Crystallographically controlled etching patterns have also been reproduced 

in the laboratory when pure feldspars were reacted with strong acids (Berner and Holdren, 

1979). Cleavage and/or twin planes in feldspars may act as conduits for diagenetic fluids, 

as well as provide fresh surfaces for reaction with these fluids. Authigenic clays (Figure 

7.70) and quartz (Figure 7.71) are commonly associated with partially dissolved feldspars,
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occurring both adjacent to the grains and within etch pits. The close association of authigenic 

clays and quartz with dissolved feldspars suggests that these minerals may be reaction 

products of the feldspar dissolution. Authigenic clays which form as reaction products of 

feldspar alteration commonly partially replace adjacent framework grains (Figure 7.70). 

Textural relationships with other diagenetic features (Figure 7.72) indicate that feldspar 

dissolution and the concomitant precipitation of authigenic clays and quartz occurred 

relatively late in the diagenetic history of the Weber Sandstone, following oil emplacement.

7.3. Porosity Loss

During burial, sediments pass through changing temperature, pressure and hydrologie 

regimes which interact to various degrees to alter the original porosity and permeability 

structure of the sediment. Diagenetic processes, which in combination, play significant 

roles in modifying porosity in sandstones include mechanical compaction, chemical 

compaction (i.e. pressure solution), cementation, and framework grain and cement 

dissolution. Perhaps the two most important diagenetic processes which act to reduce porosity 

in sandstones are mechanical compaction and cementation, with compaction being an 

irreversible process. During burial, sandstones are subjected to vertical and lateral stresses 

which act to promote the loss of porosity through mechanical and/or chemical compaction. 

Mechanical compaction, which includes the rotation and reorientation of brittle grains and 

the plastic deformation of ductile grains, accounts for much of the early porosity loss 

associated with shallow burial. Initial sandstone intergranular porosity values, which can 

exceed 50% (Pryor, 1973; Atkins and McBride, 1992), can be reduced to approximately 

26% by mechanical compaction alone with shallow burial (2-3 km), assuming that the 

sandstone is composed of nonductile well-rounded grains (Berner, 1980).





T-4067 221

In contrast, cementation is a much more complex process in which diagenetic 

reactions are largely dependent on the initial sediment composition, temperature history 

during burial, and changes in pore fluid composition throughout the geologic history of the 

sandstone. In order to assess the relative importance of mechanical compaction and 

cementation to intergranular porosity reduction in the Weber and Maroon sandstones, the 

technique developed by Housenecht (1987) was utilized for analyzing point count data.

Intergranular volumes (minus-cement porosity) were calculated for calcite cement 

in both the Weber and Maroon sandstones to estimate porosity at the time of cementation. 

To achieve accurate estimates of intergranular porosity at the time of calcite cementation, 

sandstones that contained detrital mud matrix and/or a significant percentage of ductile 

framework grains (e.g., biotite, muscovite) were not used in the calculations. Since this 

diagram does not accommodate secondary porosity formed by framework grain dissolution, 

samples that contained significant amounts of secondary dissolution porosity (predominantly 

from the Uinta basin) were not plotted on this diagram. Since the volume of intergranular 

porosity in a sandstone is a function of the amount of intergranular volume that has been 

destroyed by compactional processes (mechanical and chemical) and cementation, point- 

count data was plotted on a diagram from Housenecht (1987) (Figure 7.73) to assess the 

relative importance of compaction and cementation on porosity destruction. The vertical 

axis of this diagram represents intergranular volume and assumes that the sandstone is well 

sorted and had an original porosity of 40%. This axis provides a measure of the amount of 

original porosity that has been destroyed by mechanical and chemical compaction. The 

horizontal axis represents the percentage of cement present and is an indication of the amount 

of original porosity destroyed by cementation. Equal intergranular porosity plot as diagonal 

lines on the diagram and the dashed diagonal line separates samples in which compactional
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Figure 7.73. Intergranular volume versus cement data for samples from the Weber and 
Maroon sandstones in the Piceance basin. The diagram, from Housenecht ( 1987), evaluates 
the relative importance of compactional processes and cementation to porosity destruction. 
Equal intergranular porosity plot as diagonal lines on the diagram and the dashed diagonal 
line separates samples in which compactional processes (lower left) have been more important 
than cementation (upper right) in reducing intergranular porosity. The majority of Weber 
and Maroon sandstone samples plot in the lower left of the diagram indicating that 
compactional processes were more important in porosity reduction than cementation during 
the diagenetic history of these samples. Similar observations were made for the eolian 
Nugget Sandstone by Housenecht (1987).
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processes (lower left) have been more important that cementation (upper right) in reducing 

original intergranular porosity.

The intergranular volume-cement diagram in Figure 7.73 shows data from the Weber 

and Maroon sandstones, the majority of which plot in the lower left portion of the diagram, 

indicating that although a combination of compactional processes and cementation were 

responsible for porosity loss in the Weber Sandstones, compactional processes were more 

important than cementation in porosity reduction during the diagenetic history of the majority 

of these samples. Similar results were obtained by Housenecht (1987) for the eolian Nugget 

Sandstone.

7.4. Diagenetic History

The principal objective of this discussion is to interpret the relative timing of 

diagenetic events in the Weber and Maroon formations with respect to the structural evolution 

of the Uinta and Piceance basins and make general inferences about large-scale basinal 

fluid-flow systems from patterns of diagenetic change. Knowledge of the structural evolution 

of the Uinta and Piceance basins, as interpreted from burial history curves and published 

studies, can be used to make inferences regarding the direction and source of regional scale 

fluid-flow systems from theoretical models of fluid migration and models of regional fluid 

flow developed from observations in other similar basins. The types of diagenetic events 

occurring at specific times during the evolution of the Uinta and Piceance basins can then 

be used to constrain the type(s) of fluids responsible for these diagenetic events. The 

following discussion is a brief review of published models of diagenetic processes that are 

related to major diagenetic environments associated with basin development. These models 

will be used to interpret the major environments of sediment diagenesis in the Weber and
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Maroon formations during evolution of the Uinta and Piceance basins.

7.4.1 Diagenetic Models

The diagenetic history of siliciclastic sediments depends on the complex interaction 

of the original sediment composition, temperature (i.e., burial) history, and pore fluid 

chemistry and flow history. Diagenetic processes (compaction, cementation, mineral 

replacement and dissolution) begin with deposition of a sediment and proceed as a continuum 

of events throughout the burial history of the rock. Several zonal classification schemes 

have been proposed to define major environments of sediment diagenesis (e.g., Choquette 

and Pray, 1970; Galloway, 1984; Surdam et al., 1989a,b), each exhibiting characteristic 

diagenetic processes and/or products.

The temporal classification scheme of Choquette and Pray (1970) is based on 

differences in porosity-modifying processes in carbonate rocks that occur in shallow surficial 

versus deep burial diagenetic environments. Three major diagenetic environments were 

recognized: eogenetic, mesogenetic, and telogenetic. The eogenetic stage corresponds to 

the time interval between final deposition of sediment and the burial depth below which the 

effectiveness of surface-related processes diminish. The mesogenetic stage coincides with 

the burial diagenetic environment and is the time interval during which the sediments are 

buried below the major influence of surface-related diagenetic processes. Diagenetic 

processes are slow in the burial environment and is dominated by compaction. The telogenetic 

stage is the time interval during which the deeply buried rock sequence is uplifted into the 

zone influenced by surficial diagenetic processes.

Galloway (1984) proposed a classification of major environments for sandstone 

diagenesis based on the relative positions of three different hydrologie regimes (meteoric,
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compactional, and thermobaric) in actively subsiding sedimentary basins. Although the 

boundaries between these hydrologie regimes are gradational and may be difficult to 

reconcile, characteristic diagenetic processes and/or products can be associated with each 

regime. The meteoric regime typically encompasses the shallowest portions of the basin 

sedimentary fill and is characterized by recharge of surface waters down topographic gradients 

along the basin margin. Flow rates are typically relatively high and this regime is considered 

to be an open system in which waters are continuously replaced. Stable isotope studies 

(e.g., Clayton et al., 1966; Hitchon and Friedman, 1969; Land and Prezbindowski, 1981) 

have demonstrated that meteoric waters can penetrate to considerable depths (up to 2000m) 

in sedimentary basins. Diagenetic features commonly associated with meteoric waters 

include the formation of clay cutans, calcite and kaolinite cements, and the dissolution of 

feldspars and rock fragments.

The compactional regime occurs below the zone of active meteoric circulation and 

is characterized by upward and outward expulsion of connate waters trapped within the 

compacting sediment. The amount of compactional water available is limited to that 

originally trapped within the sediment, and compactional flow will persist only as long as 

active basin subsidence and filling occurs. Compactional waters are typically reducing 

saline brines and diagenetic features commonly associated with the compactional regime 

include: quartz and albite overgrowths, calcite cement and grain replacement, authigenic 

chlorite and kaolinite, dissolution of detrital grains and authigenic cements, and albitized 

plagioclase.

The thermobaric regime occurs in the deepest part of the basin and is characterized 

by gas-charged, acidic brines released primarily by dehydration reactions of hydrous mineral 

phases (particularly clays). Fluid movement is slow, occurring in response to pressure
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gradients created by lithostatic loading and inorganic/organic phase changes. Diagenetic 

features commonly associated with this deep burial environment include ferroan carbonate 

cements, authigenic kaolinite and chlorite cements, albitized plagioclase, and dissolution of 

detrital feldspars.

The third classification scheme (Surdam et al., 1989a, 1989b) is based on the concept 

of interactions of organic and inorganic components controlling diagenetic mineral reactions 

in sandstone and shale sequences during progressive burial. The processes controlling burial 

diagenesis are divided into three zones, with each zone characterized by specific temperature- 

dependent organic/inorganic interactions that control mineral stability. These zones are 1) 

shallow burial (surface to 80°C); 2) intermediate burial (80°C to 140°C); and 3) deep burial 

(> 140°C). This diagenetic model assumes that there has been no mixing of connate and 

meteoric waters below a burial depth equivalent to approximately 80°C and that there has 

been no mixing of connate waters and hot brines derived from deeper parts of the basin. 

The shallow burial environment in characterized compaction, carbonate and silica 

cementation, clay infiltration, and kaolinite precipitation. The most important reactions 

occurring in the intermediate burial zone include the dissolution of early carbonate cements, 

precipitation of ferroan carbonate cements and quartz, and the precipitation of kaolinite, 

illite, and chlorite. The deep burial environment is characterized by the dissolution of ferroan 

carbonates, potassium feldspar, and aluminosilicates, and the precipitation of pyrite, illite 

and quartz. This diagenetic model stresses the importance of sediment provenance and 

early diagenetic reactions in determining subsequent diagenetic reactions, but does consider 

hydrologie regimes.

Interpretation of the Weber/Maroon paragenetic sequence within the context of burial 

history and regional fluid-flow systems will be addressed through a combination of the
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above classification schemes of diagenetic environments. Herein, diagenetic environments 

are divided into three distinct zones, each of which is characterized by a series of diagenetic 

processes and/or products that are related by relative timing and the fluid regime in which 

they occurred. These diagenetic environments are: 1) shallow burial diagenesis; 2) burial 

diagenesis; and 3) diagenesis related to uplift.

The shallow burial environment corresponds to diagenetic processes occurring from 

the time of deposition to burial depths that are interpreted to be within significant influence 

of surface-related processes. These processes are assumed to occur in the presence of the 

original pore fluids in the sediment and can be either meteoric or marine in origin. The 

burial diagenesis environment corresponds to diagenetic processes that are interpreted to 

occur in the zone that is not influenced by surface-related processes and waters and are 

interpreted to occur in the presence of pore fluids that have been modified through increased 

rock/water interaction at elevated burial temperatures and/or fluids derived from compactional 

processes in adjacent formations or ground water flow systems along regional aquifers 

(e.g., Garven, 1985; Bethke and Marshak, 1990). The diagenetic environment related to 

basin uplift corresponds to diagenetic processes interpreted to be the direct result of proximity 

to the surface and surface-related processes. These diagenetic processes are interpreted to 

occur in the presence of meteoric pore fluids that have displaced basin brines upon uplift 

and erosion of deeply buried rock and exposure to surface recharge. Large-scale uplift in 

the study area occurred in response to the Laramide orogeny, which was initiated in the Late 

Cretaceous (see Chapter 3).

Interpretations of fluid regimes associated with specific diagenetic processes and/or 

products are based on the type of fluids that can be expected in particular burial situations 

(Galloway, 1984). These interpretations are also based on the basin configuration at the
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time that the diagenetic event occurred, and the type of fluid flow that can be predicted 

based on basin configuration and observations from other similar basins and from numerical 

models of fluid flow. Possible diagenetic reactions will also be discussed in order to determine 

the major ions needed for a particular reaction and the possible source(s) of the ions given 

the diagenetic environment in which the reaction was interpreted to have occurred. The 

possible sources of major ions needed for diagenetic reactions will also aid in the interpretation 

of the general pore fluid composition necessary for such reactions to occur.

7.4.2. General Paragenetic Sequence

Textural relationships among diagenetic events in the Weber and Maroon sandstones 

has resulted in the general paragenetic sequence that is summarized in Figure 7.74. The 

sequence is relative and does not imply an absolute temporal connotation. All of the 

diagenetic events/products listed are a compilation of those observed in these sandstones as 

a whole, with the diagenetic events represented in individual thin sections being quite variable 

between samples and geographic areas. Diagenetic events specific to individual formations 

and/or basins are designated as such in parentheses.

Although the majority of diagenetic events in the Weber and Maroon sandstones are 

common to both basins, the dominant diagenetic processes and/or products differ between 

the Uinta and Piceance basins. Diagenesis in the Uinta basin is characterized by relatively 

early and extensive quartz overgrowth cementation and late-stage detrital feldspar and 

carbonate cement dissolution and associated kaolinite, illite, and quartz precipitation. 

Diagenesis in the Piceance basin, however, is dominated by the precipitation of pore-filling 

and grain-replacement nonferroan and ferroan carbonate cements. Authigenic clay in the 

Weber and Maroon sandstones in the Piceance basin is predominantly grain-replacement
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and pore-filling chlorite and relatively minor amounts of illite/sericite. In a diagenetic 

study of the Weber Sandstone in the Uinta and Piceance basins, Koelmel (1986) observed 

similar differences in the distribution of quartz overgrowth and carbonate cementation 

between the two basins.

In the following sections, the diagenetic history of the Weber/Maroon sandstones 

will be discussed in terms of chronology and the diagenetic environment in which the 

diagenetic events are interpreted to have occurred. Differences in diagenetic style between 

the Uinta and Piceance basins will be addressed in discussions of the three major diagenetic 

environments.

7.4.3. Shallow Burial Diagenesis

Diagenetic events interpreted to have occurred early in the diagenetic history of the 

Weber and Maroon sandstones include grain rearrangement due to compaction, formation 

of clay cutans on framework grains, Fe-oxide grain coatings, poikilotopic calcite cement, 

and the precipitation of pyrite. Each of these diagenetic events is present to some degree in 

both basins, with clay cutans being more common in sandstones of the Piceance basin and 

pyrite cement occurring predominantly in the Uinta basin near the top of the Weber in 

eolian sandstones that have been reworked by marine processes.

7.4.3a. Clay Cutans

Clay cutans on detrital framework grains are interpreted to have been one of the 

earliest diagenetic alterations in the Weber and Maroon sandstones, occurring most commonly 

in fluvial deposits of the Maroon Formation and in transitional zones where fluvial deposits 

grade upward into deposits dominated by eolian processes. By analogy to modem desert
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environments (Walker et al., 1978), these detrital clay coatings are interpreted to have formed 

by the post-depositional infiltration of clay particles into initially clay-free sandstones. Clay 

particles suspended within surface waters are introduced into desert alluvium by influent 

seepage and become concentrated as coatings around framework grains composed of clay 

platelets oriented parallel to the grain surfaces. Clay cutans will not form in all desert 

environments, particularly in areas where influent seepage of surface waters is minimal or 

nonexistent and in conditions where initially deposited sediment is reworked by eolian 

processes thereby removing the clay coats by abrasion.

7.4.3b. Iron Oxide

Iron oxide pigmentation postdates the formation of clay cutans, occurring on detrital 

grains and more commonly on clay cutans. The iron oxide pigment occurs predominantly 

in fluvial sandstones, siltstones and shales of the Maroon Formation and less commonly in 

eolian deposits of the Weber Sandstone. Red pigment in eolian sandstones is most common 

where the Weber is in close association with the Maroon Formation, such as areas where 

fluvial deposits grade upward into eolian deposits. By analogy to studies of modem desert 

environments (Walker, 1967), iron oxide pigment in these sandstones is interpreted to have 

formed from the intrastratal alteration of iron-bearing silicate detrital grains such as biotite 

and hornblende. Biotite is a commonly observed accessory mineral in Maroon Formation 

sediments examined, particularly in the finer-grained siltstones and mudstones, and is 

interpreted to have been a major source of iron for the hematite pigment. Other iron-bearing 

minerals such as hornblende may also have contributed iron for the hematite pigment, but 

were not observed in thin section samples. Such unstable minerals were probably completely 

destroyed by intrastratal alteration. Walker (1967) observed that more than 60% of unstable
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iron-bearing detrital grains had been destroyed in a period of less than 10 million years in 

Pliocene red beds deposits in Baja California. Walker (1967) also noted that source rocks 

for red bed deposits such as the Maroon Formation in the present Rocky Mountains are rich 

in hornblende as are Recent alluvium derived from these source areas.

The formation of iron oxide pigment in desert environments is commonly attributed 

to the post depositional alteration of iron-bearing silicate grains in an oxidizing interstitial 

environment. Favorable oxidizing conditions in desert environments are found in both the 

vadose zone and the upper part of the phreatic zone. The post-depositional redistribution of 

iron by alteration of iron silicates can best be explained by predominantly variations in the 

redox potential (Eh) pore waters (Figure 7.75). Studies measuring the oxidation potential 

of iron in ground water show a positive correlation between the oxidation potential and the 

concentration of iron and little correlation between iron concentration and the pH of the 

water (Back and Barnes, 1965). Where the Eh conditions are such that the pore waters lie 

within the stability field for Fe(OH)3, iron will precipitate as a ferric hydrate (e.g., limonite) 

in close proximity to the altered iron silicate detrital grains. If changes in the Eh conditions 

do not occur later in the diagenetic histoiy of the rock, hematite will ultimately form from 

the original ferric hydrate precursor.

7.4.3c. Poikilotopic Calcite

Poikilotopic calcite cement in the Weber Sandstone is interpreted to be the earliest 

phase of calcite cementation, occurring as scattered crystals up to approximately 3mm in 

diameter. Poikilotopic calcite is rare in the Weber and Maroon formations, occurring almost 

exclusively in strata deposited in fluvial overbank/interdune and eolian interdune 

environments and in eolian dune and sandsheet strata that directly over- and underlie eolian
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pH limits of naturally occurring aqueous environments (from Walker, 1967).
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interdune and fluvial overbank/interdune strata. Detrital framework grains within the crystals 

are loosely packed, indicating that cementation occurred prior to significant compaction, 

and individual grains show corroded boundaries due to marginal replacement by the calcite 

cement. Cathodoluminescence petrography shows that these crystals have a mottled 

appearance as opposed to concentric zonation that is typically formed under conditions of 

changing pore fluid composition. The mottled appearance is interpreted to have resulted in 

variations in iron concentration or Ca:Fe ratios in the pore fluid or episodic precipitation 

and dissolution during changing pore fluid composition.

The close association of poikilotopic calcite with fluvial overbank/interdune and 

eolian interdune deposits and strata deposited in close stratigraphie proximity to these 

environments suggests that precipitation of these cements occurred from surface and/or 

near-surface waters that were derived from these environments. Although the Weber and 

Maroon formations were deposited in a relatively arid continental environment, the 

occurrence and fluvial and eolian interdune/sabkha deposits indicate that water was at least 

intermittently present throughout deposition of these formations. Study of modem continental 

eolian environments that are removed from the influence of marine waters indicates that 

many internally-drained desert environments have high water tables, which is due to a 

combination of poor rainfall runoff and the excellent water retention characteristics of clean 

eolian sand (Fryberger et al., 1990). By analogy with modem eolian environments, 

poikilotopic calcite cement in the Weber and Maroon formations is interpreted to have 

formed from meteoric surface waters that occurred as ephemeral lakes (i.e., interdune/ 

sabkhas) and streams and waters derived from these sources that percolated into underlying 

sediments or were expelled upward into overlying sediments when eolian dune or sandsheet 

deposits migrated over strata deposited in interdune and fluvial environments.
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Since evaporative concentration is a major control on water composition in 

hydrologically closed systems such as desert environments, the basic principles of the 

evolution of nonmarine brines as developed by Garrels and MacKenzie (1967), Hardie and 

Eugster (1970), and Eugster and Jones (1979) can be applied to the formation of early 

calcite cement in the Weber and Maroon formations. The Hardie-Eugster model interprets 

the chemistry of dilute inflow waters undergoing evaporation as a series of chemical divides 

by which the precipitation of minerals affects the composition of the remaining water (Figure 

7.76). In this model dilute meteoric waters acquire solutes through chemical weathering 

reactions (predominantly rainwater that has percolated through surface soils), some of which 

become supersaturated through evaporative concentration and subsequently precipitate from 

solution. With almost all natural waters, after slight evaporation during the early stages of 

brine evolution, calcite is the first mineral to precipitate, either as pore-filling cements in 

coarse grained sediments or displacive poikilotopic crystals in finer grained sandy sediments. 

The close association of poikilotopic calcite cement with fluvial overbank/interdune and 

eolian interdune deposits in the Weber and Maroon formation suggests that these cements 

were precipitated from the evaporative concentration of dilute meteoric waters derived from 

periodic flooding of low-lying interdune areas by ephemeral streams and/or high water 

tables produced by the downward percolation of surface water.

7.4.3d. Pyrite

Pyrite cement is relatively rare in the Weber Sandstone, occurring as cubic to irregular 

shaped crystals that are interpreted to have formed early in the diagenetic history of the 

sandstone. Pyrite is most abundant in sandstones near the top of the Weber Formation that 

are interpreted to have been reworked by marine processes during transgression of the
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Phosphoria/Park City seas. Pyrite cementation is most prevalent near the top of the Weber 

Sandstone in cores examined in the Uinta basin north of the Uinta Basin Boundary Fault 

and in the eastern part of the Piceance basin in the Wilson Creek #66 core. Pyrite also 

occurs as small disseminated crystals in eolian interdune sandstones of the Weber and fluvial 

overbank/interdune deposits of the Maroon Formation. Textural relationships with respect 

to other diagenetic minerals indicate that pyrite cementation occurred prior to and, in part, 

coincident with quartz overgrowth cementation. The relative timing of pyrite cementation 

and proximity to shallow marine deposits in the overlying Park City/Phosphoria Formation 

suggest that pyrite cementation probably occurred in the presence of normal marine seawater 

that percolated through the upper part of the Weber Sandstone during transgression of the 

eolian sand sea.

The formation of pyrite during early diagenesis, especially in the presence of seawater, 

is well documented in modem marine sediments and is commonly attributed to bacterial 

sulfate reduction (Berner, 1984; Hesse, 1986). In shallow marine sediments deposited in 

oxygenated bottom water, pyrite is most commonly formed by the reaction of detrital iron 

minerals with H^S produced by the reduction of dissolved sulfate by bacteria. This process 

can be illustrated by the general chemical reaction (Curtis and Coleman, 1986):

15CH20  + 8S042- + 2Fe203  -> 4FeS2 + 15HC03- + 7H20  + OH'
(organic matter ) (pyrite)

By this reaction, bacteria use sedimentary organic matter as an energy source and reducing 

agent, with the amount of pyrite produced controlled by the availability of dissolved sulfate 

and the amount of organic matter and iron minerals deposited in the sediment (Berner,
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1984). Because of the abundance of sulfate in modem marine waters, the amounts of organic 

matter and iron minerals in the sediment are the most important factors controlling pyrite 

formation. Since the bacterial reduction can occur only under anoxic conditions, sufficient 

amounts of organic matter must be present in the sediment to act as an oxygen consuming 

barrier, which usually occurs near the sediment-water interface. Anoxic conditions can 

usually occur at a depths of a few centimeters below the oxygen consuming barrier. Pyrite 

formation is also limited by the amount of iron available, which is usually controlled by the 

amount and reactivity of detrital iron minerals in the sediment. Since most sediments contain 

adequate amounts of iron, pyrite formation is controlled primarily by the reactivity of the 

detrital iron minerals, with hydrous ferric oxide grain coatings being the most reactive (Berner, 

1984). The sulfides produced by sulfate reduction typically precipitate as metastable iron 

monosulfides, which are kinetic ally favored over the direct precipitation of pyrite (Hesse, 

1986). These iron monosulfides are readily transformed to pyrite which has a characteristic 

framboidal crystal habit that is often overgrown by euhedral overgrowths later in the 

diagenetic history as saturation levels decrease.

The above requirements for the early formation of pyrite in the uppermost sandstones 

of the Weber Formation probably occurred shortly after marine transgression of the Weber 

sand sea. Although the Weber is overlain by shallow marine carbonates of the Park City/ 

Phosphoria Formation, adequate organic matter was present to act as a reducing agent by 

bacteria. Although detrital iron minerals were not observed in thin sections from the top of 

the Weber Formation, the presence of iron oxide grain coatings was observed in Weber and 

Maroon sandstones further to the south in the Piceance basin and have been commonly 

documented in both modem and ancient eolian deposits. Similar iron oxide coatings probably
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provided an adequate source of iron for pyrite formation. Since dissolved sulfate 

concentrations in freshwater are several hundred times less than that in seawater, it is the 

principal factor controlling pyrite formation in fresh water sediments (Berner, 1984). 

Therefore, it is unlikely that early pyrite formation occurred in the Weber Formation in the 

presence of fresh meteoric waters that were probably present earlier in the diagenetic histoiy 

of the formation.

7.4.4. Burial Diagenesis

Major diagenetic events interpreted to have occurred during deeper burial in the 

diagenetic history of the Weber and Maroon formations include silica cementation, calcite 

cementation, dolomite cementation, the precipitation of authigenic clays, and hydrocarbon 

emplacement. Each of these diagenetic events is present to some degree in both the Uinta 

and Piceance basins, with silica cementation being the dominant diagenetic process in the 

Uinta basin and carbonate cementation being dominant in the Piceance basin. The 

precipitation of authigenic clays (chlorite and illite) is predominant in Weber and Maroon 

sandstones in the Piceance basin.

7.4.4a. Silica Cementation

Silica cementation is present in the Weber Sandstone in both the Uinta and Piceance 

basins and is interpreted to have occurred relatively early in the burial diagenetic environment 

based on textural relationships. Volumetrically, silica cementation is the principal burial 

diagenetic product in the Weber Sandstone in the Uinta basin, occurring as well-developed 

euhedral overgrowths on quartz grains (e.g.. Figure 7.3) in almost every sample examined. 

Point count analysis of samples from the Uinta basin shows that quartz overgrowth cements
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range from slightly more than 2% to as high as 19% of the total rock volume. Silica 

cementation in the Weber Sandstone in the Piceance basin, however, is relatively minor, 

occurring predominantly as tiny subhedral to euhedral outgrowths (e.g., Figure 7.8) that 

were observed only with scanning electron microscopy (SEM). Individual samples (e.g., 

Wilson Creek #66; 8,460.5'), however, contain abundant quartz cement (up to approximately 

22%), but are usually restricted to individual beds and/or laminae and are interpreted to 

have been precipitated by localized processes such as silcrete formation at the time of 

sediment deposition. The prevalence of quartz overgrowth cementation in the Weber 

Sandstone in the Uinta basin as compared to the Piceance basin was also noted by Koelmel 

(1986).

Estimates of diagenetic temperatures for quartz overgrowth cementation in the Uinta 

basin are based on calculations of intergranular volumes at the time of quartz cementation, 

porosity decline curves for the range of depths of cementation, and burial history curves for 

the range of temperatures at which cementation occurred. Intergranular volumes (minus- 

cement porosity) were calculated for quartz overgrowth cement in the Weber sandstones to 

estimate porosity at the time of cementation. Intergranular volumes for quartz cemented 

samples range from 7.3 to 30.3%, and average 18.6%. Intergranular volumes ranging from 

18.6% to 30.3% were used to estimate the depths at which the majority of quartz cementation 

occurred based on the exponential porosity-depth relationship of Athy (1930). Based on an 

average initial porosity of 49% for eolian sandstones, this relationship shows that the majority 

of quartz overgrowth cementation occurred at burial depths ranging from approximately 

5,900 to 11,700 feet (Figure 7.77). The approximate temperature range of quartz cementation 

was determined from the burial history curve for the northeastern Uinta basin, using present- 

day geothermal gradients (Figure 7.78). The burial history curve for the area shows that a
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Figure 7.77. Porosity decline curve used to estimate the range of depths of quartz overgrowth 
cementation in Weber sandstones from the Uinta basin. Porosity at the time of quartz 
overgrowth cementation is based on calculations of intergranular volume (minus cement 
porosity). Intergranular volumes for these samples range from 7.3 to 30.3%, and average 
18.6%. Intergranular volumes used on the graph range from 18.6% (average value) to 
30.3% so as to approximate the depth range when the majority of quartz cementation occurred. 
Assuming an initial porosity of 49% (Atkins and McBride, 1992), the majority of quartz 
cementation occurred between approximately 5,900 and 11,700 feet.
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Figure 7.78. Burial depths determined from intergranular volumes and exponential porosity 
loss with depth (Figure 7.77) are plotted on the burial history curve for the Uinta basin to 
determine the range of temperatures for the majority of quartz overgrowth cementation. 
Temperatures corresponding to the burial depth range of 5,900 to 11,700 feet range from 
approximately 60 to 100°C, with the majority of quartz cementation probably occurring at 
temperatures greater than 80°C. At temperatures below approximately 70-80°C quartz 
cementation would be minimal or inhibited due to kinetic factors.
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burial depth range of 5,900 to 11,700 feet corresponds to a temperature range of approximately 

60°C to slightly over 100°C for the majority of quartz overgrowth cementation. This 

temperature range would have been achieved during late Cretaceous to early Tertiary time, 

which corresponds to increased burial in response to the Sevier orogeny and possibly the 

onset of the Laramide orogeny.

The possible sources of silica in quartz cemented sandstones remain controversial. 

Among the many potential sources of silica for quartz cement, intergranular pressure solution, 

clay mineral reactions (smectite to illite conversion) in adjacent shale beds, feldspar alteration/ 

dissolution, and the dissolution of siliceous skeletal grains (e.g., sponge spicules) are probably 

the most often cited sources of silica cement in sandstones (McBride, 1989). Calculations 

of the amount of formation water required for significant quartz cementation in sandstones 

yield very large volumes, suggesting that silica must be introduced from sources outside the 

sandstones. Proposed external sources of silica-rich formation waters include compactional 

waters from shale beds, convective fluid flow in which formation water moves from hot to 

cooler regions (Wood and Hewett, 1984), and through gravity-driven meteoric water 

circulation. Experimental studies of quartz cementation indicate that below approximately 

70-80°C, quartz precipitation is minimal or non-existent due to kinetic factors (Krauskopf, 

1956; Siever, 1962). Calculated quartz solubilities for near neutral pH conditions indicate 

that quartz solubility increases with both temperature and pressure and decreases with 

increasing salinity, with temperature being the most important variable (Porter and James, 

1986).

The relatively loose grain packing and paucity of sutured grain contacts observed in 

the Weber Sandstone in the Uinta basin suggest that the amount of silica derived from 

intergranular pressure solution was minimal. This implies that most of the silica available
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for quartz cementation must have been imported from sources external to the Weber. In 

thin section samples characterized by alternating finer- and coarser-grained laminae, quartz 

overgrowth cementation shows a selectivity for the coarser-grained laminae, suggesting 

that quartz cementation occurred through fluid flow which followed the most permeable 

pathways. The ubiquitous distribution of quartz overgrowths in the Weber Sandstone in the 

Uinta basin as compared to the Piceance basin suggests that diagenetic fluids responsible 

for silica cementation were restricted to the Uinta basin. Although possible sources(s) of 

silica for quartz cementation in the Weber Sandstone cannot be identified directly, potential 

sources of diagenetic fluids can be deduced from models of ground water flow in conjunction 

with the structural configuration of the area during the time of cementation.

A burial depth range of approximately 6,000 to 12,000 feet for the majority of silica 

cementation in the Weber Sandstone in the Uinta basin suggests that cementation occurred 

beneath the zone of active meteoric water circulation in the basin. Low silica solubilities at 

relatively low temperatures associated with shallow burial (<6,000 feet) also preclude 

significant quartz cementation due to inadequate silica supply, although large volumes of 

meteoric fluids may be available. These requirements for significant silica cementation 

suggest that pore fluids responsible for quartz cementation in the Weber Sandstone were 

derived from deeper in the basin where silica solubilities are higher due to increased burial 

temperatures and where the availability of silica is greater due to increased water-rock 

interaction.

Regional sedimentologic and stratigraphie studies in Cordillera area (northwestern 

Utah, northeastern Nevada, and southeastern Idaho) document the accumulation of up to 

30,000 feet of Mississippian through Permian marine sedimentary rocks in the Oquirrh 

basin of northwestern Utah (Bissell, 1962; Bissell, 1974; Roberts et al., 1965), which is in
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part coextensive with the Sublette basin to the northwest (Figure 7.79). The Oquirrh basin 

is an east-west elongate trough bounded to the west in eastern Nevada by the Antler orogenic 

belt, which formed in response to late Paleozoic through early Mesozoic tectonism. The 

Mississippian through Permian sedimentary rocks in the Uquirrh basin consist predominantly 

of marine sandstone, limestone, and relatively minor amounts of shale, which are 

characteristically rich in siliceous material, occurring both as bedded chert and cementing 

material. Lower Pennsylvanian strata are exceptionally high in silica content, occurring 

predominantly as nodules and as thin-bedded layers interstratified with other sediments, 

which are interpreted to have been deposited syngenetically (Bissell, 1962). Middle and 

Upper Pennsylvanian strata in the Oquirrh basin contain less chert than the Lower 

Pennsylvanian strata, although the Desmoinesian through Virgilian orthoquartzites of the 

Oquirrh Formation have an exceptionally high silica cement content, which occurs in amounts 

up to 20% of the total rock volume (Bissell, 1962; Wells, 1963). Lower Permian 

(Wolfcampian) strata are comprised of predominantly siliceous orthoquartzite and lesser 

amounts of cherty limestones. Orthoquartzites in the Oquirrh Formation of the Oquirrh 

basin are in excess of 10,000 feet thick, which thin dramatically and grade eastward into 

sandstones of the Weber Formation (Figure 7.80).

Pétrographie studies of orthoquartzites of the Oquirrh Formation by Bissell (1962) 

and Wells (1963) indicate that the unusually large quantities of siliceous cement in these 

sandstones were, in large part, derived by precipitation from interstitial waters as opposed 

to intergranular pressure solution. Bissell (1962) and Wells (1963) suggested that the possible 

source of the highly siliceous sediments in the Oquirrh basin were the result of volcanic 

activity further to the west, which was temporally coincident with much of the silica 

sedimentation in basins to the east. Bissell (1962) suggested that siliceous material derived
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Figure 7.79. Paleotectonic elements and approximate thickness of sedimentary facies during 
Pennsylvanian (a) and Permian (b) time in the central Rocky Mountain region (modified 
from Peterson and Smith, 1986). The general structural configuration indicates that 
tectonically induced fluid flow may have occurred from sediments in the Oquirrh basin due 
to loading and compression of the advancing Sevier thrust belt This structural configuration, 
when combined with stratigraphie thinning to the east, may have acted to focus fluid flow 
into northeastern Utah. SB (Sublette Basin); OB (Oquirrh Basin); UU (Uncompahgre Uplift); 
FRU (Front Range Uplift); CCT (Central Colorado Trough).
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from volcanic activity was introduced to marine waters by 1) digestion of volcanic ash in 

sea water, 2) silica released by gases and solutions associated with extensive submarine 

volcanism; and 3) weathering and erosion of volcanic materials formed on volcanic 

landmasses peripheral to the sedimentary basins.

Paleogeographic reconstructions for the Pennsylvanian and Permian systems show 

the relationship of the Oquirrh basin to major paleotectonic elements in the central Rocky 

Mountain area (Figure 7.79). The thickness of Pennsylvanian and Permian strata delineate 

a prominent east-west trending trough that extends from the Oquirrh basin in northwest 

Utah into the area of the present-day Uinta basin in northeast Utah. This same general trend 

is also apparent on paleogeographic reconstructions for Mississippian strata, but has 

disappeared by Triassic time (Peterson and Smith, 1986). A restored cross-section of Upper 

Mississippian through Lower Permian strata extending from the Antler orogenic belt in 

eastern Nevada to the continental craton to the east, which is the site of the present-day 

Uinta basin in northeast Utah, illustrates the thick accumulation of marine sediments in the 

Oquirrh basin and the eastward thinning and transition into continental sediments of the 

Weber Sandstone (Figure 7.80). Stratigraphie constraints from this cross-section, in 

conjunction with the paleogeographic reconstructions during Pennsylvanian and Permian 

time (Figure 7.79), suggest that silica-rich waters responsible for quartz overgrowth 

cementation in the Weber Sandstone in the Uinta basin likely originated in Mississippian 

through Permian strata of the Oquirrh basin. The relatively narrow east-west trending trough 

that extends from the Oquirrh basin eastward into northeastern Utah, when combined with 

the dramatic thinning of sandstones in the Oquirrh Formation into the Weber Sandstone, 

may have acted to focus fluid flow into northeastern Utah. Lower permeability (as compared 

to the Weber Sandstone) carbonate strata which directly under- and overlie the Weber may
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have also acted to further enhance focusing of silica-rich fluids through the Weber Sandstone.

The regional distribution of hydrocarbon accumulations and mineral deposits with 

respect to major orogenic belts in North America supports a speculative hypothesis by Oliver 

(1986) that suggests that these accumulations resulted from fluids expelled from these 

tectonically deformed areas. This hypothesis suggests that large-scale tectonic compression 

and sedimentary loading associated with thrusting produce horizontal and vertical forces 

that can create transient fluid flow into the adjoining foreland basin. Transient fluid flow is 

generated by pore collapse and fluid expulsion resulting from rapid rates of burial due to the 

emplacement of thrust sheets over foreland basin sediments. Numerical calculations by Ge 

and Garven (1989) have shown that propagation of thrust sheets across foreland basin 

sediments could cause transient flow of deep basinal fluids over long distances into the 

adjacent foreland basin. These calculations also indicate that the volume of compactional 

fluids would be relatively small as compared to gravity-driven flow systems. Numerical 

models of compactional flow by Bethke (1985) also indicate that compactional flow is 

limited by initial fluid volumes in the buried sediment, with fluid velocities being relatively 

slow and remaining active only as long as active subsidence and basin filling continues. 

Numerical simulations by Deming et al. (1990) indicate that compaction-driven flow of 

fluids from thrust belts is not an effective mechanism for large-scale heat transfer into adjacent 

foreland basin sediments due, in large part, to lack of significant warming of pore fluids 

before expulsion in rapidly buried sediments. Their results also suggest, however, that 

compaction-driven flow may produce warming in adjacent foreland sediments over restricted 

areas provided that some focusing of fluids occurs through a high-permeability layer bounded 

by relatively impermeable layers. Large-scale migration of basinal fluids in response to 

tectonic compression and foreland basin development has been used to explain diagenetic
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trends in the Western Canada foreland basin (Qing and Mountjoy, 1992), Arkoma foreland 

basin (Leach and Rowan, 1986), and Valley and Ridge province of the central Appalachians 

(Dorobek, 1987; Hearn et al., 1987).

Given the regional structural and stratigraphie relationships in the area during 

Pennsylvanian and Permian time, the distribution of silica cement in the Weber Sandstone, 

and the timing of silica cementation, a genetic link can be established between siliceous 

sediments in the Cordillera area, Sevier foldbelt tectonism, and quartz cementation in the 

Weber Sandstone in the Uinta basin. Although not well established, the timing of initial 

eastward thrusting associated with the Sevier orogeny in western Utah has been interpreted 

to have occurred as early as middle Jurassic time and extended into late Cretaceous time 

(Armstrong, 1968). Based on burial depths determined from calculations of intergranular 

volumes (Figures 7.77 and 7.78), the majority of silica cementation in the Weber Sandstone 

occurred between 5,900 and 11,700 foot depths, which corresponds to the later stages of the 

Sevier orogeny in late Cretaceous time. Therefore, it is proposed that eastward flow of 

silica-rich fluids was generated by sedimentary loading of already deeply buried 

Pennsylvanian and Permian siliceous sediments that had previously accumulated in the 

Oquirrh basin in northwestern Utah. Through time these hot fluids migrated updip through 

permeable Oquirrh Formation sandstones, eastward into the Weber Sandstone, focused by 

stratigraphie thinning and the relatively impermeable carbonate beds both above and below 

the Weber Sandstone. Although hot basinal fluids may have migrated through the Weber 

Sandstone in response to compression and sedimentary loading induced by Sevier thrusting, 

it is unclear as to whether fluid migration was due only to pore collapse associated with 

compaction, gravity-driven flow induced by surface recharge in uplifted areas of the orogenic 

belt, or a combination of both. The restriction of significant quartz overgrowth cementation
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in the Weber Sandstone to the Uinta basin may suggest that compactional flow was the 

dominant mechanism of fluid flow due to the limited fluid volumes that are characteristic of 

this type of flow. Stratigraphie studies of Pennsylvanian and Permian sediments in the 

Oquirrh basin (Bissell, 1962; Bissell, 1974; Roberts et al., 1965), however, show that 

sandstone and limestone are the dominant lithologies, with only relatively minor amounts 

of shale. The limited amount of highly compressible lithologies such as shale in 

Pennsylvanian and Permian strata suggest the amount of compactional fluid available was 

also very limited. Paleogeographic reconstructions during Pennsylvanian and Permian time 

(Figure 7.79) indicate that fluid migration distances of up to 200 miles may have been 

required to transport silica into northeastern Utah. Numerical models of fluid flow in foreland 

basins through focused aquifers suggest that gravity-driven flow systems resulting from 

foreland basin uplift are capable of long-distance fluid migration at adequate flow rates and 

temperatures for effective mass transport of solutes to the discharge end of the flow system 

(Garven, 1985; 1989). The long distances required for fluid migration into northeastern 

Utah suggest that a gravity-driven ground water flow system, which mixed with silica-rich 

compactional fluids, was necessary for the transport of silica through the Weber aquifer. 

Interpretations of the structural development of the central Rocky Mountain area indicate 

that the Douglas Creek arch was the earliest structure to have formed in northwest Colorado, 

which began development during as a broad flexure during late Cretaceous time 

(approximately 65-75 Ma) (Cross, 1986; Cries, 1983; Johnson and Finn, 1986). The present- 

day Douglas Creek arch is broad north-south-trending anticline along the Utah-Colorado 

border that separates the Uinta and Piceance basins. It is suggested that the presence of this 

feature as early as late Cretaceous time may have prevented the migration of silica-rich 

basinal fluids into the Weber Sandstone in the Piceance basin, thereby restricting silica
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cementation to the Uinta basin.

This hypothesis of the long-distance migration of silica-rich fluids from siliceous 

sediments beneath the Sevier thrust belt may also account for the distribution of silica cement 

in Pennsylvanian - Permian foreland basin sandstones in western Wyoming. Regional 

pétrographie observations in the eolian Tensleep and Weber sandstones in western Wyoming 

by Fox et al. (1975) show abundant quartz overgrowth cementation, which is commonly 

most intense in the coarser grained laminae. Quartz overgrowth cementation in these 

sandstones was interpreted to have been the earliest diagenetic event and concentration of 

quartz cement in the coarser-grained, and originally more permeable, laminae suggested 

that cementation occurred from migrating fluids rather that from intergranular pressure 

solution. Fox et al. (1975) interpreted these cements to have precipitated from cooling 

silica-rich deep basin fluids that migrated into the Tensleep Sandstone during or shortly 

after the Laramide orogeny in late Cretaceous to early Tertiary time. This interpretation is 

consistent with the timing of quartz cementation in the Weber Sandstone of the Uinta basin.

7.4.4b. Calcite Cementation

Calcite cementation is present in the Weber Sandstone of the Uinta and Piceance 

basins and the Maroon Formation of the Piceance basin and based on textural relationships 

is interpreted to have occurred after quartz cementation in the burial diagenetic environment. 

Volumetrically, calcite cement is the principal burial diagenetic product in the Weber 

Sandstone in the Piceance basin and occurs in only minor amounts in the Uinta basin. 

Intergranular pore-filling calcite commonly occurs as a combination of non-ferroan and 

ferroan cements in most samples, with the proportion of each cement quite variable between 

samples. In many samples individual calcite crystals are compositionally zoned, occurring
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with nonferroan centers and grading outward into more ferroan calcite. More commonly, 

however, individual crystals are either nonferroan or ferroan. Point count analysis indicates 

that in many samples ferroan calcite is the dominant cement. In the Piceance basin, calcite 

cement varies from trace amounts to as much as 26% of the total rock volume, with the 

highest volumes of calcite cement occurring in samples in, and in close proximity, to Rangely 

field. Samples from the eastern part of the Piceance basin and the Uinta basin contain the 

least amount of calcite cement. In a diagenetic study of the Weber Sandstone by Koelmel

(1986), it was noted that the highest bulk volume of carbonate cements (which includes 

both calcite and dolomite) occurs in the eastern part of the Piceance basin.

Estimates of diagenetic temperatures for calcite cementation are based on calculations 

of intergranular volumes at the time of calcite cementation, porosity decline curves for the 

depth of cementation, and burial history curves for burial temperatures. Intergranular volumes 

(minus-cement porosity) were calculated for calcite cement in samples containing less than 

1% detrital clay matrix in both the Weber and Maroon sandstones to estimate porosity at the 

time of cementation. Sandstones that contain primarily nonferroan calcite cement are 

characterized by intergranular volumes that range from 9.7 to 29.1%, with an average of 

21.1%. Sandstones that contain greater percentages of ferroan than nonferroan calcite are 

characterized by intergranular volumes that range from 10.1 to 24%, with a mean of 15.8%. 

Since ferroan calcite cementation is interpreted to have occurred after nonferroan calcite 

cementation, the lower average intergranular volume for ferroan calcite cementation is 

interpreted to be the result of deeper burial at the time of cementation.

The range of depths of calcite cementation are estimated from intergranular volumes 

calculated from point count data and porosity versus depth curves for sandstones. 

Intergranular volumes for samples comprised predominantly of non-ferroan calcite range
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from 9.7 to 29.1% and average 21.1%. The range of intergranular volumes from 21.1 to 

29.1% were used to estimate the depths at which the majority of calcite cement occurred 

based on an initial average porosity of 49% and the exponential porosity-depth relationship 

of Athy (1930). This relationship shows that the majority of calcite cementation occurred at 

burial depths ranging from approximately 6,300 to 10,300 feet (Figure 7.81). Since the 

majority of samples that contain the highest amounts of calcite cement occur in the vicinity 

of the Douglas Creek arch in the Piceance basin, the burial history curve for this area, using 

present-day geothermal gradients, was used to approximate the temperature range of 

cementation (Figure 7.82). The burial history curve for this area shows that a burial depth 

range of 6,300 to 10,300 feet would be equivalent to a temperature range of approximately 

71 to 106°C, which occurred during late Cretaceous time. Intergranular volumes for samples 

comprised predominantly of ferroan calcite cement range from 10.1 to 24% and average 

15.8%. Using the range of intergranular volumes from 15.8 to 24%, the majority of ferroan 

calcite cementation occurred at burial depths ranging from approximately 8,700 to 13,800 

feet (Figure 7.83), which is equivalent to a temperature range of approximately 93 to 135°C 

(Figure 7.84). Comparison of the range of burial depths and temperatures of cementation 

for both nonferroan and ferroan calcite cements indicates that, on the average, nonferroan 

calcite cementation occurred at shallower burial depths and lower temperatures than ferroan 

calcite cement.

The timing (late Cretaceous) of calcite cementation in the Weber Sandstone of the 

Piceance basin indicates this diagenetic event was coincident with structural deformation 

associated with the latter part of the Sevier orogeny and the initial phase of the Laramide 

deformation. The temporal association of cementation with these orogenies also suggests 

that the migration of pore water into the Weber may have been in response to these structural



T-4067 255

Porosity (%)

0 5 10 15 20 25 30 35 40 45 50

-1000

50 0 0 -
-2000

-3 0 0 010000- .

-4 0 0 0

15000-I -5 0 0 0

-6 0 0 020000-

-7 0 0 0

25000-
-8 0 0 0

-9 0 0 030000

(D
o

Figure 7.81. Porosity decline curve used to estimate the range of depths of nonferroan 
calcite cementation in Weber and Maroon sandstones from the Piceance basin. Porosity at 
the time of calcite cementation is based on calculations of intergranular volume (minus 
cement porosity). Intergranular volumes for these samples range from 9.7 to 29.1%, and 
average 21.1%. Intergranular volumes used on the graph range from 21.1% (average value) 
to 29.1% so as to approximate the depth range when the majority of calcite cementation 
occurred. Assuming an initial porosity of 49% (Atkins and McBride, 1992), the majority of 
calcite cementation occurred between approximately 6,300 and 10,300 feet.
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Figure 7.82. Burial depths determined from intergranular volumes and exponential porosity 
loss with depth (Figure 7.81) are plotted on the burial history curve for the Douglas Creek 
arch area in the Piceance basin to determine the range of temperatures for the majority of 
nonferroan calcite cementation. The burial history curve for the Douglas Creek arch was 
used because sandstones with the highest percentage of calcite cement occur in this area. 
Temperatures corresponding to a burial depth range of 6,300 to 10,300 feet range from 
approximately 71 to 106°C for the majority of nonferroan calcite cementation.
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Figure 7.83. Porosity decline curve used to estimate the range of depths of ferroan calcite 
cementation in Weber and Maroon sandstones from the Piceance basin. Porosity at the time 
of ferroan calcite cementation is based on calculations of intergranular volume (minus cement 
porosity). Intergranular volumes for these samples range from 10.1 to 24%, and average 
15.8%. Intergranular volumes used on the graph range from 15.8% (average value) to 24% 
so as to approximate the depth range when the majority of ferroan calcite cementation 
occurred. Assuming an initial porosity of 49% (Atkins and McBride, 1992), the majority of 
calcite cementation occurred between approximately 8,700 and 13,800 feet.



T-4067 258

o

2000

4000

8  6000 IQ 8000

10,000

12,000

14,000
350 300 250 200 150 100 50 0

Time (Ma)

Figure 7.84. Burial depths determined from intergranular volumes and exponential porosity 
loss with depth (Figure 7.83) are plotted on the burial history curve for the Douglas Creek 
arch area in the Piceance basin to determine the range of temperatures for the majority of 
ferroan calcite cementation. Temperatures corresponding to a burial depth range of 8,700 
to 13,800 feet range from approximately 93 to 135°C for the majority of nonferroan calcite 
cementation. The temperature range extends below the maximum depth of burial because 
samples used to determine intergranular volumes came from wells in the surrounding area, 
which were buried deeper than the well used to construct the burial history curve.
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adjustments. Based largely on the distribution of carbonate cements in the Weber Sandstone 

in the Piceance basin and its proximity to the thick succession of evaporites (Eagle Valley 

Evaporites) in the Eagle basin, Koelmel (1986) suggested that faulting associated with pre- 

Laramide salt tectonics may have permitted fluid communication between the Eagle Valley 

Evaporites and the Weber Sandstone. Eastward migration of these evaporitic fluids were 

accompanied by an increase in salinity and pH which resulted in the observed paragenetic 

sequence of nonferroan and ferroan calcite and dolomite cements. Stable isotope and 

chemical data from formation waters in the Weber Sandstone in the Piceance basin by Burtner 

(1987) also support an evaporated seawater origin. Burtner (1987) also suggests that brine 

migration occurred prior to the Laramide orogeny.

Paleogeographic reconstruction of the central Rocky Mountain area during 

Pennsylvanian and Permian time shows the thick accumulation of strata in the Central 

Colorado trough (present day Eagle basin) to the southeast of the study area (Figure 7.79). 

During Pennsylvanian (Desmoinesian) time the Central Colorado trough was an evaporite 

basin which received thick accumulations of interbedded marine carbonates, evaporites 

(halite and anhydrite), and elastics (Eagle Valley Evaporite and equivalent strata). Halite 

accumulation was restricted to depocenters in small sub-basins within the Central Colorado 

trough, two of which are located in the eastern part of the study area (Dodge and Bartleson, 

1986). DeVoto (1980) notes the presence of gypsiferous mudstones in the strata of the 

lower Maroon Formation, which accumulated in topographically low areas (evaporitic ponds) 

that are coincident with structural basins in which the Eagle Valley Evaporite was deposited 

during Desmoinesian time. Across section through Pennsylvanian and Permian strata along 

the trend of the Central Colorado trough indicates that higher rates of subsidence within the 

Central Colorado trough relative to that in northwestern Colorado may have been favorable
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for the updip migration of connate fluids that originated in strata of the Eagle Valley Evaporite 

and/or Morgan Formation (Figure 7.85). Given this structural relationship, it is likely that 

connate fluids were expelled from strata of the Eagle Valley Evaporite, Morgan Formation 

and/or lower Maroon Formation due to sediment compaction associated with rapid burial. 

Furthermore, since these strata are marine in origin, the composition of the original pore 

fluids contained within these rocks would have been at least that of sea water, or in the case 

of fluids in the Eagle Valley Evaporites, a highly evaporated saline brine. These original 

connate waters may also have evolved along the migration path due to mineral interactions 

within the sediment through which it flowed. It is unclear how long the structural relationship 

depicted in Figure 7.85 may have persisted and acted as a potential migration path for 

compactional fluids from sources in the deepest part of the Central Colorado trough to 

strata of the Weber Sandstone in northwestern Colorado. Both Koelmel (1986) and Burtner

(1987) concluded that the migration of saline fluids into the Weber Sandstone occurred 

prior to the Laramide orogeny, when extensive basin margin faulting disrupted the migration 

path from the deep parts of the Central Colorado trough. The timing of calcite cementation 

as determined in this study indicates the majority of calcite cementation occurred in the 

later stages of the Sevier orogeny and the initial stages of the Laramide orogeny.

7.4.4c. Dolomite Cementation

Dolomite cementation is most prevalent in the Weber and Maroon sandstones of the 

Piceance basin, occurring both as a coexisting carbonate phase with intergranular pore- 

filling calcite cement and as the only carbonate phase in some thin sections. In samples in 

which dolomite occurs as a pore-filling cement, abundances range from only trace amounts 

to as high as 33.7% of the total rock volume. Samples with the highest amount of dolomite
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cement (>20%) typically occur in fine-grained fluvial overbank sandstones of the Maroon 

Formation and in eolian sandstones of the Weber Formation that are interpreted as interdune 

deposits or occur in close stratigraphie proximity to interdune deposits. Samples that contain 

predominantly calcite cement typically contain relatively small amounts of dolomite cement, 

and only rarely do both cements occur in approximately equal amounts. In samples where 

dolomite cement is the prevalent carbonate phase the same relationship also occurs, with 

samples containing >20% dolomite having little or no calcite cement. Although textural 

relationships observed with plane light microscopy indicate that dolomite cementation 

occurred after calcite cementation, calculations of intergranular volume (minus cement 

porosity) indicate that the majority of dolomite cementation may have occurred prior to or 

concurrently with calcite cementation.

Intergranular volumes for samples containing predominantly dolomite cement range 

from 13.7 to 33.7%, averaging 22.3%. Intergranular volumes for samples dominated by 

non-ferroan calcite cement range from 9.7 to 29.1%, averaging 21.1% and ferroan calcite 

cement ranges from 10.1 to 24%, averaging 15.8%. These observations suggest that in 

sandstones in which dolomite is the prevalent carbonate cement, cementation occurred at 

approximately the same time and depth of burial as calcite cementation. Estimates of burial 

depths and temperatures for dolomite cementation are based on calculations of intergranular 

volumes for samples containing primarily dolomite cement, porosity decline curves for the 

depth of cementation, and burial history curves for burial temperatures.

Samples that contained large quantities of primarily dolomite cement occurred in 

the eastern part of the study area in the Wilson Creek *66 well and in the Artesia *1-12 and 

Federal *1-17-1-100 wells along the Douglas Creek arch. Weber sandstones in the Wilson 

Creek #66 well contain only dolomite cement (except for sample 8,460') and are characterized
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by intergranular volumes that range from 13.7 to 24.3%, averaging 20.2%. The range of 

intergranular volumes from the average of 20.2% to the maximum of 24.3% were used to 

estimate the depth range at which the majority of dolomite cementation occurred. Based on 

an initial average porosity of 49% for modem eolian sandstones and the exponential porosity- 

depth relationship of Athy (1930), the majority of dolomite cementation occurred between 

approximately 8,400 and 10,700 feet (Figure 7.86). This range of burial depths corresponds 

to a temperature range of approximately 88 to 108°C, which occurred during late Cretaceous 

time (Figure 7.87). Intergranular volumes for dolomite cemented sandstones in the Douglas 

Creek arch area range from 24.7 to 33.7%, averaging 27.1%. The range of intergranular 

volumes from the average of 27.1% to the maximum of 33.7% corresponds to burial depths 

that range from approximately 4,900 to 7,200 feet (Figure 7.88), which corresponds to a 

burial temperature range of approximately 58 to 79°C (Figure 7.89). These data indicate 

that dolomite cementation in the Douglas Creek arch area occurred at shallower burial depths 

and lower diagenetic temperatures than in the eastern part of the study area in sandstones 

from the Wilson Creek *66 well. The majority of dolomite cementation in both areas occurred 

during late Cretaceous time during the time of rapid subsidence related to end of the Sevier 

orogeny and probably the initial stages of the Laramide orogeny.

Given the relatively high intergranular volumes for dolomite cementation in these 

sandstones, it is probable that dolomite cementation began early in the diagenetic history 

and was related to the environment in which the sandstones were deposited. Sandstones in 

the Wilson Creek *66 well were interpreted to have been deposited predominantly in 

interdune/sabkha environments, which are typically characterized by highly evaporative 

conditions. Dolomite cemented sandstones in the Douglas Creek arch area occur in fine

grained fluvial overbank/interdune deposits that are interpreted to have been deposited in
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Figure 7.86. Porosity decline curve used to estimate the range of depths of dolomite 
cementation in Weber sandstones from the Wilson Creek *66 well in the eastern part of the 
Piceance basin. Porosity at the time of dolomite cementation is based on calculations of 
intergranular volume (minus cement porosity). Intergranular volumes for these samples 
range from 13.7 to 24.3%, and average 20.2%. Intergranular volumes used on the graph 
range from 20.2% (average value) to 24.3% so as to approximate the depth range when the 
majority of dolomite cementation occurred. Assuming an initial porosity of 49% (Atkins 
and McBride, 1992), the majority of calcite cementation occurred between approximately 
8,400 and 10,700 feet.
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Figure 7.87. Burial depths determined from intergranular volumes and exponential porosity 
loss with depth (Figure 7.86) are plotted on the burial history curve for the Wilson Creek 
#66 well in the eastern Piceance basin to determine the range of temperatures for the majority 
of dolomite cementation. Temperatures corresponding to a burial depth range of 8,400 to 
10,700 feet range from approximately 88 to 108°C for the majority of dolomite cementation.
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Figure 7.88. Porosity decline curve used to estimate the range of depths of dolomite 
cementation in Weber sandstones in the Douglas Creek arch area of the Piceance basin. 
Porosity at the time of dolomite cementation is based on calculations of intergranular volume 
(minus cement porosity). Intergranular volumes for these samples range from 24.7 to 33.7%, 
and average 27.1%. Intergranular volumes used on the graph range from 27.1% (average 
value) to 33.7% so as to approximate the depth range when the majority of dolomite 
cementation occurred. Assuming an initial porosity of 49% (Atkins and McBride, 1992), 
the majority of calcite cementation occurred between approximately 4,900 and 7,200 feet.
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Figure 7.89. Burial depths determined from intergranular volumes and exponential porosity 
loss with depth (Figure 7.88) are plotted on the burial history curve for the Douglas Creek 
arch area in the Piceance basin to determine the range of temperatures for the majority of 
dolomite cementation. Temperatures corresponding to a burial depth range of 4,900 to 
7,200 feet range from approximately 58 to 79°C for the majority of dolomite cementation.
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topographically low interdune areas, which are also characterized by highly evaporative 

conditions. These observations suggest that some dolomite cementation in these sandstones 

may have occurred early in the diagenetic history of these sandstones from evaporatively 

concentrated surface and shallow subsurface ground waters. Minor dolomite cementation 

has been documented in modem eolian sediments by Krystinik (1990), where dune sands in 

close proximity to evaporative lakes and sabkhas can be intensely cemented by aragonite, 

calcite and rare proto-dolomite. In sediments characterized by alternating finer- and coarser- 

grained laminae, the finer-grained laminae are preferentially cemented due to their greater 

capillarity, with these cements occurring as finely crystalline meniscate coatings. Finely 

crystalline grain-rimming cements and selective cementation of finer-grained laminae were 

observed in some dolomite cemented samples examined in this study (Figures 7.27 and 

7.28).

Eolian interdune deposits described by Driese (1985) in outcrops of the Weber 

Sandstone in northeastern Utah and northwestern Colorado occur as relatively thin (<60 

cm) lenticular carbonate beds that consist of predominantly dolomitic mudstone. Extremely 

shallow to emergent, brackish to hypersaline conditions are indicated by the presence of 

desiccation cracks, fenestral fabric, algal mat/stromatolitic laminations, and pseudomorphs 

after anhydrite nodules. Thin sections show that these dolomitic mudstones consist of 

euhedral to subhedral dolomite crystals that are 0.1-0.5 mm in diameter, with the larger 

dolomite rhombs consisting of an abraded detrital core with multiple generations of dolomite 

overgrowth. Driese (1985) interpreted the Weber interdune deposits to have formed as 

ponds fed by spring seepage or other form of ground water recharge. Whether or not 

dolomitization of these deposits occurred penecontemporaneous with deposition or as a
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later diagenetic replacement reaction could not be addressed.

Although interdune pond carbonates such as those described by Driese (1985) were 

not observed in the cores described in this study, thick sequences of extensively dolomite 

cemented sandstone that are interpreted to have been deposited in evaporative interdune/ 

inland sabkha environments were observed in the eastern part of the study area (see section 

6.2.3 in Chapter 6). Fine-grained sandstones and siltstones deposited in fluvial overbank/ 

interdune environments in the central part of the study area (Rangely field area) are also 

commonly extensively cemented by dolomite. Both of these environments were probably 

subjected to repeated cycles of continental ground water recharge and desiccation, which 

would be conducive to the formation of saline to hypersaline conditions and dolomite 

precipitation.

The formation of dolomite in lacustrine environments has been documented in 

modem, Holocene and Pleistocene occurrences (Last, 1990), which are interpreted to have 

been shallow, ephemeral playa environments at the time of dolomite formation. Most of 

these lacustrine dolomites are interpreted to have been precipitated directly from the lake 

water or from interstitial pore water, and very few examples contain evidence of a secondary 

or replacement origin. The aqueous geochemical conditions from which these dolomites 

precipitated span a wide range of conditions, although nearly all of the lakes studied are 

saline to hypersaline. Many of the lakes and associated pore waters are Na-Cl type 

characterized by high carbonate alkalinities, high Mg/Ca ratios, and show high concentrations 

of S042\

Although dolomite cementation may have occurred penecontemporaneous with or 

shortly after deposition in some of the Weber and Maroon sandstones examined, intergranular 

volumes indicate that the majority of cementation occurred during shallow to intermediate
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burial depths at elevated temperatures. Therefore, early primary dolomite cements that 

precipitated in the Weber and Maroon sandstones may have been recrystallized and/or 

overprinted by deeper burial cementation. Overprinting and recrystallization of earlier 

primary dolomite by deeper burial cementation may also explain the apparent replacement 

of calcite by dolomite (in thin sections that contain both carbonate phases), which would 

indicate that dolomite cementation occurred after calcite cementation. Dolomite crystal 

textures observed with both plane light and cathodoluminescent microscopy (see section 

7.2.2b) indicate that dolomite cements in the Weber and Maroon sandstones have experienced 

continued diagenetic alteration through time. Continued diagenetic alteration through time 

is indicated by the presence of compositional zonation and the partial to complete replacement 

of earlier dolomite generations by later generations. Diagenetic alteration of preexisting 

dolomite phases are commonly indicated by textural criteria such as an increase in crystal 

size and the homogenization of primary cathodoluminescent zonation in the preexisting 

phase (Kupecz et al., 1993; Mazzullo, 1992). Geochemical evidence of dolomite 

recrystallization includes the enrichment in trace elements that have a distribution coefficient 

>1, which are commonly iron and manganese. Staining with potassium ferricyanide and 

cathodoluminescent zonation indicate that later dolomite generations in the Weber and 

Maroon sandstones are enriched with respect to iron. These data suggest that dolomite 

cement in interdune/sabkha and fluvial overbank/interdune deposits of the Weber and Maroon 

formations probably originated as a metastable phase that was in part penecontemporaneous 

with deposition, but were continually recrystallized in the presence of postdepositional 

diagenetic fluids. Much of this alteration probably occurred in the presence of saline fluids 

that migrated into the Weber and Maroon formations from carbonate and/or evaporite strata 

in the Central Colorado trough.
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7.4.4d. Authigenic Clays

Chlorite and illite are the predominant authigenic clay types in the Piceance basin, 

occurring in greatest quantity along the transition zone between the Weber and Maroon 

formations. Textural relationships indicate that these clays formed after carbonate 

cementation, with chlorite occurring primarily as feldspar (predominantly microcline) grain 

replacement and less frequently as a lining of intergranular pores, and illite as delicate 

filamentous crystals that occur as a grain-coating and intergranular pore-filling mineral. 

The range of burial depths at which clay cementation occurred could not be accurately 

determined because chlorite occurs predominantly as a grain replacement and because the 

fine crystal size of the illite does not allow its detection with standard pétrographie 

microscopy.

The relative timing of chlorite and illite formation in the Piceance basin indicates 

that these clay minerals formed in the presence of hypersaline marine evaporite brine, which 

was responsible for the precipitation of the preceding suite of carbonate minerals. This 

interpretation is consistent with observations by Dutta (1992), Dutta and Suttner (1986) and 

Fisher (1988) which show the predominance of Mg-rich chlorite in the early authigenic 

mineral assemblages in arid climate deposits. The data from Dutta and Suttner (1986) show 

a vertical zonation of early authigenic mineral assemblages within individual formations, 

which is interpreted to reflect climatically controlled ground water chemistry. During times 

of relative aridity, the ionic strength of ground water is high with respect to Mg2+ resulting 

in relatively high proportions of chlorite and smectite, whereas during times of high rainfall 

ground water is relatively dilute, favoring the precipitation of kaolinite. Chemical analyses 

of authigenic clays in evaporite strata by Fisher (1988) show the predominance of magnesium-
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rich interlayered chlorite/vermiculite and chlorite/smectite, which are interpreted to have 

formed syndepositionally in the presence o f interstitial magnesium-rich hypersaline brines 

produced by the evaporative concentration of seawater. These data demonstrate a strong 

correlation between the presence o f chlorite in authigenic mineral assem blages and high 

m agnesium  activities in evaporatively concentrated interstitial groundwaters in arid 

environments.

Pétrographie observations in the Weber and Maroon sandstones indicates that much 

o f the authigenic chlorite formed through the in situ alteration o f detrital k-feldspar, which 

can be described by the follow ing reaction (from Morad and Aldahan, 1987):

KAlSigOg + 0.4 Fe2+ + 0.3 M g2+ + 1.4 H 2 O —> 0.3 (Fe 1 .4 Mg 1 .2 AI2 .5 )(AI0 .7 Sig.3 )Oio(OH)g +
(k-feldspar) (chlorite)

2  S i0 2  + K + +  0.4 H+

This mechanism o f feldspar chloritization demonstrates the need for sources o f Fe2+ and 

M g2+ to form chlorite as well as a sink for the Si4+ and K+ released by the reaction. Although 

no direct evidence for sources o f Fe2+ and M g2+ were identified during pétrographie 

examination o f thin sections from the Weber and Maroon formations, probable sources 

include hypersaline formation waters, alteration o f detrital Fe-M g silicates, and pigmentary 

iron oxides (Morad and Aldahan, 1987). The presence o f evaporatively concentrated seawater 

brine in the Weber Sandstone indicates that M g2+ was available for the formation o f chlorite, 

although chem ical analyses presented in Burtner (1987) show these brines to be depleted in 

M g2+ with respect to seawater. The depletion in M g2+ was interpreted by Burtner (1987) to 

have resulted from diagenetic reactions occurring in the Weber such as the precipitation of
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dolomite and authigenic clays. The presence of detrital Fe-Mg minerals (especially biotite) 

and pigmentary iron oxides in the Weber and Maroon formation sandstones and shales 

suggests that they may also have been possible sources of Fe2+ and Mg2+ for chlorite 

formation. These minerals are most abundant in the Maroon Formation and occur in lesser 

amounts in the eolian sandstones of the Weber where the two formations are interstratified 

in the Piceance basin. The predominance of chlorite in the Piceance basin as opposed to the 

Uinta basins suggests that proximity to sources of unstable detrital Fe-Mg minerals may 

have been an important factor controlling the abundance of authigenic chlorite in the Weber 

Sandstone. The association of authigenic quartz crystals (Figure 7.55) and presence of 

authigenic illite in the Weber Sandstone in the Piceance basin indicate that these minerals 

may have formed from Si4+ and K+, respectively, that was released by the feldspar 

chloritization reaction.

7.4.4e. Oil Emplacement

Textural relationships indicate that oil emplacement in the Weber Sandstone in the 

Uinta and Piceance basins was the last of the burial diagenetic events, probably occurring 

during maximum burial. Burial history curves constructed for the Uinta and Piceance basins 

(see Chapter 5) indicate that maximum burial of the Weber Sandstone occurred during late 

Cretaceous to early Tertiary time. Although potential source rocks and timing of oil migration 

were beyond the scope of this study, observations from other such studies may provide 

insight into probable fluid flow (and oil migration) pathways.

The source of oil in the Weber Sandstone in northeastern Utah and northwestern 

Colorado has been the subject of much speculation, based largely on regional stratigraphie 

relationships and the occurrence of known source rocks of similar age in the central Rocky
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Mountain region. Theories of hydrocarbon migration and accumulation in western Wyoming 

by Sheldon (1967) and Stone (1967) suggest that hydrocarbons in upper Paleozoic and 

lower Mesozoic reservoirs (which includes the eolian Tensleep Sandstone) migrated from 

organic-rich marine source rocks in the Permian Phosphoria Formation. These theories 

suggest that shales of the Phosphoria Formation in the Sublette basin of southeastern Idaho 

reached maturity and expelled oil during late Jurassic to early Cretaceous time and 

subsequently migrated eastward (updip) into the adjacent foreland basin of Wyoming. Long

distance migration (100’s of miles) is also implied to have occurred through the Tensleep 

and equivalent beds as far east as the Powder River basin in eastern Wyoming. These long

distance migration pathways remained open until late Cretaceous, when structures developed 

during the Laramide orogeny interfered with the migration paths. The distribution of organic- 

rich shale beds in the Phosphoria Formation and probable late Cretaceous migration paths 

are illustrated in Figure 7.90. Fryberger (1979) and Fryberger and Koelmel (1986) have 

suggested that oil expelled from the Phosphoria Formation migrated southeast from eastern 

Idaho and western Wyoming into the underlying Weber Sandstone during early Cretaceous 

time and was trapped by the transition of permeable eolian sandstone of the Weber into 

nonpermeable Maroon sandstones and shales. This stratigraphically-trapped oil then 

remigrated during Laramide deformation to its present location in the anticline at Rangely 

field.

Geochemical data from Johnson et al. (1990) and Michael et al. (1990) indicate that 

oil found in Weber Formation reservoirs in northwest Colorado is derived from marine 

organic matter from an upper Paleozoic source rock. Michael et al. (1990) indicate that the 

Phosphoria Formation is the probable source of oil in the Weber Sandstone reservoirs, and 

although Johnson et al. (1990) do not discount the Phosphoria as a possible source, they
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Figure 7.90. Distribution of carbonaceous shale beds in the Permian Phosphoria Formation, 
which are interpreted to have sourced oil reservoirs in the Weber and Tensleep sandstones 
in Utah, Colorado and Wyoming. Maximum depth of burial of these source beds in inferred 
from the thickness of Mesozoic strata, with maximum burial occurring beneath the Cordillera 
Thrust Belt in eastern Idaho as early as Late Triassic. Migration of oil into the Weber 
Sandstone is inferred to have come from deep basin areas to the northwest (modified from 
Maughan, 1984).
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suggest that some oil may have also migrated into the Rangely field area from Paleozoic 

source rocks in the Eagle basin to the southeast.

Given the regional structural configuration of the central Rocky Mountain area during 

the time interval from the onset of the Sevier orogeny (middle Jurassic?) through the onset 

of the Laramide orogeny (late Cretaceous), it seems likely that regional fluid flow conduit 

established through the Weber-Tensleep eolian system for the migration of silica-rich fluids 

from beneath the Sevier orogenic belt may have also served as a pathway for oil migration 

into the area of the present-day Uinta and Piceance basins. Furthermore, the possible 

establishment of a gravity-driven fluid flow system by surface recharge in the uplifted Sevier 

highlands may have aided the long-distance migration of oil into the area.

7.4.5. Diagenesis Following Uplift

Stable isotope and chemical data from Burtner (1987) indicate that pore waters in 

the Weber Sandstone in the Uinta Mountain and White River uplifts along the margins of 

the Uinta and Piceance basins, respectively, are relatively young, fresh to saline Ca-SG^ 

and Na-Cl meteoric waters that are interpreted to have entered these structures after 

epeirogenic uplift of the area in the Miocene-Pliocene. Fresh to brackish Ca-SCU meteoric 

waters occur in the Uinta Mountain structural block, north of the Uinta basin boundary 

fault, whereas brackish to saline Na-Cl meteoric waters occur in structurally high areas of 

the Axial Basin Arch and White River uplift, which border the Piceance basin to the north 

and east, respectively. The sulfate content of the Ca-SCU meteoric waters in the Uinta 

Mountain uplift is elevated with respect to that in surface waters and is interpreted to have 

resulted from the dissolution of gypsum or anhydrite and the oxidation of sulfides along the 

fluid-flow path in the shallow subsurface. The more saline Na-Cl waters that occur along
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the northern and eastern margins of the Piceance basin are interpreted as having evolved 

from low-salinity sulfate-bearing meteoric waters that have dissolved halite along the flow 

path. Burtner (1987) also noted that basin margin waters in the Weber Sandstone have 

relatively constant ÔD and 0180  values, suggesting little water-rock interaction except for 

sulfate and halite dissolution and oxidation of sulfide. Little evidence of extensive water- 

rock interaction in the Weber Sandstone in basin margin areas is interpreted to have resulted 

from large volumes of meteoric waters passing through the Weber (Burtner, 1987).

Diagenetic events observed is this study that are interpreted to be related to uplift 

and the post-Laramide recharge of meteoric waters into the Weber Sandstone are documented 

only in those samples from the northeastern part of the Uinta basin, north of the Uinta basin 

boundary fault These diagenetic alterations include the partial to complete dissolution of 

detrital feldspar grains and the partial dissolution of carbonate cements that occur in 

intergranular pores. The precipitation of authigenic kaolinite and minor illite and quartz 

cements are interpreted as products of feldspar alteration and occurred concomitantly with 

feldspar and carbonate cement dissolution. Textural relationships indicate that each of these 

diagenetic events occurred after oil migration and were the last group of reactions to have 

occurred in the Weber Sandstone.

The in situ dissolution of detrital feldspars is indicated by the preservation of relict 

grains that exhibit various stages of dissolution, ranging from the formation of minor 

dissolution features along cleavage and/or twin planes to the complete dissolution of grains 

(see Section 7.2.7). Authigenic kaolinite and quartz crystals are commonly associated with 

partially dissolved feldspars, occurring most commonly in secondary pores as opposed to 

primary intergranular pores, suggesting that these minerals are reaction products of feldspar
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alteration and were not precipitated directly from solution.

The dissolution/reprecipitation processes associated with the decomposition of detrital 

feldspars, such as that observed in the Weber Sandstone, have been attributed to several 

mechanisms (Giles and Marshall, 1986), including 1) reaction with meteoric-derived waters, 

2) mixing corrosion, and 3) reaction with acidic fluids generated during the thermal maturation 

of organic matter or by clay mineral reactions in shales. The presence of partially to 

completely dissolved feldspars and their reaction products in the Weber Sandstone, when 

considered with respect to late relative timing (after oil migration) and the presence of 

meteoric waters in the formation, suggest that these alterations were the direct result of 

exposure to meteoric waters following uplift after deep burial and were not the result of 

acidic fluids related to the burial diagenetic environment.

The decomposition of feldspar by meteoric water flow in sedimentary basins has 

been well documented and can be described by the following reactions (modified from 

Giles and de Boer, 1990):

(1) K A lS iS O g  +  4 H +(aq) <-> K +(aq) +  A P +(aq) +  3 S i0 2 (a q )  +  2 H 2O

K-feldspar + Solution <—> Solution

(2) 2 K A l S i 3 0 g  +  2 H +(aq) +  H 2O  A l 2S i2 0 5 ( O H )4  +  4 S i0 2 ( a q )  +  2 K +(aq)

K-feldspar + Solution <-> Kaolinite + Solution

(3) 2KAlSi308 + 2H+(aq) + H20  <-> Al2Si205(0H)4 + 4Si02 + 2K+(aq)

K-feldspar + Solution Kaolinite + Quartz + Solution
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The decomposition of feldspar as depicted by Reaction 1, which yields no precipitated 

reaction products, can be expected in close proximity to the recharge area where the leaching 

capacity of meteoric water is greatest due to relatively large amounts of dissolved CO2 and 

significant degree of undersaturation with respect to potassium feldspar (Giles and Marshall, 

1986). Potassium, aluminum, and silica released by feldspar decomposition usually remain 

in solution and are transported to other locations by relatively high fluid-flow rates that are 

expected along the initial parts of the flow path.

Reaction 2 is also most likely to occur in close proximity to the recharge zone where 

the aluminum concentration reaches saturation with respect to clay minerals such as kaolinite, 

but the silica concentration is sufficiently low (due to low temperatures) to prevent 

oversaturation with respect to silica and precipitation of quartz (Giles and de Boer, 1990). 

This reaction can be expected to proceed for a considerable distance down-dip of the recharge 

area until formation temperatures are such (>70-80°C) that significant saturation with respect 

to silica occurs. Kaolinite and possibly minor quartz cement would be the primary reaction 

products precipitated through this zone.

The formation of both kaolinite and quartz reaction products from the decomposition 

of feldspar via Reaction 3 would be likely to occur where formation waters have a silica 

content that was in equilibrium with a-quartz and an aluminum content that is in equilibrium 

with kaolinite (Giles and deBoer, 1990). Such a situation would be expected in the more 

distal parts of a meteoric water flow system where fluid-flow rates are sufficiently low and 

temperatures sufficiently high to achieve oversaturation with respect to quartz. In situations 

where formation waters have been in contact with clastic rocks for a considerable length of 

time due to relatively slow pore water flux, water-rock interactions play a major role in
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diagenetic modification. Since the formation of kaolinite by feldspar dissolution is not an 

isochemical reaction, a continuous flow of meteoric water is required to remove K+ and 

silica and maintain the K+/H+ ratio and silica concentration within the stability field of 

kaolinite (Bjdrlykke, 1994).

Pétrographie observations in the Weber Sandstone on the Uinta Mountain structural 

block show that authigenic kaolinite and quartz occur predominantly in trace amounts, which 

is far less than the amount of feldspar dissolution (as indicated by corroded grain relicts and 

secondary pores) that has occurred. Authigenic quartz was not observed by standard 

pétrographie microscopy and only rarely observed with scanning electron microscopy (SEM) 

(e.g.. Figure 7.71). The relatively small amounts of silica and kaolinite reaction products 

associated with feldspar dissolution is interpreted as the result of a combination of low 

formation temperatures, low fluid saturations with respect to aluminum and silica, and 

relatively high fluid-flow rates within the Weber Sandstone aquifer.

Heat flow determinations by Willett and Chapman (1987, 1989) and burial history 

models from this study (Chapter 5; section 5.3.1) show that formation temperatures in the 

Weber Sandstone on the Uinta Mountain structural block are generally less than 40°C, which 

results from depressed heat flow due to cooling by active ground water recharge. At 

temperatures below approximately 70-80°C, the solubility of silica is kinetically controlled 

and the rate of quartz precipitation is, therefore, very slow (Bjprlykke and Egeberg, 1993).

Low temperatures and the continued removal of silica released by feldspar dissolution 

by high rates of ground water flow both contribute to the minimal amounts of late-stage 

quartz precipitated in the samples examined. Low fluid-flow rates and the removal of silica 

can also account for the relatively minor amounts of kaolinite that was precipitated as the 

result of feldspar dissolution. Low aluminum saturations can probably be accounted for by
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relatively high rates of fluid flow, which is transporting the aluminum to other locations. 

The close association of kaolinite with partially dissolved feldspars suggests that the limited 

formation of kaolinite may be linked to a lack of appropriate nucléation sites or may be 

occurring only in selected pores where the micro-environment is within the stability field 

for kaolinite. These observations suggest that the formation of kaolinite and minor quartz 

cements by feldspar decomposition are likely to be occurring via Reaction 2 in the samples 

examined for this study. A general model for feldspar decomposition reactions along the 

flow path for meteoric water in the Weber Sandstone aquifer on the Uinta Mountain structural 

block is illustrated in Figure 7.91. This model suggests that in parts of the aquifer that are 

in close proximity to the recharge area on the southern flank of the Uinta Mountains, feldspar 

dissolution is occurring via Reaction 1 due to relatively high CO2 concentrations, 

undersaturation with respect to feldspar, and relatively high fluid-flow rates. Further down- 

dip, feldspar decomposition may occur by Reaction 2 due to significant increases in aluminum 

saturation and sufficient increase in the silica concentration to allow predominantly kaolinite 

precipitation and minor quartz precipitation. Increases in the aluminum and silica saturations 

may be related to higher formation temperatures and slower fluid-flow rates. The large 

discrepancy between the amount of feldspar dissolved and the amount of kaolinite and 

quartz precipitated, however, suggests that fluid-flow rates are sufficiently high so as to 

transport aluminum to other locations (i.e., down-dip) and that formation temperatures are 

not high enough to cause saturation with respect to silica. This model predicts that further 

down-dip in the distal parts of the aquifer, where fluid-flow rates are much lower and 

formation temperatures higher, increased amounts of both kaolinite and quartz cement may 

be expected due to increased water-rock interaction.

Modeling of ground water flow in the Gulf of Mexico basin (Bethke et al., 1988)
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Figure 7.91. Schematic cross section (modified from Sanborn, 1977) illustrating structural 
relationship of the Weber Sandstone in the northeastern part of the Uinta basin. The cross 
section shows that the Weber Sandstone is discontinuous across the Uinta basin boundary 
fault. Strong contrasts in pore water composition on opposite sides of the basin margin 
fault (see Figure 3.1) suggest hydraulic discontinuity and independent hydrodynamic systems 
in the Weber Sandstone on the up- and downthrown sides of the fault (Burtner, 1987). 
North of the Uinta basin boundary fault, regional ground water flow is dominated by a 
gravity-driven system in which meteoric water flows from topographically high recharge 
areas toward areas of lower elevation. The relative position of zones along the flow path 
that are characterized by specific feldspar dissolution reactions are illustrated with numbers 
referenced to reaction numbers in the text. Core data from Red Wash and Ashley Valley 
fields were used in this study and the approximate locations of the fields are depicted on the 
cross section.
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suggest that topographically-driven meteoric waters can penetrate to depths of more than 

2km in sedimentary basins. The depth and rate of topographically-driven meteoric water 

flow in sedimentary basins is a function of the amount of recharge into the aquifer, the 

ground water head, the distribution and lateral continuity of high-conductivity pathways, 

and the magnitude of opposing hydraulic potentials created by compactional flow (Harrison 

and Summa, 1991) or mixing and displacement of connate waters (Domenico and Robbins, 

1985). Ground water concentration patterns for Paleozoic aquifers (which include the Weber 

Sandstone) in the Uinta and Piceance basins published by Lindner-Lunsford et al. (1989) 

and potentiometric data from Geldon (1986) suggest hydrologie continuity between the 

Weber Sandstone in the upthrown Uinta Mountain and White River uplifts and the 

downthrown Uinta-Piceance basin. Salinity gradients (Lindner-Lunsford et al., 1989) imply 

that mixing of meteoric and original connate water may also be occurring. Mathematical 

models developed for the mixing of meteoric and connate waters in homogeneous aquifers 

(Domenico and Robbins, 1985) show steep concentration gradients over short distances 

within the mixing zone. Chemical and isotopic data from Burtner (1987), however, suggest 

that separate fluid flow regimes exist between basin-margin uplifts and basin areas, with 

Laramide faulting exercising strong control over present-day formation water distribution 

(see Figure 3.1).

Although pétrographie observations (i.e., feldspar dissolution, kaolinite and silica 

precipitation) in the Weber Sandstone in the Uinta Mountain structural block are consistent 

with reactions commonly observed in meteoric fluid-flow regimes, present data distribution 

does not give insight to the stratigraphie and lateral extent of meteoric recharge. Cores 

described in this study from the Uinta Mountain structural block are from the uppermost 

part of the Weber Sandstone and, therefore, are not representative of the Weber Formation
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as a whole. The extent of feldspar dissolution in these samples suggests that meteoric water 

flow is quite high in the areas from which the samples were taken. Relatively high fluid- 

flow rates and the displacement of original connate waters by gravity-driven meteoric waters 

generally require adequate outlets to flow in the downdip portions of the aquifer (Domenico 

and Robbins, 1985). The requirement of an efficient discharge system, when combined 

with the relatively short period of geologic time (< 60-65 x 106 years) needed to achieve 

displacement of original connate waters since the Laramide orogeny suggests that the Uinta 

Basin Boundary Fault and associated faults may have acted as effective discharge points, 

either along fractures associated with faulting and/or by cross-formational flow into 

permeable formations juxtaposed to the Weber through faulting.

7.4.6 Summary

Temporal relationships among diagenetic events in the Weber and Maroon formations 

has resulted in a paragenetic sequence that is similar in both the Uinta and Piceance basins, 

although the dominant diagenetic processes and/or products differ between the two basins. 

Diagenetic events common to both basins include the precipitation of (in order of occurrence): 

poikilotopic calcite, pyrite, silica, carbonate (calcite and dolomite), and authigenic clay. 

Diagenesis in the Uinta basin is dominated by relatively early and extensive quartz overgrowth 

cementation and late-stage detrital feldspar dissolution and associated precipitation of 

kaolinite, illite, and fine-crystalline quartz. Diagenesis in the Piceance basin, however, is 

dominated by the precipitation of pore-filling and grain-replacement nonferroan and ferroan 

carbonate cements. Authigenic clay in the Weber and Maroon sandstones in the Piceance 

basin is predominantly grain-replacement and pore-filling chlorite and minor amounts of 

illite/sericite. These diagenetic events can be interpreted in terms of three major diagenetic
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environments (shallow burial, deep burial, and uplift), each of which are characterized by a 

series of diagenetic processes/products that are related by relative timing and the fluid regime 

in which they occurred.

The shallow burial environment corresponds to diagenetic processes occurring from 

the time of deposition to burial depths that are within significant influence of surface related 

processes. These processes are assumed to occur in the presence of the original pore fluids 

in the sediment or that are available to the sediment during shallow burial, and can be either 

meteoric or marine in origin. Diagenetic events interpreted to have occurred during shallow 

burial include grain rearrangement due to compaction, formation of clay cutans on detrital 

framework grains, Fe-oxide grain coatings, poikilotopic calcite cement, and the precipitation 

of pyrite. The formation of clay cutans and Fe-oxide grain coatings occur most commonly 

in fluvial sandstones of the Maroon Formation and in transitional zones where fluvial deposits 

grade upward into eolian deposits of the Weber Sandstone. Both of these diagenetic events 

are interpreted to have occurred in the presence of meteoric water (either dilute or 

evaporatively concentrated) that was present in the depositional environment The formation 

of clay cutans and Fe-oxide typically occur in the upper part of the phreatic zone.

Poikilotopic calcite cement is rare in the Weber and Maroon formations, occurring 

almost exclusively in fluvial overbank/interdune and eolian interdune environments and in 

eolian dune and sandsheet strata that directly over- or underlie fluvial overbank and eolian 

interdune strata. The close association of poikilotopic calcite with these deposits suggests 

that precipitation of these cements occurred from surface and/or near-surface waters that 

were derived from these environments. By analogy with modem hydrologically closed 

basins, poikilotopic calcite is interpreted to have precipitated by the evaporative concentration 

of dilute meteoric waters derived from periodic flooding of low-lying interdune areas by
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ephemeral streams and/or high water tables produced by the downward percolation of surface 

water.

Pyrite cement is relatively rare in the Weber Sandstone, occurring predominantly 

near the top of the formation in eolian sandstones that are interpreted to have been reworked 

during the marine transgression that followed Weber deposition. The early relative timing 

of pyrite cementation and proximity to shallow marine deposits in the overlying Park City/ 

Phosphoria Formation suggest that pyrite cementation probably occurred in the presence of 

normal marine seawater that percolated through the upper part of the Weber Sandstone. 

The formation of pyrite in the presence of seawater is interpreted to have resulted from 

bacterial sulfate reduction in a reducing environment, in which dissolved sulfate was supplied 

from seawater and iron by hydrous ferric oxide grain coatings.

Major diagenetic events interpreted to have occurred during deeper burial, removed 

from the influence of surface-related processes include silica cementation, calcite and 

dolomite cementation, precipitation of authigenic clay, and hydrocarbon migration. 

Volumetrically, silica cementation is the principal burial diagenetic product in the Weber 

Sandstone in the Uinta basin. Calculations of burial depths from intergranular volumes 

indicates that the majority of silica cementation occurred during late Cretaceous time, which 

corresponds to increased burial in response to the later stages of the Sevier orogeny and 

possibly the onset of the Laramide orogeny. The general structural configuration of the 

central Rocky Mountain region suggests that silica-rich fluids were derived from siliceous 

sediments in the Oquirrh basin due to loading and compression of the advancing Sevier 

thrust belt. The long distanced required for fluid migration into northeastern Utah suggests 

that a gravity-driven ground water flow system, which mixed with silica-rich compactional 

fluids, was necessary for the transport of silica through the Weber aquifer. The development
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of the Douglas Creek arch, which separates the Uinta and Piceance basins, during late 

Cretaceous time may have prevented the migration of silica-rich fluids into the Weber 

Sandstone in the Piceance basin.

Calcite cementation is present in the Weber and Maroon formations of the Uinta and 

Piceance basins and based on textural relationships is interpreted to have occurred after 

quartz cementation. Volumetrically, calcite cement is the principal diagenetic product in 

the Piceance basin, occurring as a combination of nonferroan and ferroan cements in most 

samples. Calculations of burial depths at the time of cementation indicates that the majority 

of calcite cementation in the Piceance basin occurred at approximately the same time as the 

majority of quartz cementation in the Uinta basin. The timing (late Cretaceous) of calcite 

cementation in the Weber Sandstone of the Piceance basin indicates that this diagenetic 

event was coincident with structural deformation associated with the latter part of the Sevier 

orogeny and the initial stages of the Laramide orogeny. The temporal association of calcite 

cementation with these orogenies suggests that the migration of pore waters responsible for 

this diagenetic event may have been in response to these structural adjustments. 

Paleogeographic reconstruction of the central Rocky Mountain area during Pennsylvanian 

and Permian time, however, shows a thick accumulation of interbedded marine carbonates, 

evaporites and elastics to the southeast of the study area in the Central Colorado trough. 

Structural relationships suggest that saline compactional fluids originating in these deposits 

may have began migrating updip into the Weber and Maroon formations as early as late 

Permian time, and it is unclear how long this structural relationship may have persisted.

Dolomite cementation is most prevalent in the Weber and Maroon sandstones of the 

Piceance basin, occurring both as a coexisting carbonate phase with calcite cement and as 

the only carbonate phase in some thin sections. Samples with the highest amount of dolomite
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cement (>20%) typically contain little or no calcite cement and occur predominantly in 

fine-grained fluvial overbank/interdune deposits of the Maroon Formation and in eolian 

interdune sandstones of the Weber Formation. Average intergranular volumes for samples 

characterized by predominantly dolomite cement are approximately the same as that for 

samples characterized by predominantly calcite cement, suggesting that cementation by 

each of these carbonate cements may have been coincident. Given the relatively high 

intergranular volumes for dolomite cementation, it is probable that dolomite cementation 

began early in the diagenetic history and was related to the environment in which these 

sandstones were deposited. Fluvial overbank/interdune and eolian interdune/sabkha 

environments in arid climates are typically characterized by highly evaporative conditions, 

suggesting that dolomite cementation may have occurred from evaporatively concentrated 

surface and shallow subsurface ground waters. From textural relationships it is not clear 

whether dolomite formed as a primary precipitate or by the dolomitizadon of pre-existing 

calcite. Although some dolomite cementation may have occurred penecontemporaneous 

with, or shortly after, deposition, intergranular volumes indicate that the majority of 

cementation occurred during shallow to intermediate burial depths. Dolomite crystal textures 

observed with both plane light and cathodoluminescent microscopy indicate that dolomite 

cements in Weber and Maroon sandstones have experienced continued alteration through 

time, with later cement generations enriched with respect to iron. Much of this alteration 

probably occurred in the presence of saline fluids that migrated into the Weber and Maroon 

formations from carbonate and evaporite strata in the Central Colorado trough.

Chlorite and illite are the predominant authigenic clays in the Piceance basin, 

occurring in greatest quantity along the transition zone between the Weber and Maroon 

formations. Textural relationships indicate that clay formation postdated carbonate
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cementation, with chlorite occurring primarily as feldspar grain replacement and less 

frequently as a pore-lining cement. Illite commonly occurs as a grain-coating and 

intergranular pore-filling mineral. The relative timing of chlorite and illite formation indicates 

that these clay minerals formed in the presence of the hypersaline marine evaporite brine 

responsible for the precipitation of the preceding suite of carbonate minerals. The mechanism 

of feldspar chloritization requires sources of Mg2+ and Fe2+ to form chlorite as well as a 

sink for Si4"1" and K+ released by the reaction. The evaporatively concentrated seawater 

brine present in the Weber Sandstone provided a source of Mg2+, whereas the alteration of 

detrital Fe-Mg silicates and pigmentary iron oxides were possible sources of Mg2+ and 

Fe2+. The association of authigenic quartz crystals with chlorite and the presence of authigenic 

illite indicate that these minerals may have formed from the Si4+ and K+ released by feldspar 

chloritization.

Diagenesis related to uplift and the post-Laramide recharge of meteoric waters are 

documented in the Weber Sandstone in the northeastern part of the Uinta basin, north of the 

Uinta basin boundary fault. Diagenetic alterations include the partial to complete dissolution 

of detrital feldspar grains and the partial to complete dissolution of pore-filling carbonate 

cements. The precipitation of authigenic kaolinite and minor illite and quartz are interpreted 

as products of feldspar alteration and occurred concomitantly with feldspar dissolution. 

Textural relationships indicate that these diagenetic events occurred after oil migration and 

are the last group of diagenetic reactions to occur in the Weber Sandstone.
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Chapter 8

ISOTOPE AND TRACE ELEMENT GEOCHEMISTRY

8.1 Introduction

The stable isotopic and trace element composition of carbonate cements in sandstones, 

when combined with standard pétrographie techniques, can be used to help determine the 

diagenetic environment in which these cements may have formed. Oxygen and carbon 

isotopes are fractionated by natural chemical and physical processes (e.g., fluid mixing and 

evaporation; organic matter maturation) which are common in the range of temperature 

conditions experienced during the evolution of sedimentary basins (Longstaffe, 1983). 

Isotopic exchange between minerals and diagenetic fluids occur only during initial 

precipitation from solution and recrystallization of existing phases (dissolution and 

reprecipitation reactions), the rate of which increase with an increase in diagenetic 

temperatures. The stable oxygen isotope ratio of minerals is controlled primarily by the 

temperature of crystallization or recrystallization, the nature and extent of fractionation 

between fluids and minerals, and the origin of the fluids (Longstaffe, 1983). Thus, the 

stable oxygen isotope ratios of authigenic minerals can be used to evaluate both the 

temperatures of precipitation and source of pore fluids, provided that independent evidence 

of the pore fluid oxygen isotope composition and/or temperature can be obtained.

The stable carbon isotopic composition of carbonate cements can exhibit a wide 

range in values (~ -70 to ~ +30 % c PDB) which are relatively insensitive to changes in 

temperature (Anderson and Arthur, 1983) and are controlled primarily by the source of 

carbon and the mechanism by which the carbon isotopes have been fractionated. The two 

major reservoirs of carbon in sedimentary environments are those of organic carbon and



T-4067 291

carbonate carbon, which are present primarily as CO2 and HCO3", respectively. Since the 

fractionation of carbon isotopes is mediated by different mechanisms for each of these 

reservoirs and is relatively insensitive to changes in temperature, the stable carbon isotopic 

composition of carbonate minerals can be used to discriminate between the two carbon 

reservoirs as sources of carbon. The stable carbon isotopic composition of authigenic minerals 

can reflect carbon derived from various sources, including bacterial sulfate reduction, 

dissolution of carbonate minerals, oxidation of methane, methanogenesis, and 

decarboxylation of organic matter (Anderson and Arthur, 1983). Modem marine carbonates 

are characterized by S13C values that range from approximately 0 to +4 %c (PDB) (Anderson 

and Arthur, 1983). Carbon signatures which range from slightly negative to positive (-5 to 

+15 %o PDB) suggest that carbon originated from CO2 generated during methanogenesis, 

whereas light carbon isotope values (-20 to -25 %c PDB) suggest incorporation of CO2 

derived from either the shallow oxidation of organic matter or from the thermal 

decarboxylation of organic acids associated with source rock maturation at high temperatures 

(Irwin et al., 1977). Once the relative timing of cement phases has been established, 

intergranular volume (minus-cement porosity) can be used to estimate crystallization 

temperatures from porosity/depth and burial history curves, which when integrated with the 

stable isotope data from cements, can be used to calculate pore water composition using the 

appropriate fractionation equations.

Trace element incorporation in carbonate minerals can be attributed to variations in 

the growth conditions (e.g., fluid chemistry, redox conditions, crystal growth rate) that occur 

during precipitation, recrystallization, or replacement. The temporal variations in growth 

conditions are preserved as compositional variations associated with zoning in carbonate 

minerals, which can be characterized quantitatively by electron microprobe analysis and
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qualitatively by cathodoluminescent microscopy. The combined isotopic and trace element 

composition of authigenic carbonate minerals can, therefore, be used to identify probable 

genetic pore water types (i.e., meteoric, seawater, evolved formation waters) responsible 

for the precipitation of individual carbonate mineral phases and help reconstruct pore fluid 

evolution throughout the diagenetic histoiy of a sandstone. This chapter presents the results 

and interpretations of stable isotope and trace element analyses of calcite and dolomite 

cements in the Weber and Maroon sandstones.

8.2.1 Calcite Isotope Geochemistry

Stable oxygen and carbon isotopic analyses of pore-filling calcite cements from 28 

samples from the Weber and Maroon sandstones are summarized in Table 8.1 and Figure 

8.1. The cross-plot of 0180  versus S13C values for the calcite cements (Figure 8.1) display 

considerable scatter in the data, although isotopic values from individual wells tend to group 

together. Variability in the isotopic composition of the calcite cement may be due to spatial 

variation in the isotopic composition of formation waters and/or differences in the temperature 

of crystallization. Compositionally zoned carbonate cements are often characterized by a 

trend toward lighter S180  values with decreasing age of the cement (toward the outermost 

zone), which is attributed to increasing temperature during burial, progressive change in the 

isotopic composition of pore waters, or a combination of both (Dickson and Coleman, 1980). 

Preservation of the original isotopic composition of the calcite cements is suggested by the 

sharply defined cathodoluminescent zonation that is apparent in the majority of crystals 

examined (Figure 8.2), indicating that there has been minimal recrystallization and isotopic 

re-equilibration since precipitation.
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Table 8.1. Stable isotopic composition of pore-filling calcite cements in the Weber and 
Maroon sandstones. 5180  values range from -12.060 to -6.801 %c PDB and 813C values 
range from -3.243 to 1.789 %c PDB.

Well Name/ 
Depth (ft)

Cement
Morphology

5180  
(%c PDB)

013C
(%c PDB)

Govt. Shenendoah #1
4927.5 Coarse crystalline -11.678 -2.675
4937.5 Coarse crystalline -11.709 -2.765

Chevron Federal #1
10311 Coarse crystalline -11.748 -2.464
10388 Coarse crystalline -11.598 -2.429
10495 Coarse crystalline -11.537 -3.243
10512 Coarse crystalline -11.578 -2.598
10528 Coarse crystalline -11.785 -2.811
10551 Coarse crystalline -11.470 -2.560
10566 Coarse crystalline -11.638 -2.429
10570 Coarse crystalline -11.890 -2.566

Camev #17-35
5792 Coarse crystalline -9.109 -2.714
5939 Coarse crystalline -11.859 -2.669

5980.5 Coarse crystalline -9.165 -1.554
6036.5 Coarse crystalline -8.896 -1.489
6060.5 Coarse crystalline -9.207 -1.541
6116 Coarse crystalline -6.801 -1.142

6325.5 Coarse crystalline -9.149 -1.826
6330 Coarse crystalline -10.212 -2.028
6340 Coarse crystalline -9.418 -1.995

Federal #1-17-1-100
9986 Microcrystalline -8.954 -1.821
10006 Coarse crystalline -7.442 -0.832

10015.9 Coarse crystalline -12.060 1.789

Natomas#l-17
9792 Coarse crystalline -11.311 -2.145

Govt. Trinitv #1
6114.3 Coarse crystalline -9.559 0.174
6125.5 Coarse crystalline -9.222 0.395
6136.5 Coarse crystalline -8.910 0.386
6145.5 Coarse crystalline -8.929 0.024

Wilson Creek #66
8460.5 Coarse crystalline -7.670 -2.849
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Figure 8.1. Distribution of oxygen and carbon isotopic analyses for pore-filling calcite 
cements from Weber and Maroon sandstones. 5180  values show a 5.26 % c range, from - 
12.06 to -6.80 % c  (PDB), with a mean of -10.161 %c (PDB). 813C values show a 5.03 % c 
range, from -3.24 to 1.79 %c (PDB), with a mean of -1.73 %c (PDB). Although considerable 
scatter in both the oxygen and carbon isotopic data is apparent, values from individual wells 
tend to group together, suggesting spatial variation in the isotopic composition of formation 
waters.
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Stable oxygen isotope ratios (0180) exhibit a variation of 5.26 %c, ranging from 

-12.06 to -6.80%c (PDB), with a mean of -10.16%c (PDB). Stable carbon isotope ratios 

(813C) exhibit a variation of 5.03%c, ranging from -3.24 to 1.79%c (PDB), with a mean value 

of -1.73%c (PDB). Present burial depths from which calcite isotope samples were taken 

range from slightly less than 5,000 feet to more than 10,500 feet deep, although burial 

depths may have been significantly greater in the past (Chapter 5; Burial History). Stable 

oxygen and carbon isotope ratios for these cements show no statistically significant correlation 

between S180  and 813C values and present sample depth (Figure 8.3), suggesting that 

recrystallization of existing phases and re-equilibration with extant formation waters at 

present burial depths (i.e., temperatures) has not occurred or is insignificant.

The distribution of oxygen and carbon isotopic values for calcite cement is indicated 

in Figure 8.4 along with some of the factors which commonly control variations in 180 /160  

and 13C/12C ratios in both surface and subsurface diagenetic environments. The negative to 

slightly positive values of carbon (-3.24 to 1.79%o) indicate a contribution from either marine 

carbonate material or from the incorporation of CO2 derived from the shallow oxidation of 

organic matter or the thermal decarboxylation of organic acids associated with burial. Calcite 

precipitated from water that is in isotopic equilibrium with the atmosphere should have a 

813C of approximately 0 to +l%c (PDB), given that dissolved HCO3" has a 813C of about 0

tO +l%c.

The relatively narrow range in the carbon isotope composition of the calcite cements 

suggests that the source of carbon for diagenetic calcite was more or less constant throughout 

the time of precipitation. Pétrographie evidence suggests that calcite cementation occurred 

at relatively shallow to intermediate burial depths. Although calcareous microfossils were 

not observed in any of the samples, detrital carbonate grains were observed in some samples,
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Figure 8.3. Cross-plots of 0180  versus depth and 813C versus depth (b) for calcite cements 
from the Weber and Maroon sandstones. Present burial depths from which calcite isotope 
samples were taken range from slightly less than 5,000 feet to more than 10,500 feet deep. 
No statistically significant correlation was observed between 8180  and 013C and depth for 
the calcite cements analyzed, suggesting that precipitation or recrystallization in extant pore 
waters at present depths (i.e. temperatures) has not occurred.
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Figure 8.4. Cross-plot of 0180  versus 813C and some of the factors which commonly control 
variations in ^O /^O  and 13C/12C ratios in diagenetic environments. The distribution of 
oxygen and carbon isotopic values for calcite cements in the Weber and Maroon sandstones 
is indicated by the shaded field. Negative 5180  values are commonly attributed either to 
precipitation from meteoric pore fluids or relatively high temperatures of precipitation 
associated with burial. Slightly positive to negative 813C values are commonly associated 
with marine carbonates or with C 02 derived from oxidized organic carbon (diagram modified 
from Hudson, 1977).
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but are volumetrically insignificant. The slightly negative 613C composition of the calcite 

cement may have resulted from the addition of isotopically light carbon derived from the 

oxidation of organic matter. Since both the Weber and Maroon sandstones were deposited 

in eolian and fluvial environments, respectively, it is probable that pore waters present from 

the time of deposition through at least shallow burial were meteoric in origin, probably 

showing a negative S13C composition due to the addition of organic carbon derived from 

bacterial oxidation and degradation of organic matter. Mixing of early, syndepositional 

isotopically light pore waters with water entering the sandstones at later time can modify 

these pore waters toward isotopically light S13C values. Isotopically light 513C values can 

also be inherited by the calcite cement by the replacement of an early precursor cement and/ 

or detrital carbonate grains, both of which have been observed in thin section samples, 

especially by cathodoluminescent microscopy.

5180  values of calcite cement in the Weber and Maroon sandstones range from 

-12.06 to -6.80%c (PDB) and averages -10.16%c (PDB). Since the oxygen isotopic 

composition of diagenetic minerals is controlled primarily by the temperature of 

crystallization and the isotopic composition of the fluid from which the mineral crystallized, 

any number of combinations of temperature and water compositions could have precipitated 

calcite with this range of isotopic compositions. Calcite cements with depleted 0180  values 

such as those for the Weber and Maroon sandstones are commonly interpreted to have 

crystallized from ô180 -depleted water (meteoric water) and/or higher temperatures of 

crystallization. Carbonate cements that crystallize at higher temperatures commonly exhibit 

a positive covariation in the 0180  and 513C, in which a more negative 6180  composition is 

accompanied by a more negative 513C composition (e.g., Morad et al., 1990). Depleted 

5180  values are commonly attributed to an increase in diagenetic temperature and/or mineral-
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water interactions and depleted 813C values attributed to the thermal decarboxylation of 

organic matter (e.g., Curtis, 1978). A cross-plot of 5180  versus 813C for calcite cement in 

the Weber and Maroon sandstones shows that a statistically significant covariation does not 

exist for these isotopes (Figure 8.5).

In order to estimate the range of oxygen isotope compositions of water from which 

the calcite cements precipitated, it is necessary to obtain an independent estimate of the 

diagenetic temperature range at the time of crystallization. Estimates of diagenetic 

temperatures for calcite cementation are based on calculations of intergranular volumes at 

the time of calcite cementation, porosity decline curves for the depth of cementation, and 

burial history curves for burial temperatures (Chapter 7). Since calcite cement appears to 

be most abundant in the Douglas Creek arch area, pétrographie data from wells in this area 

(Chevron Federal #1, Camey #17-35, Federal *1-17-1-100, and Natomas *1-17) were used 

to determine the temperature range for calcite cementation. For samples that contain 

predominantly calcite cement, intergranular volumes range from 9.7 to 31%, averaging 

18.5%. The range of intergranular volumes from 18.5 to 31% were used to estimate the 

depth range at which the majority of calcite cementation occurred based on an initial average 

porosity of 49% for eolian deposits and the exponential porosity-depth relationship of Athy 

(1930). This relationship shows that the majority of calcite cementation occurred at burial 

depths ranging from approximately 5,700 to 11,700 feet. The burial history curve for this 

area shows that a burial depth range of 5,700 to 11,700 feet would be equivalent to a 

temperature range of approximately 62 to 116°C.

The possible conditions for diagenetic calcite precipitation are depicted on the isotope 

fractionation diagram in Figure 8.6 where the equilibrium oxygen isotope compositions of 

calcite are plotted against the temperature and S180  composition of the water out of which
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Figure 8.5. Cross-plot of ô180  versus Ô13C for calcite cements analyzed from the Weber 
and Maroon sandstones. No statistically significant covariation is observed between 0180  
and 813C for these cements. Positive covariation toward lighter 0180  and 813C values in 
carbonate cements in both sandstones (e.g., Morad et al., 1990) and limestones (e.g., Dickson 
and Coleman, 1980) are interpreted to support precipitation or recrystallization during 
progressively higher diagenetic temperatures associated with continued burial.



T-4067 302

180

160

140

P  120

Ü 1003
3 -15
O,I

+10

-10-20 -15 0 5 10

ô18Owater (%« SMOW)

Figure 8 .6 . Isotope fractionation diagram showing the equilibrium oxygen isotope 
composition of calcite (relative to PDB) for various temperatures and oxygen isotope 
compositions of water (relative to SMOW). Possible combinations of temperature and 
oxygen isotope composition out of which the calcite precipitated are calculated using the 
fractionation equation of Friedman and O'Neil (1977): 103 x hia,calcite_water) = 2.78 x 106 x 
T"2 - 2.89, where a  = (1000 + 8180 calcite)/(1000 + 518Owater) and T is temperature in °K. The 
shaded area represents the estimated range of oxygen isotope compositions of water, given 
the estimated temperature range of calcite precipitation (62 -1 16°C) and the average measured 
oxygen isotope composition (-10.325 %c PDB) of calcite in Weber and Maroon sandstones 
in the Douglas Creek arch area. The predicted range of oxygen isotope compositions of 
water range from -1.8 to +4.6%c (SMOW), which is consistent with the isotopic composition 
of modem seawater to slightly evaporated seawater.
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the calcite precipitated. The possible combinations of temperature and oxygen isotope 

composition of water from which the calcite may have precipitated are calculated using the 

equilibrium fractionation equation of Friedman and O’Neil (1977): 103 x lnotcalcite_water =

2.78 x 106 x T 2 - 2.89, where a  = (1000 + S180caicite)/(1000 + 518Owater) and T is temperature 

in °K. Considering the estimated range of temperatures (62 - 116°C) possible during 

precipitation of the majority of calcite cement, the ô180  compositions (average = -10.325%c 

PDB for the samples in the Douglas Creek arch area) can be explained if the diagenetic 

calcite was precipitated from pore waters with an oxygen isotope composition ranging from 

-1.8 to +4.6%c (SMOW). This range of 0180  values is consistent with the range of oxygen 

isotopic compositions of marine-dominated water. The average 0180  of modem seawater is 

about 0%c (SMOW) with variations of approximately +/-1.5%c which can be correlated to 

local variations in salinity (Anderson and Arthur, 1983). Local variations in the salinity and 

isotopic composition of seawater is controlled primarily by local conditions of evaporation, 

continental runoff, and mixing. Evaporation tends to produce waters enriched in lsO whereas 

dilution by continental waters and mixing produces waters depleted in lsO. The estimated 

0180  range of -1.8 to +4.6%o (SMOW) for the water composition from which calcite cements 

precipitated in the Weber and Maroon sandstones is similar to the range in compositions 

(ô180  = +0.4 to +2.0%c SMOW) estimated by Burtner (1987). The 0180  compositions 

estimated by Burtner (1987) are based on extrapolations from present-day formation waters 

which have been significantly altered by meteoric injection waters in Rangely field. Since 

a well-defined linear relationship exists between the total dissolved solids content of the 

extant waters and their ÔD and 0180  values, extrapolation of this mixing line between injection 

and formation waters resulted in the estimated range of ô180  compositions. Burtner (1987) 

suggests that waters of this composition originated as evaporated seawater in the Eagle
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basin at the time that the Eagle Valley Evaporites were deposited (Atoken - Desmoinesian), 

and migrated into the Weber Sandstone prior to the Laramide orogeny (60-65 Ma). Estimates 

of the depth of cementation for calcite in the Douglas Creek arch area range from 5,700 to 

11,700 feet, which corresponds to the initiation of rapid subsidence in the Piceance basin 

area at approximately 75-80 Ma associated with the later stages of the Sevier orogeny and 

initial stages of the Laramide orogeny.

The Weber and Maroon sandstones were deposited in continental environments 

(eolian and fluvial, respectively), suggesting that early pore waters were meteoric-dominated. 

The approximation of the pore water composition during calcite cementation suggests, 

however, that water compositions were near that of modem seawater or slightly evaporated 

seawater. Throughout much of the northern Piceance and northeastern Uinta basins the 

Weber and Maroon sandstones overlie shallow water carbonates of the Morgan Formation 

and are overlain by shallow water elastics and carbonates of the Park City/Phosphoria 

Formation. The estimated marine-dominated composition of the porewaters from which 

calcite precipitated suggest that diagenetic fluids in the Weber and Maroon sandstones may 

have been externally derived from formation waters expelled from either the under- or 

overlying carbonate sedimentary sections during burial. Detailed pétrographie studies of 

the Weber and Maroon sandstones in the Rangely field area (northern Piceance basin) show 

that cementation by calcite increases both from northwest to southeast across the field and 

downward in the section (Maret, 1956; Bowker and Jackson, 1989). These observations are 

consistent with an externally derived source of diagenetic fluids, probably originating in the 

shallow water carbonates of the underlying Morgan Formation and migrating upward into 

the Weber and Maroon sandstones due to compactional flow associated with burial.
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8.2.2 Dolomite Isotope Geochemistry

Stable oxygen and carbon isotopic analyses of dolomite cements from 16 samples 

from the Weber and Maroon sandstones are summarized in Table 8.2 and Figure 8.7. The 

cross-plot of 0180  versus 513C values for the dolomite cements (Figure 8.7) shows two 

distinct groups, with one group characterized by positive 0180  values and the other group 

by negative 0180  values. Dolomites with positive 0180  values are characterized by a relatively 

wide variation in 8180  values that range from +1.11 to +6.15%c (PDB), with a mean value of 

+4.1 l%c (PDB). 513C values exhibit relatively little variation, ranging from -0.94 to +0.69%c 

(PDB), with a mean value of -0 .2 l%c (PDB). The second group of dolomite cements is 

depleted in 8lsO relative to the first group and is characterized by relatively little variation 

in ô180  values and considerable variation in 013C values. 0180  values range from -2.023 to 

-1.45 %c (PDB), with a mean value o f -1.20%c (PDB), and 813C values range from -3.37 to 

+0.25%c (PDB), with a mean value o f-1.18%c (PDB). Present burial depths from which the 

dolomite isotope samples were taken range from less than 6,000 feet to more than 18,000 

feet, and cross-plots of 8180  and 813C versus burial depth show no statistically significant 

correlation with depth (Figure 8.8). Pétrographie examination of the sandstones from which 

these isotopic analyses were conducted does not reveal an apparent reason (e.g., 

recrystallization) for the two isotopically distinct groups of dolomite cement.

The distribution of oxygen and carbon isotopic values for both groups of dolomite 

cements are illustrated in Figure 8.9 with some of the factors that commonly control variations 

in 180 /160  and 13C/12C ratios in diagenetic environments. Positive S180  values are commonly 

associated with precipitation from evaporated seawater and/or precipitation from subsurface 

waters that are isotopically heavier due to increased concentration and interaction with 

detrital grains. Negative S180  values are associated with precipitation from meteoric waters
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Table 8.2. Stable isotopic composition of pore-filling dolomite cements in the Weber and 
Maroon sandstones. 5180  values range from -2.023 to 6.158 %c (PDB) and 613C values 
range from -3.365 to 0.697 %o (PDB).

Well Name/ 
Depth (ft)

Cement
M orphology

618G
(%c PDB)

013C
(%c PDB)

RWU #44-21C
18069 Coarse Crystalline -1.625 -3.365
18128 Coarse Crystalline -1.483 -2.245

Camev #17-35
5735 Coarse Crystalline 1.107 -0.884

Artesia#l-12
9211.1 Coarse Crystalline -1.794 0.254
9232 Coarse Crystalline -2.023 0.113

Federal #1-17-1-100
9976 Microcrystalline 3.264 -0.651
9980 Microcrystalline -1.587 -0.996
9994 Microcrystalline 3.450 -0.425
9998 Microcrystalline -1.446 -0.949

Natomas #1-17
9776.9 Coarse Crystalline 5.411 -0.756
9777.5 Microcrystalline 2.871 -0.938

Wilson Creek #66
8404 Microcrystalline 3.573 0.176
8417 Coarse Crystalline 6.158 0.599

8435.5 Coarse Crystalline 2.973 0.649
8445.5 Coarse Crystalline 6.102 0.697
8446.5 Coarse Crystalline 4.855 0.043
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Figure 8.7. Oxygen and carbon isotopic analyses for pore-filling dolomite cements in the 
Weber and Maroon sandstones. Values for dolomite with positive 5180  values range from 
1.11 to 6.16 %c (PDB), with a mean value of 4.11%c (PDB), and 813C values range from - 
0.94 to 0.69%c (PDB), with a mean value of -0 .2 l%c (PDB). Values for dolomite with 
negative 8180  values range from -2.02 to -1.45%c (PDB), with a mean value of -2.09%c 
(PDB), and 8 13C values range from -3.37 to 0.25%c (PDB), with a mean value o f -1.18%c 
(PDB).
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Figure 8 .8 . Cross-plots of 0180  versus depth (a) and 813C versus depth (b) for dolomite 
cements from the Weber and Maroon sandstones. No statistically significant correlations 
were observed between 0180  and 013C and depth for the dolomite cements analyzed. Present 
burial depths from which dolomite isotope samples were taken range from slightly less than 
6,000  feet to more than 18,000 feet deep.
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Figure 8.9. Cross-plot of 0180  and 813C and some of the factors which commonly control 
variations in ^O /^O  ratios in diagenetic environments. The distribution of oxygen and 
carbon isotopic values for dolomite cements in the Weber and Maroon sandstones are 
indicated by the shaded fields. The dolomite isotope values occur as two distinct groups, 
with one group characterized by positive 0180  values and the other by negative 0180  values. 
Each group exhibits a relatively narrow range of 813C values. The slightly positive to negative 
813C values are commonly associated with either marine carbonates or with C 0 2 derived 
from the oxidation of organic carbon. Positive S180  values are commonly associated with 
precipitation from evaporated seawater, whereas slightly negative values are associated 
with seawater which has been slightly diluted by meteoric water or precipitation at increased 
temperatures associated with burial (diagram modified from Hudson, 1977).
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and seawater that has been diluted by meteoric water or precipitation at increased 

temperatures.

In order to estimate the oxygen isotope composition of water from which dolomite 

cement precipitated, it is necessary to estimate the temperature range at the time of 

crystallization. Estimates of diagenetic temperatures for dolomite cementation are based 

on calculations of intergranular volumes at the time of dolomite cementation, porosity decline 

curves for the depth of cementation, and burial history curves for the range of burial 

temperatures. These calculations were conducted on samples in which dolomite was the 

predominant or only carbonate cement present. Since samples that contained predominantly 

dolomite cement are located in the Douglas Creek arch area and in the eastern part of the 

study area in the Wilson Creek *66 well, temperature ranges for dolomite cementation were 

estimated for each of these areas independently.

Intergranular volumes calculated for dolomite cemented sandstones in the Douglas 

Creek arch area range from 24.7 to 33.7%, averaging 27.1%. The range of intergranular 

volumes from the average of 27.1% to the maximum of 33.7% corresponds to a burial 

depths that range from 4,900 to 7,200 feet, which corresponds to a temperature range of 

approximately 58 to 79°C for the majority of dolomite cementation. Intergranular volumes 

calculated for dolomite cements from the Wilson Creek *66 well in the northeastern part of 

the Piceance basin range from 13.7 to 24.3% and average 20.2%. The majority of dolomite 

cementation in these samples occurred between approximately 8,400 and 10,700 foot burial 

depths. Diagenetic temperatures corresponding to the burial depth range of 8,400 to 10,700 

feet range from approximately 88 to 108°C.

The possible conditions for dolomite precipitation in each of these areas are depicted 

on the isotope fractionation diagrams in Figures 8.10 and 8.11 where the oxygen isotope
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Figure 8.10. Isotope fractionation diagram showing the equilibrium oxygen isotope 
composition of dolomite (relative to PDB) for various temperatures and oxygen isotope 
compositions of water (relative to SMOW). Possible combinations of temperature and 
oxygen isotope composition out of which the dolomite precipitated are calculated using the 
fractionation equation of Fritz and Smith (1970): 103 x hia(dolomite.water) = 2.78 x 106 T"2 + 
0.11, where a  = (1000 + §180 dolomite)/(1000 + 818Owater) and T is temperature in °K. The 
shaded area represents the estimated range of oxygen isotope compositions of water, given 
the estimated temperature range of dolomite precipitation (58-79°C) and the average 
measured oxygen isotope composition (+3.75%c PDB) of dolomite (dashed line) from Weber 
and Maroon sandstones in the Douglas Creek arch area. The predicted range of oxygen 
isotope compositions of water range from +9.3 to +12.2%c (SMOW).
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Figure 8.11. Isotope fractionation diagram showing the equilibrium oxygen isotope 
composition of dolomite (relative to PDB) for various temperatures and oxygen isotope 
compositions of water (relative to SMOW). Possible combinations of temperature and 
oxygen isotope composition out of which the dolomite precipitated are calculated using the 
fractionation equation of Fritz and Smith (1970): 103 x lnazdolomite„water) = 2.78 x 106 T 2 + 
0.11, where a  = (1000 + ô180 dolomite)/(1000 + 018Owater) and T is temperature in °K. The 
shaded area represents the estimated range of oxygen isotope compositions of water, given 
the estimated temperature range of dolomite precipitation (88-108°C) and the average 
measured oxygen isotope composition (+4.73%c PDB) of dolomite (dashed line) in the Weber 
Sandstone in samples from the Wilson Creek *66 well. The predicted range of oxygen 
isotope compositions of water range from +14.1 to +16.3%c (SMOW).
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compositions of dolomite are plotted against the temperature and 0180  composition of the 

water out of which the dolomite precipitated. For each area an average measured oxygen 

isotope composition of dolomite cement was used to determine water composition. Since 

the oxygen isotope composition of dolomite cements in the Douglas Creek arch area display 

both positive and negative values, only samples with positive 8180  values were used to 

determine water composition. The possible combinations of temperature and oxygen isotope 

composition of water from which the dolomite may have precipitated are calculated using 

the equilibrium fractionation equation of Fritz and Smith (1970): 103 x lna(doiomite-water) =

2.78 x 106 T"2 + 0.11, where a = ( 1000 + 818Odoiomite)/( 1000 + 8180 Water) and T is temperature 

in °K.

Dolomite cements with positive 8lsO values in the Douglas Creek arch area have an 

average measured oxygen isotope composition of +3.75 %c (PDB) and are estimated to 

have precipitated at temperatures ranging from 58 to 79°C. The predicted range of oxygen 

isotope compositions of the water from which these dolomite cements precipitated range 

from +9.3 to +12.2%c (SMOW) (Figure 8.10). Dolomite cements in sandstones from the 

Wilson Creek #66 well have an average S180  composition of +4.73%c (PDB) and are estimated 

to have precipitated at temperatures ranging from 88-108°C, which indicates that dolomite 

precipitated from pore waters with an oxygen isotope composition ranging from +14.1 to 

+16.3%c (SMOW) (Figure 8.11). The range in water compositions determined for each of 

these areas indicates that dolomite cementation occurred in the presence of very saline 

evaporative brines.

Although textural relationships in samples that contain both calcite and dolomite 

indicate that dolomite has partially replaced pre-existing calcite, it is not clear whether 

dolomite cement in the Weber and Maroon sandstones occurred as a primary precipitate
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directly from solution or by dolomitization of a precursor calcite cement, especially in samples 

that contain only dolomite cement. High intergranular volumes (up to almost 34%) in 

dolomite cemented sandstones indicate that dolomite cementation may have began 

penecontemporaneous with deposition, which suggests that dolomite cement was precipitated 

directly from interstitial waters in fluvial overbank/interdune and eolian interdune/sabkha 

environments.

The primary precipitation of dolomite cements has been documented in modem 

sediments from hypersaline lakes (e.g., Last, 1990; Rosen at al., 1989) and in coastal 

supratidal evaporite flats (Pierre et al., 1984). These dolomites are interpreted to have 

formed in the presence of evaporative brines, exhibiting characteristic enriched 5180  values. 

Dolomites formed in sediments from shallow ephemeral lakes in the Coorong region of 

Australia exhibit stable oxygen isotope values in excess of 7%c (PDB) (Rosen et al., 1989) 

and dolomites formed in siliciclasdc sediments of the Ojo De Liebre lagoon in Baja California 

show S180  values that range from +2.3 to +5.1 (PDB) (Pierre et al., 1984). Given the range 

of isotopic compositions (+6.25 to +7.59%c PDB) for dolomites precipitated in the ephemeral 

lakes of the Coorong region and a temperature range of 10 to 28°C, Rosen et al. (1989) 

calculated that the isotopic composition of the water precipitating the dolomite was between 

approximately +4 to +6%c (SMOW). Dolomite is most common in ephemeral lakes of the 

Coorong region characterized by mixing of relatively low-salinity continental ground water 

with marine-derived brine and are subjected to an annual desiccation cycle (Last, 1990). 

Interstitial fluid compositions in the Ojo De Liebre lagoon result from the mixing of inflowing 

marine brines with continental ground waters, which exhibit a measured range in S180  from 

approximately +0.1 to +4.2%c (SMOW) (Pierre et al., 1984). Temperatures of the solutions 

ranged between 18°C and 23.5°C.
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The predicted and measured 8180  values for the evaporated brines in the above 

examples are consistent with observations by Lloyd (1966) that suggest that ô180  enrichments 

of more than +6%c during evaporation of seawater in humid coastal environments is unlikely 

due to the effects of fresh water dilution and exchange between the evaporating brine and 

atmospheric water vapor. In these situations, progressive enrichment in 0180  occurs during 

early stages of evaporation of seawater up to a concentration of approximately 4x, after 

which the evaporation trajectory curves back toward lower 0180  values (Figure 8.12). The 

extent and shape of the evaporation trajectory varies as a function of climatic variables such 

as fresh water dilution, humidity, and temperature (Lloyd, 1966; Knauth and Beeunas, 1986). 

The progressive evaporation of meteoric water, however, can proceed to greater 8180  

enrichments before the hooked trajectory occurs, especially in arid internally drained desert 

environments where exchange between the evaporating brine and atmospheric water vapor 

is limited (Lloyd, 1966). A natural surface brine with a S180  composition of 10.1%c in an 

arid closed drainage basin evolved from relatively dilute meteoric water flowing into the 

basin with an initial 8180  of approximately -7%c. Sequential sampling during the progressive 

evaporation of relatively dilute ponded meteoric waters in an arid inland desert environment 

indicate that these waters can become enriched in 180  up to approximately +30%c (SMOW) 

before an inversion in the isotopic enrichment occurs, which is due to the low relative 

humidity (Fontes and Gonfiantini, 1967). The intersection of this evaporation trajectory 

with the meteoric water line for the area indicates that the composition of the rainfalls that 

initially fed the ponds was approximately -6 .8%c (SMOW).

The above observations of dolomite formation from evaporatively concentrated 

seawater and meteoric brines support data suggesting that dolomite precipitation in the 

Weber and Maroon formations may have started early in the diagenetic history by similar
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Figure 8.12. Trajectories for seawater undergoing evaporation in which the lighter isotopes 
are preferentially removed and the residual fluid becomes enriched in the heavier isotopes. 
The trajectory of the individual curves depends on local climatic variables, with humidity 
exerting the strongest control. Curve A represents initial evaporation under relatively humid 
conditions; curve B is for arid conditions. Curve C is Holser's estimate (Holser, 1979) of 
evaporating seawater through a concentration of lOx. The dashed extrapolation to 45x is 
based on incomplete data. Curve D is given by Pierre et al. (1984). The isotopic composition 
of hydration water in gypsum precipitated at any point on evaporation trajectories C or D is 
given by curves C and D'. The solid parts of curves C and D' represent the parts of the 
curves corresponding to gypsum precipitated in the gypsum facies of seawater (approximately 
3x-1 Ix). Hahte facies corresponds to approximately llx-65x. Figure and caption modified 
from Knauth and Beeunas (1986).
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mechanisms. The close association of dolomite cemented sandstones with fluvial overbank/ 

interdune deposits in the Maroon Formation and interdune/sabkha deposits in the Weber 

Sandstone suggests that surface and shallow ground waters associated with these 

environments were responsible for dolomite precipitation. Since strata of the Weber and 

Maroon formations in the study area are interpreted to have been deposited in a relatively 

arid continental setting of closed drainage removed from the influence of seawater, it can be 

assumed that waters supplied to these areas were of predominantly continental origin. By 

analogy with similar environmental settings, dilute meteoric waters can be supplied to eolian 

interdune areas by rainfall, flooding by ephemeral streams, and continental drainage. 

Evaporation during the desiccation of these ponded relatively dilute meteoric waters can 

then result in the precipitation of dolomite from the concentrated interstitial waters that 

percolate downward through the underlying sediment. Predicted S^O values ranging from 

approximately +9 to +16%c (SMOW) for pore waters from which dolomite cements 

precipitated in the Weber and Maroon sandstones also indicates that these waters probably 

originated as continental meteoric water. Data presented by Lloyd (1966) and Knauth and 

Beeunas (1986) indicate that the evaporation of seawater in a relatively humid coastal setting 

is restricted to 8180  enrichments of no more than approximately +6%c due to exchange with 

atmospheric water vapor. Evaporation of dilute meteoric waters in arid continental settings, 

however, can produce 0180  enrichments of greater than +30%c due to low relative humidity 

(Fontes and Gonfiantini, 1967). A cross-plot of 013C and 5180  for dolomite cements 

characterized by positive ô180  values in the Weber and Maroon formations shows a moderate 

degree of isotopic covariance (Figure 8.13), which is characteristic of primary carbonates 

precipitated in modem lakes in hydrologically closed basins (Talbot, 1990; Rosen et al., 

1989). Isotopic covariation in hydrologically closed basin results from the isotopic evolution
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Figure 8.13. Cross-plot of stable oxygen and carbon isotopes from dolomite cements in the 
Weber and Maroon formations that are characterized by positive 8180  values. Although the 
valus are variable, they appear to follow a weak covariant trend (r2 = +0.55). Covariant 
oxygen and carbon isotopic trends are common in primary carbonates precipitated from 
evaporating fluids in modem hydrologically closed lakes.



T-4067 319

of fluids during continued evaporation.

Comparison of oxygen isotopic values from calcite cements in Weber and Maroon 

sandstones suggests that isotopically different fluids precipitated dolomite and calcite cement. 

Oxygen isotope values for calcite cements average -10.16%c (PDB) whereas values for 

dolomite cements characterized by positive 6180  average +4.0%c (PDB). Estimates of calcite- 

dolomite oxygen isotope fractionation predict that dolomite should be approximately 3-4%c 

enriched in 8180  relative to a calcite precursor (Land, 1980). Since the average calcite 

cement in the Weber and Maroon formations is approximately 14%c lighter than the average 

dolomite, it is unlikely that the dolomite cement formed by the diagenetic replacement of 

precursor calcite cements from the same parent fluid.

8.3 Trace Elements

Zoned carbonate cements can provide important qualitative information with respect 

to the chemistry and evolution of pore waters from which the minerals precipitated. Zoning 

in carbonate cements, as defined optically by either chemical staining, cathodoluminescence, 

or electron backscatter imaging, results from trace element substitution for Ca2+ in the crystal 

lattice. Mn2+ and Fe2+ are considered the most important trace elements which exert the 

major control on zoning in carbonate cements. Interpretation of pore water chemistry from 

Mn2+ and Fe2+ contents in carbonate cements relies on the assumption that the Mn2+ and 

Fe2+ concentrations in the pore waters are governed by equilibrium reactions with Mn- and 

Fe-bearing minerals that are present in the diagenetic system and whose solubilities are 

controlled by the Eh and pH conditions of the pore water. The Mn2+ and Fe2+ compositions 

of carbonate cements are therefore indicators of the Eh conditions during the various stages 

of carbonate cementation.
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8.3.1 Calcite Trace Elements

Pore filling calcite cements in the Weber and Maroon sandstones typically exhibit 

well-developed concentric compositional zonation, and less commonly lack visible zonation, 

when viewed under cathodoluminescent microscopy (Figure 8.14 and 8.15). When examined 

with electron backscatter imaging, pore filling calcite cements lack zoning and appear 

homogeneous. Under cathodoluminescence, compositionally zoned calcite cements are 

comprised of nonluminescent, bright, and dull zones which vary both in the sequence in 

which they occur and thickness of individual zones. This variation occurs from pore to pore 

as well as from sample to sample. Where present, nonluminescent cement is the earliest 

generation of cement, occurring as the core of individual crystals, and is generally the thickest 

of the cement zones. Under cathodoluminescence, nonluminescent cement is homogeneously 

black and may contain small scattered areas that are orange to orange-red luminescent (Figure 

8.14). In most instances, the contact between nonluminescent cement and younger cement 

generations is a sharp planar contact, but less commonly may also be highly irregular, even 

within the same crystal (Figure 8.14).

Bright luminescent calcite cement typically occurs as relatively thin zones that have 

a bright yellow to yellow-orange luminescence. Bright cement postdates nonluminescent 

calcite cement and is commonly finely interlayered with dull luminescent cement. Bright 

luminescent calcite cement is typically the first cement type that overgrows detrital carbonate 

grains (Figure 8.16). Most of the fine interlayers of bright cement exhibit sharp planar 

contacts with both nonluminescent and dull cements and is volumetrically the least abundant 

of the calcite cements.

Dull luminescent calcite cement exhibits a dull orange to orange-red luminescence 

and is commonly finely interlayered with bright luminescent cement and also occurs as
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relatively wide homogeneous zones. Homogeneous dull cements both predate and postdate 

interlayered bright and dull zones, with the general sequence of zones varying both between 

intergranular pores and between samples. In some samples, intergranular pores are 

completely occluded by homogeneous dull luminescent calcite cement which contains small 

scattered inclusions of bright luminescent cement. In most instances, dull luminescent 

cement is the final pore-filling calcite cement.

The distribution of the different types of luminescent cements in the samples examined 

is highly complex, with a wide range of cement sequences present both within single thin 

sections and between samples. Cement sequences are often repeated in individual crystals 

which are restricted to individual intergranular pores, but may also form a continuous 

gradation between pc es in cements which engulf several framework grains. Although 

complete cement seqi nces are not developed in every intergranular pore, in calcite crystals 

that contain all of the iree major cement zones, the most common cement sequence is that 

of nonluminescent, lely interlayered bright and dull, and homogeneous dull cement. 

Nonluminescent cem nt was the first cement precipitate, forming the core of the crystal. 

Nonluminescent cement is postdated by either finely interlayered bright and dull luminescent 

cement or by a relatively broad zone of dull luminescent cement which is subsequently 

followed by a zone of finely interlaminated bright and dull cement

Electron microprobe traverse of a concentrically zoned calcite crystal exhibiting the 

nonluminescent-bright-dull cement sequence, shows that cathodoluminescence of these 

calcite cements is primarily a function of the Mn2+ and Fe2+ concentrations (Figure 8.17). 

Concentrations of Mn2+ and Fe2+, the main activator and quencher of luminescence in 

carbonate minerals, respectively, show a simultaneous increase in both Mn2+ and Fe2+ 

concentrations from the inner nonluminescent zone to the outer dull luminescent zone. The
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nonluminescent zone is characterized by Mn2+ concentrations that are less than 100 ppm 

(0.01 wt.%), with the concentration of Fe2+ at or near zero. These data are consistent with 

data from other electron microprobe studies (e.g., Grover and Read, 1983; Hemming et al., 

1989) which indicate that most calcite cements with less than approximately 100-150 ppm 

(0.01-0.015 wt.%) Mn2+ are nonluminescent. It should be noted that measurement of trace 

element concentrations below 100 ppm (0.01 wt.%) may not be accurate because these 

concentrations are generally at or below the practical detection limits of many electron 

microprobe systems. Therefore, defining lower limits on Mn2+ activation of luminescence 

cannot be precisely done. Low detection limits associated with ion microprobe analysis 

and atomic absorption spectrometry, however, have shown that cathodoluminescence in 

natural (Mason, 1987 and synthetic (ten Have and Heijnen, 1985) calcite crystals may be 

activated by Mn2+ col centrations as low as 15-30 ppm (0.001-0.003 wt.%).

Bright lumim cent cement is characterized by Mn2+ concentrations as high as 

approximately 1,400 im  (0.14 wt.%) and Fe2+ concentrations as high as 1,000 ppm (0.10 

wt.%) or higher. Free e upper and lower limits of Mn2+ and Fe2+ concentrations associated 

with the bright luminescent zone cannot be established with certainty because of limitations 

in spatial resolution imposed by minimum microprobe spot size and minimum distance 

attainable between individual spot analyses. Dull luminescent calcite is characterized by 

Mn2+ concentrations as high as approximately 2,100 ppm (0.21 wt.%) and Fe2+ concentrations 

in excess of 5,100 ppm (0.51 wt.%). The data in Figure 8.17b show that throughout the dull 

luminescent zone, the concentration of Fe2+ is higher than the Mn2+ concentration, effectively 

quenching Mn-activated luminescence. Although the Fe2+/Mn2+ ratio is as high as 2.5, the 

overall Fe2+ concentration is not sufficient to completely extinguish luminescence. Previous 

studies of Fe2+ concentrations in calcites (e.g., Fairchild, 1983; Mason, 1987; Hemming et
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al., 1989) have shown that Fe2+ contents as high as 11,000 ppm (1.10 wt.%) are insufficient 

to completely extinguish Mn-activated cathodoluminescence in calcites.

Although absolute limits cannot be determined on the Mn2+ and Fe2+ concentrations 

characteristic of each of the major cathodoluminescent cement zones for Weber and Maroon 

calcites, electron microprobe traverse from the innermost nonluminescent zone to the outer 

dull luminescent zone shows a clear positive covariant relationship in which both the Mn2+ 

and Fe2"1" concentrations increase from the oldest to youngest cement zone. The sequence of 

non-bright-dull luminescent calcite cements is a distinctive intracrystal zoning pattern that 

has been commonly observed in both carbonate and clastic sequences (e.g., Meyers, 1978; 

Frank et al., 1982; Grover and Read, 1983; Dorobek, 1987). The progressive change from 

older non-ferroan cements to younger ferroan cements is based on the premise that visible 

cathodoluminescent zonation is activated and quenched primarily by the absolute 

concentrations of Mr :+ and Fe2+, respectively. An intrinsic assumption of all such models 

is that the concentrât ms of Mn2+ and Fe2+ are governed predominantly by changes in the 

redox-potential (Eh) of the diagenetic fluid through time, and that Mn- and Fe-bearing 

minerals are present m the diagenetic environment. The cathodoluminescence behavior of 

carbonate cements can, therefore, be interpreted in terms of standard Eh/pH diagrams of 

Mn and Fe (Garrels and Christ, 1965). Since both Mn and Fe are soluble in their reduced 

states and insoluble in their oxidized states, a decrease in Eh can increase the concentrations 

of Mn2+ and Fe2+ ions in solution at constant pH. Mn-oxides are reduced at higher Eh than 

Fe-oxides, therefore a decrease in Eh will result in the sequential release of these trace 

elements into solution, first Mn2+ and then Fe2+. Relatively high concentrations of Mn2+ in 

the absence of Fe2+ should result in calcite with bright luminescence, whereas high 

concentrations of Mn2+ in the presence of high Fe2+ concentrations should result in moderate
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to dull luminescent calcite. This sequence of Eh-dependent reactions is most commonly 

interpreted to reflect natural changes which occur in modem meteoric groundwater systems 

(e.g., Champ et al., 1979) from near-surface conditions or recharge areas which are typically 

oxidizing, to deeper burial conditions or discharge areas which are reducing.

Calcite cements in the Weber and Maroon sandstones in the Piceance basin have an 

average 6180  of -10.16%c (PDB) and are interpreted to have formed at burial depths ranging 

from 5,700 to 11,700 feet with a corresponding temperature range of approximately 62- 

116°C. Calculation of the oxygen isotope composition of pore waters indicates that calcite 

precipitated from water with an oxygen isotope composition (-1.8 to +4.6%c SMOW) near 

that of modem seawater (0%c ±1.5%c SMOW) or slightly evaporated seawater. This 

interpretation is not consistent with a meteoric origin of the calcite cements as suggested by 

previously published iterpretations of the non-bright-dull sequence of cathodoluminescent 

zones (e.g., Carpente and Oglesby, 1976; Oglesby, 1976; Frank et al., 1982; Bamaby and 

Rimstidt, 1989). Since calcite cements in sandstones of the Weber and Maroon formations 

are interpreted to have formed in the burial environment removed from the influence of 

surface related processes, it is unlikely that the incorporation of Mn2+ and Fe2+ into the 

calcite was controlled solely by large variations in the redox potential of the diagenetic 

environment. Of the many factors that control the availability and incorporation of Fe2+ 

and Mn2+ into carbonate cements (Machel and Burton, 1991), it is likely that the most 

important controls in a burial diagenetic environment would be the Fe2+/Ca2+ and Mn2+/ 

Ca2+ ratios of the pore water and temperature related increases in the distribution coefficients 

for both iron (Dpe2*) and manganese (D ^ 2+).
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8.3.2 Dolomite Trace Elements

Pore-filling dolomite cements in the Weber and Maroon sandstones can be divided, 

using cathodoluminescence microscopy, into four distinct generations, which commonly 

exhibit complex compositional zonation when viewed under cathodoluminescence (Figure

8.18 and 8.19). Due to extensive recrystallization observed for most samples, a distinct 

sequence of concentric luminescent zones cannot be established as was done for the calcite 

cements. Identification of individual dolomite generations is based on cathodoluminescence 

color and intensity and geometric (i.e., cross-cutting) relationships. These generations, 

from oldest to youngest, are: bright yellow to yellow-orange luminescent dolomite I; unzoned 

dull orange to orange-red luminescent dolomite II; weakly luminescent medium to dark 

brown dolomite m  exhibiting fme-scale zoning; and nonluminescent dolomite IV. In general, 

the change in cathode luminescence color from yellow to orange to red to brown, which is 

also accompanied b a systematic decrease in the intensity of luminescence, reflects a 

systematic increase i the iron content of the dolomite. At very high iron concentrations 

cathodoluminescence was observed to be totally extinguished. Similar combinations of 

cathodoluminescence colors and intensities in dolomite have been reported (e.g., Sommer, 

1972; Pierson, 1981) and have been attributed to both increasing iron content and Fe2+/ 

Mn2+ ratios. Staining with potassium ferricyanide shows ferroan dolomite and/or ankerite 

(>20 mol% FeCOg) occurs as both thin syntaxial overgrowths along the periphery of euhedral 

crystals and as a replacive cement (Figure 8.20). The degree of replacement of dolomite by 

more ferroan dolomite and/or ankerite is typically highly irregular and in many instances 

appears to be crystallographically controlled, occurring preferentially along cleavage planes. 

This highly irregular replacement texture is reflected in the mottled appearance of these 

dolomite crystals when viewed under cathodoluminescence (Figure 8.21).
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Electron backscatter imaging of pore-filling dolomite cement shows crystals that 

have not been extensively recrystallized and/or replaced by later dolomite phases display a 

distinct concentric compositional zonation (Figure 8.22 and 8.23). The backscattered electron 

signal varies in a continuous, monotonie fashion in which the number of backscattered 

electrons is related to the relative difference in the average atomic number of regions of the 

sample. With this contrast mechanism, darker regions are indicative of lower average atomic 

number whereas brighter areas correspond to higher average atomic number (Goldstein et 

al., 1981). The majority of dolomite crystals viewed with backscattered electron imaging 

display only 2-3 distinct compositional zones, and less frequently, larger crystals display as 

many as 4-5 compositional zones. Whether or not compositional zones evident with 

backscatter electron imaging correspond closely to cathodoluminescent zonation has not 

been determined. Electron microprobe analyses of divalent trace elements along a traverse 

across concentrically zoned crystals (Figure 8.24) show that Ca2+ and Mn2+ concentrations 

remain relatively cc stant, whereas Mg2+ and Fe2+ concentrations exhibit a negative 

covariation (Figure 8.25). Ca2+ and Mn2+ concentrations range from 20.2 to 23.48 wt.% 

(202,000-234,800 ppm) and 0.0 to 0.57 wt.% (0-5,700 ppm), respectively. Mg2+ 

concentrations, which range from 5.34 to 14.11 wt.% (53,400-141,100 ppm), show a 

systematic decrease from older to younger (inner to outer) cement generations, whereas 

Fe2+ concentrations, which range from 0.03 to 12.9 wt.% (300-129,000 ppm), show a 

systematic increase toward the outer zones. These compositional changes correspond to 

the succession of dark (inner) to bright zones (outer) when viewed with backscatter electron 

imaging. Elemental analyses of dolomites by Pierson (1981) show that luminescence is 

Mn-activated, with bright luminescence occurring in samples with very low iron contents at 

Mn2+ concentrations of 100 ppm (0.01 wt.%) or less. Samples with iron concentrations
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Figure 8.24. Diagram of electron backscatter photograph (a) of pore-filling dolomite cement 
illustrating concentric compositional zonation and line of microprobe traverse (A - A'). 
Electron microprobe analyses of divalent trace elements (b) show that Ca2+ and Mn2+ 
concentrations remain relatively constant across the cement zones, whereas Mg2+ and Fe2+ 
concentrations show covariation across cement zones. Mg2+ concentrations show a 
systematic decrease toward the outer crystal zones, whereas Fe2+ concentrations show a 
systematic increase (Carney *17-35; 5831.5 ft).
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Figure 8.25. Cross-plot of Mg2+ versus Fe2+ from electron microprobe analysis of 
concentrically zoned dolomite crystal illustrated in Figure 8.24. Negative covariation (r2 = 
-0.979) between Mg2+ and Fe2+ across the compositional zones illustrates the progressive 
substitution of Fe2+ for Mg2+ in the dolomite crystal lattice.
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greater than approximately 15,000 ppm (1.5 wt.%) showed no luminescence, regardless of 

the Mn2+ concentrations. Since the Mn2+ concentrations in dolomite cements in the Weber 

and Maroon sandstones remain relatively constant across successive zones, the data suggests 

that cathodoluminescence and electron backscatter zonation is controlled primarily by the 

Fe2+ content, since the zones contain enough Mn2+ (>100 ppm) to luminesce. Visual 

cathodoluminescence colors range from orange-red at low Fe2+ contents to dull red and 

dark brown at high Fe2+ concentrations.

Elemental spot analyses of concentrically zoned (as defined by backscattered electron 

imaging) dolomite cements show a compositional range of Cao.46-o.56Mgo.44-o.54(CC>3)2 and 

a mean composition of CaosoMgosoCCOg^ for the non-ferroan interior parts of the rhombs. 

The rhombs become more ferroan toward their outer margins, attaining a chemical 

composition in the range Cao.45-o.55Mgo.23-o.53Feo.01-0.24^ 03)2 and a mean composition of 

Cao.50Mgo.40Feo.10 -Osh* In some cases the outermost zones become ankeritic in 

composition (>20 moi % FeCOs). The range of chemical compositions of the zoned dolomites 

and Fe-dolomites/ankerites are illustrated on a ternary plot of Ca-Mg-Fe (Figure 8.26). 

Although there is considerable variation in the chemical composition of the dolomite cements, 

the average composition is that of ideal (i.e., stoichiometric) dolomite (Deer et al., 1962). 

Electron microprobe traverses of concentrically zoned dolomite crystals (e.g.. Figure 8.24) 

indicate that innermost (oldest) zones are slightly more calcian than the outer (younger) 

zones. This trend may reflect the progressive evolution of the dolomitizing fluid during 

burial. In hypersaline solutions, during precipitation of evaporites, first gypsum and anhydrite 

and then halite, the Ca2+/Mg2+ ratio drops with increasing salinity and the composition of 

precipitating dolomite gradually changes from calcian to stoichiometric (Sass and Bein, 

1988).
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Figure 8.26. Mole fraction of Ca, Mg, and Fe in authigenic dolomite from the Weber and 
Maroon sandstones. Data points which contain little or no Fe represent the innermost zone 
(as revealed by electron backscatter imaging) of dolomite crystals. In dolomite crystals 
with multiple zones, Fe content shows a systematic increase toward the outer zones, which 
in many cases is >20 mol% FeC03 (ankerite) in the outermost zone.
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Comparative studies of dolomites precipitated under a variety of chemical and 

physical conditions suggest that dolomites associated with evaporitic conditions tend to be 

more stoichiometric than non-evaporitic dolomites. Data by Fuchtbauer (1974) show that 

calcium concentrations in dolomites are related to the salinity of the dolomitizing fluids, 

occurring as high-calcium dolomite in modem humid environments and as near- 

stoichiometric dolomite in very arid environments. Stoichiometric determinations on 

dolomites of different origins by Lumsden and Chimahusky (1980) show that near- 

stoichiometric dolomites, with modes of 51.0% - 52.0% CaCOg, consist almost entirely of 

samples associated with evaporitic conditions. Geochemical study of ancient dolomite 

formed under widely different salinities (Sass and Bein, 1988) shows that calcium contents 

in marine (non-evaporitic) dolomites vary from stoichiometric to calcian (up to 57 mol% 

CaCO]) with sodium contents ranging from 150-350 ppm; dolomites precipitated from 

hypersaline solutions associated with gypsum and anhydrite precipitation tend to show the 

same range in stoichiometry as marine dolomites but have sodium contents as high as 2,700 

ppm; and dolomite associated with salinities associated with halite precipitation which exhibit 

an almost ideal stoichiometric composition and sodium contents from 150-270 ppm. Data 

from Pierre et al. (1984) on the primary precipitation of evaporitic dolomite in a siliciclastic 

supratidal environment show that these microcrystalline dolomites are calcian, with a 

compositional range of Ca54.5_51.5Mg45.52i8.5. Although these dolomites were precipitated 

from evaporatively modified interstitial solutions, dolomite precipitation was governed by 

mixing of marine-derived brines and calcium bicarbonate-bearing continental fresh waters. 

The solutions showed a large excess of Ca2+ which was supplied by continental waters 

which have migrated through and partially dissolved carbonate sediments.
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8.4 Summary

Stable isotopic and trace element analyses of carbonate cements in sandstones of 

the Weber and Maroon formations were used to constrain the composition and identify 

probable source(s) of pore fluids from which these minerals precipitated. Stable oxygen 

and carbon isotopic analysis of pore-filling calcite cements display considerable scatter in 

the data, although isotopic values from individual wells tend to group together. Variability 

in the isotopic composition of the calcite cement may be due to spatial variation in the 

isotopic composition of formation waters and/or differences in the temperatures of 

crystallization. Stable oxygen isotope (8180) values range from -12.06 to -6.80%c (PDB), 

with a mean value of -10.16%c (PDB), and stable carbon isotope (513C) values range from - 

3.24 to 1.79%c (PDB), with a mean value of -1.73%c (PDB). The 8180  and 813C values for 

these cements show no statistically significant covariation or correlation with present burial 

depth, indicating that recrystallization and re-equilibration with extant formation waters 

probably has not occurred or is insignificant.

The range of probable oxygen isotope compositions of pore water from which the 

calcite cements may have precipitated are based on calculations of intergranular volumes at 

the time of calcite cementation, porosity decline curves for the depth range of cementation, 

and burial history curves for temperatures of cementation. Since calcite cement is most 

abundant in the Douglas Creek arch area, pétrographie data from wells in this area were 

used to determine the temperature range for calcite cementation. The majority of calcite 

cementation occurred at burial depths ranging from approximately 5,700 to 11,700 feet, 

which corresponds to a temperature range of 62 to 116°C. Using an average 8180  value of 

-10.325%c (PDB) for calcite cements in the Douglas Creek arch area, the estimated 

temperature range of calcite cementation predicts an oxygen isotope composition of pore
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water that ranges from -1.8 to +4.6%c (SMOW). This range in water composition is within 

the normal range for modem seawater to slightly evaporated seawater. This range in water 

compositions is also similar to the range of compositions (+0.4 to +2.0%c) estimated by 

Burtner (1987). Since early pore waters in continental eolian environments are typically 

meteoric dominated, it is likely that the saline pore waters predicted for calcite cementation 

in sandstones of the Weber and Maroon formations were externally derived. These waters 

were probably derived from connate waters expelled from shallow water marine carbonate 

and clastic strata that over- and underlie the Weber and Maroon formations and/or hypersaline 

waters derived from the Eagle Valley Evaporite in the Central Colorado trough.

Cross-plot of 8180  and 513C values for dolomite cements in sandstones of the Weber 

and Maroon formations shows two distinct groups, with one characterized by positive 5180  

values and the other group by negative 8180  values. Dolomite cements with positive 5180  

values are characterized by a relatively wide variation in 8180  values that range from +1.11 

to + 6 .15%c (PDB), with a mean value of +4.1 l%c (PDB). S13C values exhibit relatively little 

variation, ranging from -0.94 to +0.69%c (PDB), with a mean value of -0.2 l%c (PDB). The 

second group of dolomite cements is depleted in 8180  relative to the Erst group and is 

characterized by relatively little variation in 8180  values and considerable variation in 813C 

values. S180  values range from -2.023 to -1.45%c (PDB), with a mean value of -1.20%c 

(PDB) and S13C values range from -3.37 to +0.25%c (PDB), with a mean value of -1.18%c 

(PDB). Present burial depths from which the dolomite cements were taken range from less 

than 6,000 feet to more than 18,000 feet, and cross-plots of 8180  and 813C versus burial 

depth show no statistically significant correlation with depth. Pétrographie examination of 

dolomite cements for which isotopic analyses were conducted does not reveal an apparent 

reason for the two isotopically distinct groups of dolomite cement.
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Since samples that contained predominantly dolomite cement are located in the 

Douglas Creek arch area and in the eastern part of the study area in the Wilson Creek *66 

well, temperature ranges for dolomite cementation were estimated for each of these areas 

independently. Burial depths for the majority of dolomite cementation in the Douglas Creek 

arch area range from approximately 4,900 to 7,200 feet, which corresponds to a temperature 

range of approximately 58 to 79°C. The majority of dolomite cementation in samples from 

the Wilson Creek *66 well occurred between approximately 8,400 and 10,700 foot burial 

depths, which correspond to a temperature range of approximately 88 to 108°C. Dolomite 

cements with positive 8180  values in the Douglas Creek arch area have an average oxygen 

isotope composition of +3.75%c (PDB), and given the temperature range of precipitation, 

predict water compositions that range from approximately +9.3 to +12.2%c (SMOW). 

Dolomite cements in sandstones from the Wilson Creek *66 well have an average 5180  

composition of +4.73%c (PDB), which indicates that dolomite precipitated from pore waters 

with an oxygen isotope composition ranging from approximately +14.1 to +16.3%c (SMOW). 

The range in pore water compositions determined for each of these areas indicates that 

dolomite cementation occurred in the presence of hypersaline evaporative brines.

Although textural relationships in samples that contain both calcite and dolomite 

cements indicate that in some cases dolomite has partially replaced pre-existing calcite 

cement, it is not clear whether dolomite cement precipitated directly from solution of by 

dolomitization of precursor calcite cement, especially in samples that contain only dolomite 

cement. Comparison of S180  values from calcite cements in the Weber and Maroon 

sandstones suggests that dolomite cement occurred as a primary precipitate from solution. 

Oxygen isotope values for calcite cements average -10.16%c (PDB) whereas values for 

dolomite cements characterized by positive 5180  average +4.0%c (PDB). Since estimates of
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calcite-dolomite oxygen isotope fractionation predict that dolomite should be approximately 

3-4%c enriched in 5180  relative to a calcite precursor, the 14%c difference in the average 

isotopic values for calcite and dolomite indicate that it is unlikely that dolomite cement 

formed from the diagenetic replacement of precursor calcite cements and that calcite and 

dolomite cements were precipitated from isotopically different fluids.

The occurrence of dolomite cement predominantly in sandstones from fluvial 

overbank/interdune deposits of the Maroon Formation and eolian interdune/sabkha deposits 

of the Weber Sandstone suggests that surface and shallow ground waters associated with 

these environments were responsible for the precipitation of dolomite cements. High 

intergranular volumes (up to almost 34%) in some dolomite cemented sandstones indicate 

that dolomite cementation may have occurred penecontemporaneous with or shortly after 

deposition. By analogy with modem arid continental environments, dolomite cements 

probably precipitated from evaporatively concentrated meteoric waters that accumulated in 

overbank and interdune areas from rainfall, continental drainage, and periodic flooding by 

ephemeral streams. Predicted 5180  values ranging from approximately +9 to +16%e (SMOW) 

for pore waters from which dolomite cements precipitated in Weber and Maroon sandstones 

is consistent with observations of the evaporation of meteoric waters in modem arid 

continental settings. Evaporation of seawater in relatively humid coastal settings is restricted 

to 5180  enrichments of no more than approximately +6%c due to exchange between the 

residual fluid and atmospheric water vapor.

Pore-filling calcite cements in Weber and Maroon sandstones typically exhibit well- 

developed concentric compositional zonation consisting of nonluminescent, bright, and dull 

zones, which vary both in the sequence in which they occur and the thickness of individual 

zones. Although complete cement sequences are not developed in every intergranular pore.
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in calcite crystals that contain all of the three major cement zones the most commonly 

observed cathodoluminescent sequence is (from oldest to youngest): nonluminescent - bright 

- dull. Electron microprobe traverses of concentrically zoned calcite crystals exhibiting the 

complete nonluminescent-bright-dull cement sequence indicate that cathodoluminescence 

in these cements is primarily a function of the Mn2+ and Fe2+ concentrations, which are the 

main activator and quencher, respectively, of luminescence in carbonate minerals. The 

sequence of non-bright-dull luminescent calcite cements is a distinctive zoning pattern that 

has been commonly observed in both carbonate and clastic sequences. This luminescent 

sequence is commonly interpreted to have resulted from the incorporation of Mn2+ and Fe2+ 

into the crystal structure, the availability of which is governed predominantly by changes in 

the redox-potential (Eh) of the diagenetic fluid through time. This sequence of Eh-dependent 

reactions is commonly interpreted to reflect changes that occur in meteoric ground water 

systems. Since calcite cements in Weber and Maroon sandstones are interpreted to have 

formed in the burial environment, it is unlikely that the incorporation of Mn2+ and Fe2+ into 

calcite was controlled solely by variations in the redox potential of the diagenetic 

environment. Rather, of the many factors that control the availability and incorporation of 

Mn2+ and Fe2+ into carbonate cements, it is likely that the most important controls in a burial 

diagenetic environment would be the Mn2+/Ca2+ and Fe2+/Ca2+ ratios of the pore water and 

temperature related increases in the distribution coefficients for both manganese (Dmu2*) 

and iron (DFe2+).

Pore-filling dolomite cements in Weber and Maroon sandstones are subdivided into 

four distinct generations, which display complex compositional zonation when viewed with 

cathodoluminescence microscopy. Due to extensive recrystallization observed in many 

samples, a distinct sequence of concentric luminescent zones cannot be established.
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Individual dolomite generations are distinguished by cathodoluminescence color and intensity 

as well as cross-cutting relationships. These generations, from oldest to youngest, are: 

bright yellow to yellow-orange luminescent, unzoned dull orange to orange-red luminescent, 

weakly luminescent medium to dark brown luminescent, and nonluminescent. In general, 

the change in cathodoluminescence color from yellow to orange to brown, which is also 

accompanied by a systematic decrease in luminescence intensity, reflects a systematic increase 

in the iron content of the dolomite cement.

Electron microprobe traverses across concentrically zoned crystals show that Ca2+ 

and Mn2+ concentrations remain relatively constant, whereas Mg2+ and Fe2+ concentrations 

exhibit a negative covariant relationship. Although Ca2+ and Mn2+ concentrations appear to 

remain relatively constant (as compared to Mg2+ and Fe2+) across zoned crystals, Ca2+ 

concentrations tends to decrease slightly toward outer (younger) zones and the Mn2+ 

concentrations tend to increase slightly toward younger zones. Elemental spot analyses of 

concentrically zoned (as defined by backscattered electron imaging) dolomite cements show 

a compositional range of Cao.46-o.56Mgo.44-o.54(C03)2  and a mean composition of 

Cao.5oMgo.5o(C03)2 for the non-ferroan interior parts of the rhombs. The rhombs become 

more ferroan toward their outer margins, attaining a chemical composition in the range 

Cao.45-o.55Mgo.23-o.53Feo.oi-o.24(C03)2 and a mean composition of Ca0.50Mg0.40Fe0.10 (COb)^ 

In some cases the outermost zones become ankeritic in composition (>20 mol% FeCOg). 

These compositional trends probably reflect the progressive recrystallization of early formed 

metastable dolomite phases through time in the presence of pore fluids that are also evolving 

during burial. Kupecz et al. (1993) indicate that the stabilization of metastable dolomite 

phases occurs as a continuum of dissoludon-reprecipitation processes over an extended 

period of time in response to a thermodynamic drive to become more stoichiometric. In
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hypersaline solutions, however, during precipitation of evaporites, first gypsum and anhydrite 

and then halite, the Ca2+/Mg2+ ratio drops with increasing salinity and the composition of 

precipitating dolomite gradually changes from calcian to stoichiometric (Sass and Bein, 1988). 

Dolomite cements in sandstones of the Weber and Maroon formations record a complex 

history of recrystallization that likely occurred in pore waters that were continually evolving 

through time.
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Chapter 9 

SUMMARY AND CONCLUSIONS

Diagenetic trends in sandstones of the Weber and Maroon formations record a 

complex hydrologie history that began with early depositional waters and proceded through 

a succession of pore waters and fluid regimes that were controlled by the structural histories 

of both the Uinta and Piceance basins. General patterns of fluid flow were determined by 

the integration of detailed pétrographie observations and geochemical data with the burial 

history of the formations in each basin and models of fluid flow. The association of specific 

mineral reactions with a particular hydrologie regime allows the approximation of the 

composition of the formation waters, thereby constraining the probable sources of the waters.

The Weber Sandstone and closely associated Maroon Formation in northwest 

Colorado and northeast Utah record a complex interaction between eolian and fluvial systems 

in an erg-margin setting. A zone of transition, shown by the interbedding of eolian and 

fluvial deposits, marks the change from predominantly eolian strata in the Weber to 

predominantly fluvial strata in the Maroon Formation. The erg-margin eolian deposits of 

the Weber are comprised of predominantly low-relief, low-angle cross-stratified sand sheet 

sandstones and horizontally stratified wet and evaporitic interdune sandstones. High-angle 

cross-stratified eolian dune deposits, although present, are relatively uncommon in this 

depositional setting. The presence of both small- and large-scale deformation structures, 

abundant burrowing and rooting traces, and the predominance of both wet and evaporative 

interdune deposits (as opposed to dry interdunes) suggests that a near surface groundwater- 

table was an important factor influencing deposition in this erg-margin environment.

Fluvial deposits of the Maroon Formation are comprised predominantly of low-
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angle cross-stratified coarse-grained arkosic channel sandstones and horizontally stratified 

fine- to very fine-grained overbank sandstones, siltstones and mudstones. The overbank 

deposits commonly cap and grade laterally into the channel sandstones. Periodic fluvial 

flooding probably contributed to the establishment and maintenance of a high water table in 

adjacent eolian deposits, which was an important factor in stabilizing the sand sheet and 

interdune deposits through abundant physical, chemical and biologic processes.

Temporal relationships among diagenetic events in the Weber and Maroon formations 

have resulted in a paragenetic sequence that is similar in both the Uinta and Piceance basins, 

although the dominant diagenetic processes and/or products differ between the two basins. 

Diagenetic events common to both basins include the precipitation of (in order of occurrence): 

poikilotopic calcite, pyrite, silica, carbonate (calcite and dolomite), and authigenic clay. 

Diagenesis in the Uinta basin is dominated by relatively early and extensive quartz overgrowth 

cementation and late-stage detrital feldspar dissolution and associated precipitation of 

kaolinite, illite, and fine-crystalline quartz. Diagenesis in the Piceance basin, in contrast, is 

dominated by the precipitation of pore-filling and grain-replacement nonferroan and ferroan 

carbonate cements. Authigenic clay in the Weber and Maroon sandstones in the Piceance 

basin is predominantly grain-replacement and pore-filling chlorite and minor amounts of 

illite/serieite. These diagenetic events can be interpreted in terms of three major diagenetic 

environments (shallow burial, deep burial, and uplift), each of which are characterized by a 

series of diagenetic processes/products that are related by relative timing and the fluid regime 

in which they occurred.

The shallow burial environment corresponds to diagenetic processes occurring from 

the time of deposition to burial depths that are within significant influence of surface related 

processes. These processes are assumed to occur in the presence of the original pore fluids
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in the sediment or fluids that are available to the sediment during shallow burial, and can be 

either meteoric or marine in origin. Diagenetic events interpreted to have occurred during 

shallow burial include grain rearrangement due to compaction, formation of clay cutans on 

detrital framework grains, Fe-oxide grain coatings, poikilotopic calcite cement, and the 

precipitation of pyrite. The formation of clay cutans and Fe-oxide grain coatings occur 

most commonly in fluvial sandstones of the Maroon Formation and in transitional zones 

where fluvial deposits grade upward into eolian deposits of the Weber Sandstone. Both of 

these diagenetic events are interpreted to have occurred in the presence of meteoric water 

(either dilute or evaporatively concentrated) that was present in the depositional environment. 

The formation of clay cutans and Fe-oxide typically occur in the upper part of the phreatic 

zone.

Poikilotopic calcite cement is rare in the Weber and Maroon formations, occurring 

almost exclusively in fluvial overbank/interdune and eolian interdune environments and in 

eolian dune and sandsheet strata that directly over- or underlie fluvial overbank and eolian 

interdune strata. The close association of poikilotopic calcite with these deposits suggests 

that precipitation of these cements occurred from surface and/or near-surface waters that 

were derived from these environments. By analogy with modem hydrologically closed 

basins, poikilotopic calcite is interpreted to have precipitated by the evaporative concentration 

of dilute meteoric waters derived from periodic flooding of low-lying interdune areas by 

ephemeral streams and/or high water tables produced by the downward percolation of surface 

water.

Pyrite cement is relatively rare in the Weber Sandstone, occurring predominantly 

near the top of the formation in eolian sandstones interpreted to have been reworked during 

the marine transgression that followed Weber deposition. The early relative timing of pyrite
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cementation and proximity to shallow marine deposits in the overlying Park City/Phosphoria 

Formation suggest that pyrite cementation probably occurred in the presence of normal 

marine seawater that percolated through the upper part of the Weber Sandstone. The 

formation of pyrite in the presence of seawater is interpreted to have resulted from bacterial 

sulfate reduction in a reducing environment, in which dissolved sulfate was supplied from 

seawater and iron by hydrous ferric oxide grain coatings.

Major diagenetic events interpreted to have occurred during deeper burial, removed 

from the influence of surface-related processes, include silica cementation, calcite and 

dolomite cementation, precipitation of authigenic clay, and hydrocarbon migration. 

Volumetrically, silica cementation is the principal burial diagenetic product in the Weber 

Sandstone in the Uinta basin. Calculations of burial depths from intergranular volumes 

indicate that the majority of silica cementation occurred during late Cretaceous time, which 

corresponds to increased burial in response to the later stages of the Sevier orogeny and 

possibly the onset of the Laramide orogeny. The general structural configuration of the 

central Rocky Mountain region suggests that silica-rich fluids were derived from siliceous 

sediments in the Oquirrh basin driven by loading and compression of the advancing Sevier 

thrust belt. The long distance required for fluid migration into northeastern Utah suggests 

that a gravity-driven ground water flow system, which mixed with silica-rich compactional 

fluids, was necessary for the transport of silica through the Weber aquifer. The development 

of the Douglas Creek arch, which separates the Uinta and Piceance basins, during late 

Cretaceous time may have prevented the migration of silica-rich fluids into the Weber 

Sandstone in the Piceance basin.

Calcite cementation is present in the Weber and Maroon formations of the Uinta and 

Piceance basins and based on textural relationships is interpreted to have occurred after
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quartz cementation. Volumetrically, calcite cement is the principal diagenetic product in 

the Piceance basin, occurring as a combination of nonferroan and ferroan cements in most 

samples. Calculations of burial depths at the time of cementation indicates that the majority 

of calcite cementation in the Piceance basin occurred at approximately the same time as the 

majority of quartz cementation in the Uinta basin. The timing (late Cretaceous) of calcite 

cementation in the Weber Sandstone of the Piceance basin indicates that this diagenetic 

event was coincident with structural deformation associated with the latter part of the Sevier 

orogeny and the initial stages of the Laramide orogeny. The temporal association of calcite 

cementation with these orogenies suggests that the migration of pore waters responsible for 

this diagenetic event may have been in response to these structural adjustments. 

Paleogeographic reconstruction of the central Rocky Mountain area during Pennsylvanian 

and Permian time, however, shows a thick accumulation of interbedded marine carbonates, 

evaporites and elastics to the southeast of the study area in the Central Colorado trough. 

Structural relationships suggest that saline compactional fluids originating in these deposits 

may have began migrating updip into the Weber and Maroon formations as early as late 

Permian time, and it is unclear how long this structural relationship may have persisted.

Dolomite cementation is most prevalent in the Weber and Maroon sandstones of the 

Piceance basin, occurring both as a coexisting carbonate phase with calcite cement and as 

the only carbonate phase present in some thin sections. Samples with the highest amount of 

dolomite cement (>20%) typically contain little or no calcite cement and occur predominantly 

in fine-grained fluvial overbank/interdune deposits of the Maroon Formation and in eolian 

interdune sandstones of the Weber Formation. Average intergranular volumes for samples 

characterized by predominantly dolomite cement are approximately the same as that for 

samples characterized by predominantly calcite cement, suggesting that cementation by
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each of these carbonate cements may have been coincident. Given the relatively high 

intergranular volumes for dolomite cementation, it is probable that dolomite cementation 

began early in the diagenetic history and was related to the environment in which these 

sandstones were deposited. Fluvial overbank/interdune and eolian interdune/sabkha 

environments in arid climates are typically characterized by highly evaporative conditions, 

suggesting that dolomite cementation may have occurred from evaporatively concentrated 

surface and shallow subsurface ground waters. From textural relationships it is not clear 

whether dolomite formed as a primary precipitate or by the dolomitization of pre-existing 

calcite. Although some dolomite cementation may have occurred during, or shortly after, 

deposition, intergranular volumes indicate that the majority of cementation occurred during 

shallow to intermediate burial depths. Dolomite crystal textures observed with both plane 

light and cathodoluminescent microscopy indicate that dolomite cements in Weber and 

Maroon sandstones have experienced continued alteration through time, with later cement 

generations enriched with respect to iron. Much of this alteration probably occurred in the 

presence of saline fluids that migrated into the Weber and Maroon formations from carbonate 

and evaporite strata in the Central Colorado trough.

Chlorite and illite are the predominant authigenic clays in the Piceance basin, 

occurring in greatest quantity along the transition zone between the Weber and Maroon 

formations. Textural relationships indicate that clay formation postdated carbonate 

cementation, with chlorite occurring primarily as feldspar grain replacement and less 

frequently as a pore-lining cement. Illite commonly occurs as a grain-coating and 

intergranular pore-filling mineral. The relative timing of chlorite and illite formation indicates 

that these clay minerals formed in the presence of the hypersaline marine evaporite brine 

responsible for the precipitation of the preceding suite of carbonate minerals. The mechanism
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of feldspar chloritization requires sources of Mg2+ and Fe2+ to form chlorite as well as a 

sink for Si4+ and K+ released by the reaction. The evaporatively concentrated seawater 

brine present in the Weber Sandstone provided a source of Mg2+, whereas the alteration of 

detrital Fe-Mg silicates and pigmentary iron oxides were possible sources of Mg2+ and 

Fe2+. The association of authigenic quartz crystals with chlorite and the presence of authigenic 

illite indicate that these minerals may have formed from the Si4-1" and K+ released by feldspar 

chloritization.

Diagenesis related to uplift and the post-Laramide recharge of meteoric waters is 

documented in the Weber Sandstone in the northeastern part of the Uinta basin, north of the 

Uinta basin boundary fault. Diagenetic alterations include the partial to complete dissolution 

of detrital feldspar grains and the partial to complete dissolution of pore-filling carbonate 

cements. The precipitation of authigenic kaolinite and minor illite and quartz are interpreted 

as products of feldspar alteration and occurred concomitantly with feldspar dissolution. 

Textural relationships indicate that these diagenetic events occurred after oil migration and 

are the last group of diagenetic reactions to occur in the Weber Sandstone.

Stable isotopic and trace element analyses of carbonate cements in sandstones of 

the Weber and Maroon formations were used to constrain the composition and identify 

probable source (s) of pore fluids from which these minerals precipitated. Stable oxygen 

isotope (8180) values for calcite cements range from -12.06 to -6.80%c (PDB), with a mean 

value of-10.16%o (PDB), and stable carbon isotope (813C) values range from -3.24 to 1.79%c 

(PDB), with a mean value of -1.73%c (PDB). The range of probable oxygen isotope 

compositions of pore water from which the calcite cements may have precipitated are based 

on calculations of intergranular volumes at the time of calcite cementation, porosity decline 

curves for the depth range of cementation, and burial history curves for temperatures of
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cementation. Since calcite cement is most abundant in the Douglas Creek arch area, 

pétrographie data from wells in this area were used to determine the temperature range for 

calcite cementation. The majority of calcite cementation occurred at burial depths ranging 

from approximately 5,700 to 11,700 feet, which corresponds to a temperature range of 62 to 

116°C. Using an average 8180  value of -10.325%c (PDB) for calcite cements in the Douglas 

Creek arch area, the estimated temperature range of calcite cementation predicts an oxygen 

isotope composition of pore water that ranges from -1.8 to +4.6%c (SMOW). This range in 

water composition is within the normal range for modem seawater to slightly evaporated 

seawater. This range in water compositions is also similar to the range of compositions 

(+0.4 to +2.0%c) estimated by Burtner (1987). Since early pore waters in continental eolian 

environments are typically meteoric dominated, it is likely that the saline pore waters 

predicted for calcite cementation in sandstones of the Weber and Maroon formations were 

externally derived. These waters were probably derived from connate waters expelled from 

shallow water marine carbonate and clastic strata that over- and underlie the Weber and 

Maroon formations and/or hypersaline waters derived from the Eagle Valley Evaporite in 

the Central Colorado trough.

8180  and 813C values for dolomite cements in sandstones of the Weber and Maroon 

formations occur as two distinct groups, with one characterized by positive 8180  values and 

the other group by negative 8lsO values. Dolomite cements with positive 8lsO values are 

characterized by a relatively wide variation in 8lsO values that range from +1.11 to + 6 .15%c 

(PDB), with a mean value of +4.11%c (PDB). 813C values exhibit relatively little variation, 

ranging from -0.94 to +0.69%c (PDB), with a mean value of -0 .2 l%c (PDB). The second 

group of dolomite cements is depleted in 8180  relative to the first group and is characterized 

by relatively little variation in 8180  values and considerable variation in 813C values. 818Q
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values range from -2.023 to -1.45%o (PDB), with a mean value of -1.20%c (PDB) and 513C 

values range from -3.37 to +0.25%c (PDB), with a mean value of -1.18%e (PDB). Pétrographie 

examination of dolomite cements for which isotopic analyses were conducted does not 

reveal an apparent reason for the two isotopically distinct groups of dolomite cement.

Because samples that contained predominantly dolomite cement are located in the 

Douglas Creek arch area and in the eastern part of the study area in the Wilson Creek #66 

well, temperature ranges for dolomite cementation were estimated for each of these areas 

independently. Burial depths for the majority of dolomite cementation in the Douglas Creek 

arch area range from approximately 4,900 to 7,200 feet, which corresponds to a temperature 

range of approximately 58 to 79°C. The majority of dolomite cementation in samples from 

the Wilson Creek #66 well occurred between approximately 8,400 and 10,700 foot burial 

depths, which correspond to a temperature range of approximately 88 to 108°C. Dolomite 

cements with positive 5180  values in the Douglas Creek arch area have an average oxygen 

isotope composition of +3.75%o (PDB), and given the temperature range of precipitation, 

predict water compositions that range from approximately +9.3 to +12.2%c (SMOW). 

Dolomite cements in sandstones from the Wilson Creek #66 well have an average 5180  

composition of +4.73%c (PDB), which indicates that dolomite precipitated from pore waters 

with an oxygen isotope composition ranging from approximately +14.1 to +16.3%c (SMOW). 

The range in pore water compositions determined for each of these areas indicates that 

dolomite cementation occurred in the presence of hypersaline evaporative brines.

Although textural relationships in samples that contain both calcite and dolomite 

cements indicate that in some cases dolomite has partially replaced pre-existing calcite 

cement, it is not clear whether dolomite cement precipitated directly from solution of by 

dolomitization of precursor calcite cement, especially in samples that contain only dolomite
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cement. Comparison of 6180  values from calcite cements in the Weber and Maroon 

sandstones suggests that dolomite cement occurred as a primary precipitate from solution. 

Oxygen isotope values for calcite cements average -10.16%c (PDB) whereas values for 

dolomite cements characterized by positive 8180  average +4.0%c (PDB). Because estimates 

of calcite-dolomite oxygen isotope fractionation predict that dolomite should be 

approximately 3-4%o enriched in 8180  relative to a calcite precursor, the 14%c difference in 

the average isotopic values for calcite and dolomite indicate that it is unlikely that dolomite 

cement formed from the diagenetic replacement of precursor calcite cements and that calcite 

and dolomite cements were precipitated from isotopically different fluids.

The occurrence of dolomite cement predominantly in sandstones from fluvial 

overbank/interdune deposits of the Maroon Formation and eolian interdune/sabkha deposits 

of the Weber Sandstone suggests that surface and shallow ground waters associated with 

these environments were responsible for the precipitation of dolomite cements. High 

intergranular volumes (up to almost 34%) in some dolomite cemented sandstones indicate 

that dolomite cementation may have occurred penecontemporaneous with or shortly after 

deposition. By analogy with modem arid continental environments, dolomite cements 

probably precipitated from evaporatively concentrated meteoric waters that accumulated in 

overbank and interdune areas from rainfall, continental drainage, and periodic flooding by 

ephemeral streams. Predicted 8180  values ranging from approximately +9 to +16%c (SMOW) 

for pore waters from which dolomite cements precipitated in Weber and Maroon sandstones 

is consistent with observations of the evaporation of meteoric waters in modem arid 

continental settings.



T-4067 359

REFERENCES

Ahlbrandt, T.S., and Fryberger, S.G., 1981, Sedimentary features and significance of interdune 
deposits, in F.G. Ethridge and R.M. Flores, eds., Recent and Ancient Nonmarine 
Depositional Environments: Models for Exploration: SEPM Special Publication 31, 
p. 293-314.

Akhtar, M.K., 1991, Diagenesis of the Pennsylvanian Tensleep Sandstone and its control 
over reservoir quality, South Casper Creek oilfield, Natrona County, Wyoming: M.S. 
Thesis, Colorado School of Mines, Golden, Colorado, 162p.

Al-Aasm, I.S., Taylor, B.E. and South, B., 1990, Stable isotope analysis of multiple carbonate 
samples using selective acid extraction: Chemical Geology (Isotope Geoscience 
Section), v. 80, p. 119-125.

Almon, W.R., 1981, Depositional environment and diagenesis of Permian Rotliegendes 
sandstones in the Dutch sector of the southern North Sea, in F.J. Longstaffe, ed., 
Clays and the Resource Geologist: Mineralogical Association of Canada Short Course 
7, p. 119-147.

Anderson, T.F., and Arthur, M.S., 1983, Stable isotopes of oxygen and carbon and their 
application to sedimentological and paleoenvironmental problems, in Stable Isotopes 
in Sedimentary Geology. Society of Economic Paleontologists and Mineralogists 
Short Course 10, p. 1.1 - 1.151.

Armstrong, R.L., 1968, Sevier orogenic belt in Nevada and Utah: Geological Society of 
America Bulletin, v. 79, p. 429-458.

Armstrong, R.L., and Oriel, S.S., 1965, Tectonic development of Idaho-Wyoming thrust 
belt: American Association of Petroleum Geologists Bulletin, v. 49, p. 1847-1866.

Athy, L.F., 1930, Density, porosity and compaction of sedimentary rocks: American 
Association of Petroleum Geologists Bulletin, v. 14, p. 1-24.

Atkins, I.E., and McBride, E.F., 1992, Porosity and packing of Holocene river, dune, and 
beach sands: American Association of Petroleum Geologists Bulletin, v. 76, p. 339- 
355.



T-4067 360

Atwater, G.I., and Miller, E.E., 1965, The effect of decrease in porosity with depth on future 
development of oil and gas reserves in south Louisiana (abs.): American Association 
of Petroleum Geologists Bulletin, v. 49, p. 334.

Ayalon, A., and Longstaffe, EL, 1988, Oxygen isotope studies of diagenesis and pore-water 
evolution in the western Canada sedimentary basin: evidence from the Upper 
Cretaceous basal Belly River sandstone, Alberta: Journal of Sedimentary Petrology, 
v. 59, p. 489-505.

Back, W., and Barnes, L, 1965, Relation of electrochemical potentials and iron content to 
groundwater flow patterns: United State Geological Survey Professional Paper 498C,
16p.

Bamaby, R.J. and Rimstidt, J.D., 1989, Redox conditions of calcite cementation interpreted 
from Mn and Fe contents of authigenic calcites: Geological Society of America 
Bulletin, v. 101, p. 795-804.

Beaumont, C., 1981, Foreland basins: Geophysical Journal of the Royal Astronomical Society, 
v.65, p. 291-329.

Berman, A.E., Poleschook, D., Jr., and Dimelow, T.E., 1980, Jurassic and Cretaceous systems 
of Colorado, in H.C. Kent and K.W. Porter, eds., Colorado Geology: Rocky Mountain 
Association of Geologists, p. 111-128.

Berner, R.A., 1980, Early Diagenesis, A Theoretical Approach. Princeton University Press, 
241p.

Berner, R.A and Holdren, Jr., G.R., 1979, Mechanism of feldspar weathering-2. Observations 
of feldspars from soils: Geochimica et Cosmochimica Acta, v. 43, p. 1173-1186.

Bethke, C M., 1985, A numerical model of compaction-driven groundwater flow and heat 
transfer and its application to the paleohydrology of intracratonic sedimentary basins: 
Journal of Geophysical Research, v. 90, p. 6817-6828.

Bethke, C.M., 1986, Hydrologie constraints on the genesis of the Upper Mississippi Valley 
mineral district from Illinois basin brines: Economic Geology, v. 81, p. 233-249.

Bethke, C M., 1989, Modeling subsurface flow in sedimentary basins: Geologische 
Rundschau, v. 78, p. 129-154.



T-4067 361

Bethke, C M. and Marshak, S., 1990, Brine migrations across North America - the plate 
tectonics of groundwater: Annual Review of Earth and Planetary Sciences, v. 18, p. 
287-315.

Bethke, C M., Harrison, W.J., Upson, C., and Altaner, S.P., 1988, Supercomputer analysis 
of sedimentary basins: Science, v. 239, p. 261-267.

Bissell, H.J., 1959, Silica in sediments of the upper Paleozoic of the Cordilleran area, in 
H.A. Ireland, ed., Silica in Sediments - A Symposium: Society of Economic 
Paleontologists and Mineralogists Special Publication No. 7, p. 150-185.

Bissell, H.J., 1962, Pennsylvanian - Permian Oquirrh basin of Utah, in Geology of the 
Southern Wasatch Mountains and Vicinity, Utah: Brigham Young University Geology 
Studies, v. 9, p. 26-49.

Bissell, H.J., 1964, Lithology and petrography of the Weber Formation in Utah and Colorado, 
in E.F. Sabatka, ed.. Guidebook of the geology and mineral resources of the Uinta 
basin: Intermountain Association of Petroleum Geologists, p. 67-91.

Bissell, H.J., 1974, Tectonic control of late Paleozoic and early Mesozoic sedimentation 
near the hinge line of the Cordilleran miogeosynclinal belt, in W.R. Dickinson, ed.. 
Tectonics and Sedimentation: Society of Economic Paleontologists and Mineralogists 
Special Publication No. 22, p. 83-97.

Bissell, H.J., and O.E. Childs, 1958, The Weber Formation of Utah and Colorado, in B.F. 
Curtis, ed., Symposium on Pennsylvanian rocks of Colorado and adjacent areas: 
Rocky Mountain Association of Geologists, p. 26-30.

Bj0rlykke, K. and P.K. Egeberg, 1993, Quartz cementation in sedimentary basins: American 
Association of Petroleum Geologists Bulletin, v. 77, p. 1538-1548.

Bj0rlykke, K., 1994, Fluid-flow processes and diagenesis in sedimentary basins, in J. Parnell 
(ed.), Geofluids: Origin, Migration and Evolution of Fluids in Sedimentary Basins, 
Geological Society Special Publication No. 78, p. 127-140.

Blakey, R.C., Peterson, E, and Kocurek, G., 1988, Synthesis of late Paleozoic and Mesozoic 
eolian deposits of the Western Interior of the United States: Sedimentary Geology, 
v. 56, p. 3-125.

Blatt, H., 1982, Sedimentary Petrology. W.H. Freeman and Company, New York, 564p.



T-4067 362

Boles, J.R., 1978, Active ankerite cementation in the subsurface Eocene of southwest Texas: 
Contributions to Mineralogy and Petrology, v. 68, p. 13-22.

Boles, J R., and Franks, S.G., 1979, Clay diagenesis in Wilcox sandstones of southwest 
Texas: implications of smectite diagenesis on sandstone cementation: Journal of 
Sedimentary Petrology, v. 49, p. 55-70.

Bond, G.C., and Kominz, M.A., 1984, Construction of tectonic subsidence curves for the 
early Paleozoic miogeocline, southern Canadian Rocky Mountains: Implications 
for subsidence mechanisms, age of breakup, and crustal thinning: Geological Society 
of America Bulletin, v. 95, p. 155-173.

Bowker, K.A., and Jackson, W.D., 1989, The Weber Sandstone at Rangely field, Colorado, 
in E.B. Coalson, ed., Petrogenesis and Petrophysics of Selected Sandstone Reservoirs 
of the Rocky Mountain Region: Rocky Mountain Association of Geologists, p. 65- 
80.

Brill, K.G., Jr., 1944, Late Paleozoic stratigraphy, west central and northwestern Colorado: 
Geological Society of America Bulletin, v. 55, p. 621-656.

Burke, W.H., Denison, R.E., Hetherington, E.A., Koepnick, R.B., Nelson, H.F., and Otto, 
J.B., 1982, Variation of seawater 87Sr/86Sr throughout Phanerozoic time: Geology, 
v. 10, p. 516-519.

Burtner, R.L., 1987, Origin and evolution of Weber and Tensleep formation waters in the 
Greater Green River and Uinta-Piceance basins, northern Rocky Mountain area, 
U.S.A.: Chemical Geology (Isotope Geoscience Section), v. 65, p. 255-282.

Carpenter, A.B., 1978b, Origin and evolution of brines in sedimentary basins, in K.A. Johnson 
and J.A. Russell, eds.. Thirteenth Annual Forum on the Geology of Industrial 
Minerals: Oklahoma Geological Survey Circular 79, p. 60-77.

Carpenter, A.B., and Oglesby, T.W., 1976, A model for the formation of luminescently 
zoned calcite cements and its implications: Geological Society of America Abstracts 
with Programs, v. 8, p. 469-470.

Cathes, L.M., and Smith, A.T., 1983, Thermal constraints on the formation of Mississippi 
Valley-type lead-zinc deposits and their implications for episodic basin dewatering 
and deposit genesis: Economic Geology, v. 78, p. 983-1002.



T-4067 363

Champ, D.R., Gulens, J., and Jackson, R.E., 1979, Oxidation-reduction sequences in ground 
water flow systems: Canadian Journal of Earth Sciences, v. 16, p. 12-23.

Chapman, D.S., Keho, T.H., Bauer, M.S., and Picard, M.D., 1984, Heat flow in the Uinta 
Basin determined from bottom hole temperature (BHT) data: Geophysics, v. 49, p. 
453-466.

Choquette, P.W., and Pray, L.C., 1970, Geologic nomenclature and classification of porosity 
in sedimentary carbonates: American Association of Petroleum Geologists Bulletin, 
v. 54, p. 207-250.

Clayton, R., I. Friedman, D. Graf, P. Meyeda, W. Meets, and N.F. Shimp, 1966, The origin 
of saline formation waters, 1. Isotopic composition: Journal of Geophysical Research, 
v. 71, p. 3869-3882.

Clemmensen, L.B., Olsen, H., and Blakey, R.C., 1989, Erg-margin deposits in the Lower 
Jurassic Moenave Formation and Wingate Sandstone, southern Utah: Geological 
Society of America Bulletin, v. 101, p. 759-773.

Craig, H., 1961b, Isotopic variations in meteoric waters: Science, v. 133, p. 1702-1703.

Cross, T.A., 1986, Tectonic controls on foreland basin subsidence and Laramide-style 
deformation, western United States, in P.A. Allen and P. Homewood, eds., Foreland 
Basins: International Association of Sedimentologists Special Publication No. 8, p. 
15-39.

Curtis, B.F., 1958, Pennsylvanian paleotectonics of Colorado and adjacent areas, in B.F. 
Curtis, ed.. Symposium on Pennsylvanian rocks of Colorado and adjacent areas: 
Rocky Mountain Association of Geologists, p. 9-12.

Curtis, C.D., 1978, Possible links between sandstone diagenesis and depth-related 
geochemical reactions occurring in enclosing mudstones: Journal of the Geological 
Society of London, v. 135, p. 107-118.

Curtis, C.D., and Coleman, M.L., 1986, Controls on the precipitation of early diagenetic 
calcite, dolomite and siderite concretions in complex depositional sequences, in D.L. 
Gautier, ed., Roles of Organic Matter in Sediment Diagenesis, Society of Economic 
Paleontologists and Mineralogists Special Publication 38, p. 23-33.



T-4067 364

Deer, W.A., Howie, R.A., and Zussman, J., 1962, Rock-Forming Minerals: New York, John 
Wiley, 37 Ip.

Deming, D., Nunn, J.A., and Evans, D.G., 1990, Thermal effects of compaction-driven 
groundwater flow from overthrust belts: Journal of Geophysical Research, v. 95, p. 
6669-6683.

DeVoto, R.H., 1980, Pennsylvanian stratigraphy and history of Colorado, in H.C. Kent and 
K.W. Porter, eds., Colorado Geology: Rocky Mountain Association of Geologists, 
p. 71-101.

DeVoto, R.H., B.L. Bartleson, C.J. Schenk, and N.B. Waechter, 1986, Late Paleozoic 
stratigraphy and syndepositional tectonism, northwestern Colorado, in D.S. Stone, 
ed., New interpretations of northwest Colorado geology: Rocky Mountain Association 
of Geologists, p. 37-50.

Dickinson, W.R., and Snyder, W.S., 1978, Plate tectonics of the Laramide orogeny, in V. 
Matthews, in, ed., Laramide Folding Associated with Basement Block Faulting in 
the Western United States: Geological Society of America Memoir 151, p. 355-366.

Dickinson, W.R., Klute, M.A., Hayes, M.J., Janecke, S.U., Lundin, E.R., McKittrick, M.A., 
and Olivares, M.D., 1988, Paleogeographic and paleotectonic setting of Laramide 
sedimentary basins in the central Rocky Mountain region: Geological Society of 
America Bulletin, v. 100, p. 1023-1039.

Dickinson, W.W., 1988, Isotopic and pétrographie evidence for carbonate diagenesis in 
nonmarine sandstones: Green River Basin, Wyoming: Journal of Sedimentary 
Petrology, v. 58, p. 327-338.

Dickson, J.A.D., 1966, Carbonate identification and genesis as revealed by staining: Journal 
of Sedimentary Petrology, v. 36, p. 491-505.

Dickson, J.A.D., and Coleman, M.L., 1980, Changes in carbon and oxygen isotope 
composition during limestone diagenesis: Sedimentology, v. 27, p. 107-118.

Dixon, S.A., and Kirkland, D.W., 1985, Relationship of temperature to reservoir quality for 
feldspathic sandstones of southern California: American Association of Petroleum 
Geologists Southwest Section Transactions, p. 82-99.



T-4067 365

Dodge, C.N., and B.L. Bartleson, 1986, The Eagle basin: a new exploration frontier, in D.S. 
Stone, ed., New interpretations of northwest Colorado geology: Rocky Mountain 
Association of Geologists, p. 113-121.

Doe, T.W., and Dott, R.H., Jr., 1980, Genetic significance of deformed cross-bedding with 
examples from the Navajo and Weber sandstones of Utah: Journal of Sedimentary 
Petrology, v. 50, p. 793-812.

Domenico, P.A. and Robbins, G.A., 1985, The displacement of connate water from aquifers: 
Geological Society of America Bulletin, v. 96, p. 328-335.

Dorobek, S.L., 1987, Petrography, geochemistry, and origin of burial diagenetic facies, 
Siluro-Devonian Helderberg Group (carbonate rocks), central Appalachians: 
American Association of Petroleum Geologists Bulletin, v. 71, p. 492-514.

Dozy, J.J., 1970, A geologic model for the genesis of the lead-zinc ore of the Mississippi 
Valley, U.S.A.: Transactions of the Institute of Mining and Metallurgy, v. 79, p. 163- 
170.

Driese, S.G., 1985, Interdune pond carbonates, Weber Sandstone (Pennsylvanian-Permian), 
northern Utah and Colorado: Journal of Sedimentary Petrology, v. 55, p. 187-195.

Driese, S.G., and Dott, R.H., Jr., 1984, Model for sandstone-carbonate “cyclothems” based 
on the upper member of the Morgan Formation (Middle Pennsylvanian) of northern 
Utah and Colorado: American Association of Petroleum Geologists Bulletin, v. 68, 
p. 574-597.

Dromgoole, E.L., and Walter, L.M., 1990, Iron and manganese incorporation into calcite: 
effects of growth kinetics, temperature, and solution chemistry: Chemical Geology, 
v. 81, p. 311-336.

Dutta, P.K., 1992, Climatic influence on diagenesis of fluvial sandstones, in K.H. Wolf and 
G.V. Chilingarian, eds.. Diagenesis m. Developments in Sedimentology, 47. Elsevier, 
Amsterdam, p. 191-252.

Dutta, P.K. and Suttner, L.J., 1986, Fluvial sandstone composition and paleoclimate, II. 
Authigenic mineralogy: Journal of Sedimentary Petrology, v. 56, p. 346-358.

Dutton, S.P. and Diggs, T.N., 1990, History of quartz cementation in the Lower Cretaceous 
Travis Peak Formation, east Texas: Journal of Sedimentary Petrology, v. 60, p. 191- 
202.



T-4067 366

Eugster, H R, and L.A. Hardie, 1978, Saline lakes, in A. Lerman, ed., Lakes - chemistry, 
geology, physics: Springer Verlag, New York, N.Y., p. 237-293.

Eugster, H.P., and Jones, B.E, 1979, Behavior of major solutes during closed-basin brine 
evolution: American Journal of Science, v. 279, p. 609-631.

Fairchild, I.J., 1983, Chemical controls of cathodoluminescence of natural dolomites and 
calcites: new data and review: Sedimentology, v. 30, p. 579-583.

Fisher, R.S., 1988, Clay minerals in evaporite host rocks, Palo Duro Basin, Texas Panhandle: 
Journal of Sedimentary Petrology, v. 58, p. 836-844.

Folk, R.F., 1974, Petrology of sedimentary rocks: Austin, Hemphill Publishing, 182 p.

Fontes, J.C., and Gonfiantini, R., 1967, Comportement isotopique au cours de F evaporation 
de deux bassins Sahariens: Earth and Planetary Science Letters, v. 3, p. 258-266.

Fox, J.E., Lambert, P.W., Mast, R.F., Nuss, N.W., and Rein, R.D., 1975, Porosity variation 
in the Tensleep and its equivalent, the Weber Sandstone, western Wyoming: a log 
and pétrographie analysis, in D.W. Bolyard, ed., Symposium on Deep Drilling 
Frontiers in the Central Rocky Mountains. Rocky Mountain Association of 
Geologists, Denver, Colorado, p. 185-216.

Frank, J.R., Carpenter, A.B., and Oglesby, T.W, 1982, Cathodoluminescence and composition 
of calcite cement in the Taum Sauk Limestone (Upper Cambrian), southeast Missouri: 
Journal of Sedimentary Petrology, v. 52, p. 631-638.

Freeze, R.A., and Witherspoon, PA., 1966, Theoretical analysis of regional groundwater 
flow, 1: analytical and numerical solutions to the mathematical model: Water 
Resources Research, v. 2, p. 641-656.

Friedman, I. and O’Neil, J.R., 1977, Compilation of stable isotope fractionation factors of 
geochemical interest, in Data of Geochemistry. U.S. Geological Survey Pro-fessional 
Paper 440-KK, 6th ed.

Fritz, P. and Smith, D.G.W., 1970, The isotopic composition of secondary dolomites: 
Geochimica et Cosmochimica Acta, v. 34, p. 1161-1173.

Fryberger, S.G., 1978, Stratigraphy of the Weber Formation (Pennsylvanian-Permian), 
Dinosaur National Monument and adjacent area, Utah and Colorado: M.S. Thesis, 
Colorado School of Mines, Golden, Colorado, 105p.



T-4067 367

Fryberger, S.G., 1979, Eolian-fluviatile (continental) origin of ancient stratigraphie trap for 
petroleum in Weber Sandstone, Rangely oil field, Colorado: The Mountain Geologist, 
v. 16, p. 1-36.

Fryberger, S.G., and Schenk, C , 1981, Wind sedimentation tunnel experiments on the origins 
of eolian strata: Sedimentology, v. 28, p. 805-821.

Fryberger, S.G., and Koelmel, M.H., 1986, Rangely field: eolian system-boundary trap in 
the Permo-Pennsylvanian Weber Sandstone of northwestern Colorado, in D.S. Stone, 
ed., New interpretations of northwest Colorado geology: Rocky Mountain Association 
of Geologists, p. 129-149.

Fryberger, S.G., Al-Sari, A., and Clisham, T.J., 1983, Eolian dune, interdune, sand sheet, 
and siliciclastic sabkha sediments of an offshore prograding sand sea, Dhahran, 
Saudi Arabia: American Association of Petroleum Geologists Bulletin, v. 67, p. 280- 
312.

Fryberger, S.G., Schenk, C.J., and Krystinik, L.F., 1988, Stokes surfaces and the effects of 
near-surface groundwater-table on aeolian deposition: Sedimentology, v. 35, p. 21- 
41.

Fryberger, S.G., Krystinik, L.F., and Schenk, C.J., 1990, Modem and Ancient Eolian Deposits: 
Petroleum Exploration and Production. Rocky Mountain Section, Society of 
Economic Paleontologists and Mineralogists, Denver, Colorado, 223p.

Galloway, W.E., 1984, Hydrogeologic regimes of sandstone diagenesis, in McDonald, D.A. 
and Surdam, R.C., eds., Clastic Diagenesis: American Association of Petroleum 
Geologists Memoir 37, p. 3-13.

Garrels, R.M., and Christ, C.L., 1965, Solutions, minerals, and equilibria: Harper and Row, 
New York, 450p.

Garrels, R.M., and MacKenzie, F.T., 1967, Origin of the chemical compositions of some 
springs and lakes, in Gould, R.F. (ed.), Equilibrium concepts in natural water systems: 
American Chemical Society, Advances in Chemistry Series 67, p. 222-242.

Garven, G., 1985, The role of regional fluid flow in the genesis of the Pine Point deposit, 
Western Canada sedimentary basin: Economic Geology, v. 80, p. 307-324.



T-4067 368

Garven, G., 1989, A hydrogeologic model for the formation of the giant oil sands deposits 
of the Western Canada Sedimentary Basin: American Journal of Science, v. 289, p. 
105-166.

Garven, G., 1986, The role of regional fluid flow in the genesis of the Pine Point deposit, 
Western Canada sedimentary basin: Economic Geology, v. 80, p. 307-324.

Garven, G., and Freeze, R.A., 1984a, Theoretical analysis of the role of groundwater flow 
in the genesis of stratabound ore deposits, 1: mathematical and numerical model: 
American Journal of Science, v. 284, p. 1085-1124.

Garven, G., and Freeze, R.A., 1984b, Theoretical analysis of the role of groundwater flow 
in the genesis of stratabound ore deposits, 2: Quantitative results: American Journal 
of Science, v. 284, p. 1125-1174.

Ge, S. and Garven, G., 1989, Tectonically induced transient groundwater flow in foreland 
basins, in The origin and evolution of sedimentary basins and their energy and mineral 
resources: American Geophysical Union Geodynamics Series Monograph 48, p. 
145-157.

Geldon, A.L., 1986, Hydrostratigraphic characterization of Paleozoic formations in 
northwestern Colorado, m D.S. Stone, ed.. New interpretations of northwest Colorado 
geology: Rocky Mountain Association of Geologists, p. 265-281.

Giles, M.R. and Marshall, J.D., 1986, Constraints on the development of secondary porosity 
in the subsurface: re-evaluation of processes: Marine and Petroleum Geology, v. 3, 
p. 243-255.

Giles, M.R. and de Boer, R.B., 1990, Origin and significance of redistributional secondary 
porosity: Marine and Petroleum Geology, v. 7, p. 378-397.

Goldstein, R.H., 1988, Cement stratigraphy of Pennsylvanian Holder Formation, Sacramento 
Mountains, New Mexico: American Association of Petroleum Geologists Bulletin, 
v. 72, p. 425-438.

Gries, R., 1983, North-south compression of Rocky Mountain foreland structures, in J.D. 
Lowell, ed., Rocky Mountain Foreland Basins and Uplifts: Rocky Mountain 
Association of Geologists, p. 9-32.



T-4067 369

Grover, G. and Read, J.E, 1983, Paleoaquifer and deep burial related cements defined by 
regional cathodoluminescence patterns, Middle Ordovician carbonates, Virginia: 
American Association of Petroleum Geologists Bulletin, v. 67, p. 1275-1303.

Hagen, E.S. and Surdam, R.C., 1989, Thermal evolution of Laramide-style basins: constraints 
from the northern Bighorn Basin, Wyoming and Montana, in Naeser, N.D. and 
McCulloh, T.H., eds., Thermal History of Sedimentary Basins, p. 277-295.

Hagen, E.S., Shuster, M.W., and Furlong, K.P., 1985, Tectonic loading and subsidence of 
intermontane basins, Wyoming foreland province: Geology, v. 13, p. 585-588.

Hansen, W.R., 1986, History of faulting in the eastern Uinta Mountains, Colorado and Utah, 
in D.S. Stone ed., New Interpretations of Northwest Colorado Geology: Rocky 
Mountain Association of Geologists, p. 5-18.

Hardie, L.A., and Eugster, H.P., 1970, The evolution of closed-basin brines: Mineralogical 
Society of America Special Paper No. 3, p. 273-290.

Harrison, W.J., and Summa, L.L., 1991, Paleohydrology of the Gulf of Mexico basin: 
American Journal of Science, v. 291, p. 109-176.

Heald, M.T., and Renton, J.J., 1966, Experimental study of sandstone cementation: Journal 
of Sedimentary Petrology, v. 36, p. 977-991.

Hearn, P.P.,Jr., Sutter, J.F., and Belkin, H.E., 1987, Evidence for late-Paleozoic brine migration 
in Cambrian carbonate rocks of the central and southern Appalachians: implications 
for Mississippi Valley-type sulfide mineralization: Geochim et Cosmochim Acta, v. 
51, p. 1323-1334.

Heller, P.L., Bowdler, S.S., Chambers, H.P., Coogan, J.C., Hagen, E.S., Shuster, M.W., 
Winslow, N.S., and Lawton, T.F., 1986, lim e of initial thrusting in the Sevier orogenic 
belt, Idaho-Wyoming and Utah: Geology, v. 388-391.

Hemming, N.G., Meyers, W.J., and Grams, J.C., 1989, Cathodoluminescence in diagenetic 
calcites: the roles of Fe and Mn as deduced from electron probe and 
spectrophotometric measurements: Journal of Sedimentary Petrology, v. 59, p. 404- 
411.

Hesse, R., 1986, Early diagenetic pore water / sediment interaction: modem offshore basins: 
Geoscience Canada, v. 13, p. 165-196.



T-4067 370

Hesse, R., 1989, Silica diagenesis: origin of inorganic and replacement cherts: Earth Science 
Reviews, v. 26, p. 253-284.

Hitchon, B., 1969a, Fluid flow in the western Canada sedimentary basin. 1. Effect of 
topography: Water Resources Research, v. 5, p. 186-195.

Hitchon, B., 1969b, Fluid flow in the western Canada sedimentary basin. 2. Effect of geology: 
Water Resources Research, v. 5, p. 460-469.

Hitchon, B., 1984, Geothermal gradients, hydrodynamics, and hydrocarbon occurrences, 
Alberta, Canada: American Association of Petroleum Geologists Bulletin, v. 68, p. 
713-743.

Hitchon, B., and Friedman, I., 1969, Geochemistry and origin of formation waters in the 
western Canada sedimentary basin - 1. Stable isotopes of hydrogen and oxygen: 
Geochimica et Cosmochimica Acta, v. 33, p. 1321-1349.

Hoefs, J., 1980, Stable Isotope Geochemistry (2nd edition). Springer-Verlag, 208p.

Holser, W., 1979, Trace elements and isotopes in evaporites, in R.G. Bums, ed., Marine 
Minerals: Mineralogical Society of America, p. 295-346.

Houseknecht, D.W., 1984, Influence of grain size and temperature on intergranular pressure 
solution, quartz cementation, and porosity in a quartzose sandstone: Journal of 
Sedimentary Petrology, v. 54, p. 348-361.

Houseknecht, D.W., and Hathon, L.A., 1987, Pétrographie constraints on models of 
intergranular pressure solution in quartzose sandstones: Applied Geochemistry, v. 
2, p. 507-521.

Hubbert, M.K., 1940, The theory of groundwater motion: Journal of Geology, v. 48, p. 785- 
944.

Hudson, J.D., 1977, Stable isotopes and limestone lithification: Journal of the Geological 
Society of London, v. 133, p. 637-660.

Hunter, R.E., 1977, Basic types of stratification in small eolian dunes: Sedimentology, v. 
24, p. 362-387.



T-4067 371

Hurlbut, C.S., Jr., 1971, Dana’s Manual of Mineralogy. John Wiley and Sons, New York, 
579p.

Irwin, H., C.D. Curtis and M.L. Coleman, 1977, Isotopic evidence for source of diagenetic 
carbonates formed during burial of organic-rich sediments: Nature, v. 269, p. 209- 
213.

Jackson, S.A., and Beales, F.W., 1967, An aspect of sedimentary basin evolution: the 
concentration of Mississippi Valley-type ores during the late stages of diagenesis: 
Canadian Association of Petroleum Geologists Bulletin, v. 15, p. 393-433.

Jado, A.R., 1976, The stratigraphy and petrology of the Park City Formation in northwestern 
Colorado and northeastern Utah: M.S. Thesis, Colorado School of Mines, Golden, 
Colorado, 123p.

Jessop, A.M., 1989, Hydrological distortion of heat flow in sedimentary basins: 
Tectonophysics, v. 164, p. 211-218.

Johnson, R.C., and Finn, T.M., 1986, Cretaceous through Holocene history of the Douglas 
Creek arch, Colorado and Utah, in D.S. Stone ed., New Interpretations of Northwest 
Colorado Geology: Rocky Mountain Association of Geologists, p. 77-95.

Johnson, R.C. and Nuccio, V.F., 1986, Structural and thermal history of the Piceance Creek 
basin, western Colorado, in relation to hydrocarbon occurrence in the Mesaverde 
Group, in C.W. Spencer and R.F. Mast, eds.. Geology of Tight Gas Reservoirs, AAPG 
Studies in Geology No. 24, p. 165-205.

Johnson, S.Y., 1987, Sedimentology and paleogeographic significance of six fluvial sandstone 
bodies in the Maroon Formation, Eagle basin, northwest Colorado: USGS Bulletin 
1787A, p. 1-18.

Johnson, S.Y., and R.C. Johnson, 1991, Stratigraphie and time-stratigraphic cross sections 
of Phanerozoic rocks along line A-A’, Uinta and Piceance basin area-Eagle basin, 
Colorado, to eastern Basin and Range province: USGS Map I- 2184-A.

Johnson, R.C., and Johnson, S.Y., 1991, Stratigraphie and time-stratigraphic cross sections 
of Phanerozoic rocks along line B-B’, Uinta and Piceance basin area, west-central 
Uinta basin, Utah to eastern Piceance basin, Colorado: USGS Map I-2184-b.



T-4067 372

Johnson, S.Y., C.J. Schenk, D.L. Anders, and M.L. Tuttle, 1990, Sedimentology and 
petroleum occurrence, Schoolhouse Member, Maroon Formation (Lower Permian), 
northwestern Colorado: American Association of Petroleum Geologists Bulletin, v. 
74, p. 135-150.

Jordon, T.E., 1981, Thrust loads and foreland basin evolution, Cretaceous, western United 
States: American Association of Petroleum Geologists Bulletin, v. 65, p. 2506-2520.

Kauffman, E.G., 1977, Geological and biological overview, western interior Cretaceous 
basin: Mountain Geologist, v. 14, p. 75-99.

Kaufman, J., Cander, H.S., Daniels, L.D., and Meyers, W.J., 1988, Calcite cement stratigraphy 
and cementation history of the Burlington-Keokuk Formation (Mississippian), Illinois 
and Missouri: Journal of Sedimentary Petrology, v. 58, p. 312-326.

Kluth, C.F., 1986, Plate tectonics of the ancestral Rocky Mountains, in J.A. Peterson, ed., 
Paleotectonics and sedimentation in the Rocky Mountain region, United States: 
American Association of Petroleum Geologists Memoir 41, p. 353-370.

Kluth, C F., and RJ. Coney, 1981, Plate tectonics of the ancestral Rocky Mountains: Geology, 
v. 9, p. 10-15.

Knauth, L.P., and Beeunas, M.A., 1986, Isotope geochemistry of fluid inclusions in Permian 
halite with implications for the isotopic history of ocean water and the origin of 
saline formation waters: Geochimica et Cosmochimica Acta, v. 50, p. 419-433.

Kocurek, G., 1981, Significance of interdune deposits and bounding surfaces in aeolian 
dune sands: Sedimentology, v. 28, p. 753-780.

Kocurek, G., and Dott, R.H., Jr., 1981, Distinctions and uses of stratification types in the 
interpretation of eolian sand: Journal of Sedimentary Petrology, v. 51, p. 579-595.

Kocurek, G., and Nielson, J., 1986, Conditions favorable for the formation of warm-climate 
aeolian sand sheets: Sedimentology, v. 33, p. 795-816.

Koelmel, M.H., 1986, Post-Mississippian paleotectonic, stratigraphie, and diagenetic history 
of the Weber Sandstone in the Rangely field area, Colorado, in J.A. Peterson, ed., 
Paleotectonics and sedimentation in the Rocky Mountain region, United States: 
American Association of Petroleum Geologists Memoir 41, p. 383-409.



T-4067 373

Krauskopf, K.B., 1956, Dissolution and precipitation of silica at low temperatures: 
Geochimica et Cosmochimica Acta, v. 10, p. 1-26.

Kreitler, C.W., 1989, Hydrogeology of sedimentary basins: Journal of Hydrology, v. 106, p. 
29-53.

Krystinik, L.F., 1990, Early diagenesis in continental eolian deposits, in S.G. Fryberger, 
L.F. Krystinik, and C.J. Schenk, eds., Modem and Ancient Eolian Deposits: Petroleum 
Exploration and Production: Rocky Mountain Section SEPM, Denver, Colorado, p. 
8-1 -  8- 11.

Kupecz, J.A., Montanez, I.P., and Gao, G., 1993, Recrystallization of dolomite with time, in 
R. Rezak and D.L. Lavoie, eds.. Carbonate Microfabrics. Springer-Verlag, New York, 
p. 187-194.

Land, L.S., 1980, The isotopic and trace element geochemistry of dolomite: the state of the 
art, in D.H. Zenger, J.G Dunham, and R.L. Ethington, eds., Concepts and Models of 
Dolomitization: Society of Economic Paleontologists and Mineralogists Special 
Publication No. 28, p. 87-110.

Land, L.S., 1984, Frio Sandstone diagenesis, Texas Gulf Coast: a regional isotopic study, in 
D.A, McDonald and R.C. Surdam, eds., Clastic Diagenesis: American Association 
of Petroleum Geologists Memoir 37, p. 47-62.

Land, L.S. and S. Dutton, 1978, Cementation of a Pennsylvanian deltaic sandstone: isotopic 
data: Journal of Sedimentary Petrology, v. 48, p. 1167-1176.

Land, L.S., and Prezbindowski, D R., 1981, The origin and evolution of saline formation 
water. Lower Cretaceous carbonates, south-central Texas, U.S.A.: Journal of 
Hydrology, v. 54, p. 51-74.

Langford, R.P., 1989, Fluvial-eolian interactions: Part I, modem systems: Sedimentology, 
v. 36, p. 1023-1035.

Langford, R.P., and Chan, M.A., 1989, Fluvial-eolian interactions: Part H, ancient systems: 
Sedimentology, v. 36, p. 1037-1051.

Last, W.M., 1990, Lacustrine dolomite - an overview of modem, Holocene, and Pleistocene 
occurrences: Earth Science Reviews, v. 27, p. 221-263.



T-4067 374

Leach, D.L. and Rowan, E.L., 1986, Genetic link between Ouachita foldbelt tectonism and 
the Mississippi Valley-type lead-zinc deposits of the Ozarks: Geology, v. 14, p. 931- 
935.

Lindholm, R.C., and Finkelman, R.B., 1972, Calcite staining: Semiquantitative determination 
of ferrous iron: Journal of Sedimentary Petrology, v. 42, p. 239-242.

Lindner-Lunsford, J.B., Kimball, B.A., Chafin, D.T., and Bryant, C.G., 1989, Hydrogeology 
of aquifers of Paleozoic age, upper Colorado River basin-excluding the San Juan 
basin-in Colorado, Utah, Wyoming, and Arizona. Hydrologie Investigations Atlas 
HA-702.

Lloyd, R.M., 1966, Oxygen isotope enrichment of sea water by evaporation: Geochimica et 
Cosmochimica Acta, v. 30, p. 801-814.

Longstaffe, E, 1983, Diagenesis 4. Stable isotope studies of diagenesis in clastic rocks: 
Geoscience Canada, v. 10, p. 44-58.

Longstaffe, E, 1984, The role of meteoric water in diagenesis of shallow sandstones: stable 
isotope studies of the Milk River aquifer and gas pool, in R.C. Surdam and D.A. 
McDonald, eds., Clastic Diagenesis, American Association of Petroleum Geologists 
Memoir 37, p. 81-98.

Longstaffe, F.J., 1986, Oxygen isotope studies of diagenesis in the basal Belly River 
Sandstone, Pembina I-Pool, Alberta: Journal of Sedimentary Petrology, v. 56, p. 78- 
88 .

Longstaffe, F.J., and Ayalon, A., 1987, Oxygen-isotope studies of clastic diagenesis in the 
Lower Cretaceous Viking Formation, Alberta: implications for the role of meteoric 
water, in J.D. Marshall, ed., Diagenesis of Sedimentary Sequences: Geological 
Society of America Special Publication 36, p. 277-296.

Lumsden, D.N., and Chimahusky, J.S., 1980, Relationship between dolomite 
nonstoichiometry and carbonate facies parameters, in D.H. Zenger, J.B. Dunham, 
and R.L. Ethington, eds., Concepts and Models of Dolomitization: SEPM Special 
Publication 28, p. 123-137.

Machel, H.G., 1985, Cathodoluminescence in calcite and dolomite and its chemical 
interpretation: Geoscience Canada, v. 12, p. 139-147.



T-4067 375

Machel, H.G., and Burton, E.A., 1991, Factors governing cathodoluminescence in calcite 
and dolomite, and their implications for studies of carbonate diagenesis, in C.E. 
Barker and O.C. Kopp, eds.. Luminescence Microscopy: Qualitative and Quantitative 
Aspects. SEPM Short Course 25, p. 37-57.

Machel, H.G., Mason, R.A., Mariano, A.N., and Mucci, A., 1991, Causes and emission of 
luminescence in calcite and dolomite, in C.E. Barker and O.C. Kopp, eds., 
Luminescence Microscopy: Qualitative and Quantitative Aspects. SEPM Short 
Course 25, p. 9-25.

Magara, K., 1976, Water expulsion from clastic sediments during compaction, direction 
and volumes: American Association of Petroleum Geologists Bulletin, v. 60, p. 543- 
553.

Majorowicz, J.A, and Jessop, A.M., 1981, Regional heat flow patterns in the western Canada 
sedimentary basin: Tectonophysics, v. 74, p. 209-238.

Majorowicz, J.A., Jones, F.W., Lam, H.L., and Jessop, A.M., 1984, The variability of heat 
flow both regional and with depth in southern Alberta, Canada: Effect of groundwater 
flow?: Tectonophysics, v. 106, p. 1-29.

Mallory, W.W., 1971, The Eagle Valley Evaporite, northwest Colorado - a regional synthesis: 
USGS Bulletin 1311E, p. E1-E37.

Maret, R.E., 1856, Sedimentary petrography of the Weber Formation at Rangely field, Rio 
Blanco County, Colorado, and adjacent areas: M.S. Thesis, University of Wyoming, 
Laramie, Wyoming, 114p.

Marshall, D.J., 1978, Suggested standards for the reporting of cathodoluminescence results: 
Journal of Sedimentary Petrology, v. 48, p. 651-653.

Maughan, E.K., 1980, Permian and Lower Triassic geology of Colorado, in H.C. Kent and 
K.W. Porter, eds., Colorado Geology: Rocky Mountain Association of Geologists, 
p. 103-110.

Maughan, E.K., 1984, Geological setting and some geochemistry of petroleum source rocks 
in the Permian Phosphoria Formation, in J. Woodward, F.F. Meissner, and J.L. 
Clayton, eds.. Hydrocarbon Source Rocks of the Greater Rocky Mountain Region: 
Rocky Mountain Association of Geologists, p. 281-294.



T-4067 376

Meyers, W.J., 1991, Calcite cement stratigraphy: an overview, in C.E. Barker and O.C. 
Kopp, eds.. Luminescence Microscopy: Qualitative and Quantitative Aspects. SEPM 
Short Course 25, p. 133-148.

Morad, S. and Aldahan, A.A., 1987, Diagenetic chloritization of feldspars in sandstones: 
Sedimentary Geology, v. 51, p. 155-164.

Mason, R.A., 1987, Ion microprobe analysis of trace elements in calcite with an application 
to the cathodoluminescence zonation of limestone cements from the Lower 
Carboniferous of South Wales, U.K.: Chemical Geology, v. 64, p. 209-224.

Maughan, E.K., 1984, Geological setting and some geochemistry of petroleum source rocks 
in the Permian Phosphoria Formation, in J. Woodward, F.F. Meissner, and J.L. 
Clayton, eds., Hydrocarbon source rocks of the greater Rocky Mountain region: 
Rocky Mountain Association of Geologists, p. 281-294.

Mazzullo, S.J., 1992, Geochemical and neomorphic alteration of dolomite: a review: 
Carbonate and Evaporites, v. 7, p. 21-37.

McBride, E.F., 1984, Rules of sandstone diagenesis related to reservoir quality (expanded 
abstract): Gulf Coast Association of Geological Societies Transactions, v. 34, p. 
137-139.

McBride, E.F., 1989, Quartz cement in sandstones: a review: Earth Science Reviews, v. 26, 
p. 69-112.

McKee, E.D., 1966, Structures of dunes at White Sands National Monument, New Mexico 
(and a comparison with structures of dunes from other selected areas): Sedimentology, 
v. 7, p. 3-69.

McKee, E.D., 1979, Introduction to a study of global sand seas, in E.D. McKee, ed., A 
Study of Global Sand Seas: United States Geological Survey Professional Paper 
1052, p. 1-21.

McKee, E.D., and Bigarella, J.J., 1972, Deformational structures in Brazilian coastal dunes: 
Journal of Sedimentary Petrology, v. 42, p. 670-681.

McKee, E.D., Douglass, J.R., and Rittenhouse, S., 1971, Deformation of lee-side laminae 
in eolian dunes: Geological Society of America Bulletin, v. 82, p. 359-378.



T-4067 377

McKelvey, V.E., Williams, J.S., Sheldon, R.P., Cressman, E.R., Cheney, T.M., and Swanson, 
R.W., 1956, Summary description of Phosphoria, Park City, and Shedhom formations 
in western phosphate field: American Association of Petroleum Geologists Bulletin, 
v. 40, p. 2826-2863.

Mendeck, M.R, 1986, Rangely field summary: 1. Development history and engineering 
data, in D.S. Stone, ed.. New interpretations of northwest Colorado geology: Rocky 
Mountain Association of Geologists, p. 223-225.

Meyers, W.J., 1974, Carbonate cement stratigraphy of the Lake Valley Formation 
(Mississippian) Sacramento Mountains, New Mexico: Journal of Sedimentary 
Petrology, v. 44, p. 837-861.

Meyers, W.J., 1978, Carbonate cements: their regional distribution and interpretation in 
Mississippian limestones of southwestern New Mexico: Sedimentology, v. 25, p. 
371-400.

Michael, G.E., Anders, D.E., and Dickinson, W., 1990, Crude oil and source rock correlation, 
northwest Colorado: American Association of Petroleum Geologists Bulletin, v. 74, 
p. 1337.

Milliken, K.L., 1988, Loss of provenance information through subsurface diagenesis in 
Plio-Pleistocene sandstones, northern Gulf of Mexico: Journal of Sedimentary 
Petrology, v. 58, p. 992-1002.

Morad, S., I.S. Al-Aasm, K. Ramseyer, R. Marfil and A.A. Aldahan, 1990, Diagenesis of 
carbonate cements in Permo-Triassic sandstones from the Iberian Range, Spain: 
evidence from chemical composition and stable isotopes: Sedimentary Geology, v. 
67, p. 281-295.

Nash, A.J. and E.D. Pittman, 1975, Ferro-magnesian calcite cement in sandstones: Journal 
of Sedimentary Petrology, v. 45, p. 258-265.

Niemann, J.C. and Read, J.F, 1988, Regional cementation associated with unconformity 
sourced aquifers and burial fluids, Kentucky: Journal of Sedimentary Petrology, v. 
58, p. 688-705.

Noble, E.A., 1963, Formation of ore deposits by water of compaction: Economic geology, 
v. 58, p. 1145-1156.



T-4067 378

Odom, I.E., Doe, T.W., and Dott, R.H., Jr., 1976, Nature of feldspar-grain size relations in 
some quartz-rich sandstones: Journal of Sedimentary Petrology, v. 46, p. 862-870.

Oglesby, T.W., 1976, A model for the distribution of manganese, iron, and magnesium in 
authigenic calcite and dolomite cements in the Upper Smackover Formation in eastern 
Mississippi: M.S. Thesis, Columbia, Missouri, University of Missouri, 122p.

Oliver, J., 1986, Fluids expelled tectonically from orogenic belts: their role in hydrocarbon 
migration and other geologic phenomena: Geology, v. 14, p. 99-102.

Peterson, J.A., 1984, Permian stratigraphy, sedimentary facies, and petroleum geology, 
Wyoming and adjacent area, in J. Goolsby and D. Morton, eds., The Permien and 
Pennsylvanian Geology of Wyoming: Thirty-Fifth Annual Field Conference 
Guidebook, Wyoming Geological Association, p. 25-64.

Peterson, J.A., and Smith, D.L., 1986, Rocky Mountain paleogeography through geologic 
time, in J.A. Peterson, ed., Paleotectonics and sedimentation in the Rocky Mountain 
region, United States: American Association of Petroleum Geologists Memoir 41, 
p. 3-19.

Pierre, C., L. Ortleib, and A. Peron, 1984, Supratidal evaporitic dolomite at Ojo de Liebre 
lagoon: mineralogical and isotopic arguments for primary crystallization: Journal of 
Sedimentary Petrology, v. 54, p. 1049-1061.

Pierson, B.J., 1981, The control of cathodoluminescence in dolomite by iron and manganese: 
Sedimentology, v. 28, p. 601-610.

Pitman, J.K., Fouch, T.D., and Goldhaber, M.B., 1982, Depositional setting and diagenetic 
evolution of some Tertiary unconventional reservoir rocks, Uinta basin, Utah: 
American Association of Petroleum Geologists Bulletin, v. 66, p. 1581-1596.

Porter, E.W., and James, W.C., 1986, Influence of pressure, salinity, temperature and grain 
size on silica diagenesis in quartzose sandstones: Chemical Geology, v. 57, p. 359- 
369.

Powers, R.B., 1986, The Willow Creek Fault, eastern Uinta Mountains - geological analysis 
of a foreland subthrust play, in D.S. Stone ed., New Interpretations of Northwest 
Colorado Geology: Rocky Mountain Association of Geologists, p. 183-190.



T-4067 379

Pryor, W.A., 1973, Permeability - porosity patterns and variations in some Holocene sand 
bodies: American Association of Petroleum Geologists Bulletin, v. 57, p. 162-189.

Quing, H., and Mountjoy, E., 1992, Large-scale fluid flow in the Middle Devonian Presqu’ile 
barrier. Western Canada Sedimentary Basin: Geology, v. 20, p. 903-906.

Rascoe, B., Jr., and Baars, D.L., 1972, Permian System, in W.W. Mallory (ed.), Geologic 
Atlas of the Rocky Mountain Region, USA: Rocky Mountain Association of 
Geologists, p. 143-165.

Reeder, R.J., 1991, An overview of zoning in carbonate minerals, in C.E. Barker and O.C. 
Kopp, eds.. Luminescence Microscopy: Qualitative and Quantitative Aspects. SEPM 
Short Course 25, p. 77-82.

Reeder, R.J., and Grams, J.C., 1987, Sector zoning in calcite cement crystals: implications 
for trace element distribution coefficients in carbonates: Geochimica et 
Cosmochimica Acta, v. 51, p. 187-194.

Richard, J.J., 1986, Interpretation of a seismic section across the Danforth Hills anticline 
(Maudlin Gulch) and Axial arch in northwest Colorado, in D.S. Stone ed., New 
Interpretations of Northwest Colorado Geology: Rocky Mountain Association of 
Geologists, p. 191-193.

Roberts, R.J., Crittenden, Jr., M.D., Tooker, E.W., Morris, H.T., Hose, R.K., and Cheney, 
T.M., 1965, Pennsylvanian and Permian basins in northwestern Utah, northeastern 
Nevada and south-central Idaho: American Association of Petroleum Geologists 
Bulletin, v. 49, p. 1926-1956.

Rosen, M R., Miser, D.E., Starcher, M.A., and Warren, J.K., 1989, Formation of dolomite 
in the Coorong region, South Australia: Geochimica et Cosmochimica Acta, v. 53, 
p .661-669.

Ross, R.J., and Tweto, O., 1980, Lower Paleozoic sediments and tectonics in Colorado, in 
H.C. Kent and K.W. Porter, eds., Colorado Geology: Rocky Mountain Association 
of Geologists, p. 47-56.

Sales, J.K., 1968, Crustal mechanics of Cordillera foreland deformation: A regional and 
scale-model approach: American Association of Petroleum Geologists Bulletin, v. 
52, p. 2016-2044.



T-4067 380

Sanborn, A.F., 1977, Possible future petroleum of Uinta and Piceance basins and vicinity, 
northeast Utah and northwest Colorado, in H.K. Veal, ed., Exploration Frontiers of 
the Central and Southern Rockies: Rocky Mountain Association of Geologists, p. 
151-166.

Sanderson, I.D., 1976, Sedimentary structures and their environmental significance in the 
Navajo Sandstone, San Rafael Swell, Utah: Brigham Young University Geological 
Studies, v. 21, p. 215-246.

Sanderson, I.D., 1984, Recognition and significance of inherited quartz overgrowths in 
quartz arenites: Journal of Sedimentary Petrology, v. 54, p. 473-486.

Sass, E., and Bein, A., 1988, Dolomites and salinity: a comparative geochemical study, in 
Shukla, V, and Baker, P. A., eds., Sedimentology and geochemistry of dolo-stones: 
Society of Economic Paleontologists and Mineralogists Special Publication 43, p. 
223-233.

Schmidt, V. and McDonald, D.A., 1979, The role of secondary porosity in the course of 
sandstone diagenesis, in Scholle, P.A. and Schluger, P. A., eds., Aspects of Diagenesis: 
Society of Economic Paleontologists and Mineralogists Special Publication No. 26, 
p. 175-207.

Schmidt, V. and McDonald, D.A., 1979, Texture and recognition of secondary porosity in 
sandstones, in Scholle, P.A. and Schluger, P. A., eds.. Aspects of Diagenesis: Society 
of Economic Paleontologists and Mineralogists Special Publication No. 26, p. 209- 
225.

Sclater, J.G., and Christie, P.A.F., 1980, Continental stretching: An explanation of the post- 
Mid-Cretaceous subsidence of the central North Sea basin: Journal of Geophysical 
Research, v. 85, p. 3711-3739.

Sears, J.W., Graff, RJ., and Holden, G.S., 1982, Tectonic evolution of Lower Proterozoic 
rocks, Uinta Mountains, Utah and Colorado: Geological Society of America Bulletin, 
v. 93, p. 990-997.

Senger, R.K., Fogg, G.E., and Kreitler, C.W., 1987, Effects of hydrostratigraphy and basin 
development on hydrodynamics of the Palo Duro Basin, Texas: The University of 
Texas at Austin, Bureau of Economic Geology Report of Investigations No. 165, 
48p.



T-4067 381

Sheldon, R.P., 1967, Long-distance migration of oil in Wyoming: Mountain Geologist, v. 4, 
p.53-65.

Siever, R., 1962, Silica solubility, 0° - 200°C, and the diagenesis of siliceous sediments: 
Journal of Geology, v. 70, p. 127-150.

Sloss, L.L., 1988, Sequences in the cratonic interior of North America: Geological Society 
of America Bulletin, v. 100, p. 1661-1665.

Smith, L., and Chapman, D.S., 1983, On the thermal effects of groundwater floe -1. Regional 
scale systems: Journal of Geophysical Research, v. 88, p. 593-608.

Sommers, S.E., 1972, Cathodoluminescence of carbonates. 1. Characterization of 
cathodoluminescence from carbonate solid solutions: Chemical Geology, v. 9, p. 
257-273.

Steckler, M.S., and Watts, A.B., 1978, Subsidence of the Atlantic-type continental margin 
off New York: Earth and Planetary Science Letters, v. 41, p. 1-13.

Steidtmann, J.R., 1974, Evidence for eolian origin of cross-stratification in sandstone of the 
Casper Formation, southernmost Laramie basin, Wyoming: Geological Society of 
America Bulletin, v. 85, p. 1835-1842.

Stokes, W.L., 1968, Multiple parallel truncation bedding planes - a feature of wind-deposited 
sandstone formations: Journal of Sedimentary Petrology, v. 38, p. 510-515.

Stone, D.S., 1967, Theory of Paleozoic oil and gas accumulation in Big Horn basin, Wyoming: 
American Association of Petroleum Geologists Bulletin, v. 51, p. 2056-2114.

Stone, D.S., 1969, Wrench faulting and Rocky Mountain tectonics: The Mountain Geologist, 
v. 6, p. 67-79.

Stone, D.S., 1977, Tectonic history of the Uncompahgre uplift, in H.K. Veal, ed., Exploration 
Frontiers of the Central and Southern Rockies: Rocky Mountain Association of 
Geologists, p. 23-30.

Stone, D.S., 1986a, Rangely field summary: seismic profile, structural cross-section, and 
geochemical comparisons, in D.S. Stone, ed., New interpretations of northwest 
Colorado geology: Rocky Mountain Association of Geologists, p. 226-228.



T-4067 382

Stone, D.S., 1986b, Geology of the Wilson Creek field, Rio Blanco County, Colorado, in 
D.S. Stone, ed., New interpretations of northwest Colorado geology: Rocky Mountain 
Association of Geologists, p. 229-246.

Stone, D.S., 1986c, Seismic and borehole evidence for important pre-Laramide faulting 
along the Axial arch in northwestern Colorado, in D.S. Stone, ed.. New interpretations 
of northwest Colorado geology: Rocky Mountain Association of Geologists, p. 19- 
36.

Stonecipher, S.A., Winn, Jr., R.D., and Bishop, M.G., 1984, Diagenesis of the Frontier 
Formation, Moxa Arch: A function of sandstone geometry, texture and composition, 
and fluid flux, in McDonald, D.A. and Surdam, R.C., eds., Clastic Diagenesis: 
American Association of Petroleum Geologists Memoir No. 37, p. 289-316.

Surdam, R.C., Dunn, T.L., Heasler, H.R, and MacGowen, D.B., 1989a, Porosity evolution 
in sandstone/shale systems, in I. Hutchinson and R. Hesse, eds., Burial Diagenesis, 
Short Course Notes No. 15, Mineralogical Association of Canada, p. 61-134.

Surdam, R.C., MacGowen, D.B., Dunn, T.L., 1989b, Diagenetic pathways of sandstone and 
shale sequences: Contributions to Geology, University of Wyoming, v. 27, p. 21-31.

Swart, P.K., Bums, S.J., and Leder, J.J., 1991, Fractionation of the stable isotopes of oxygen 
and carbon in carbon dioxide during the reaction of calcite with phosphoric acid as 
a function of temperature and technique: Chemical Geology (Isotope Geoscience 
Section), v. 86, p. 89-96.

Sweeney, J.J., Burnham, A.K., and Braun, R.L., 1986, A model of hydrocarbon maturation 
in the Uinta Basin, Utah, U.S.A., in Burrus, J., ed., Thermal Modeling in Sedimentary 
Basins, p. 547-561.

Sweeney, J.J., Burnham, A.K., and Braun, R.L., 1987, A model of hydrocarbon generation 
from type I kerogen: application to Uinta Basin, Utah: American Association of 
Petroleum Geologists Bulletin, v. 71, p. 967-985.

Talbot, M.R., 1990, A review of the paleohydrological interpretation of carbon and oxygen 
isotopic ratios in primary lacustrine carbonates: Chemical Geology (Isotope 
Geoscience Section), v. 80, p. 261-279.

Ten Have, T. and Heijnen, W., 1985, Cathodoluminescence activation and zonation in 
carbonate rocks: an experimental approach: Geologic en Mijnbouw, v. 64, p. 297- 
310.



T-4067 383

Tilley, B.J., and Longstaffe, E l ,  1989, Diagenesis and isotopic evolution of porewaters in 
the Alberta Deep Basin: the Falher Member and Cadomin Formation: Geochimica 
et Cosmochimica Acta, v. 53, p. 2529-2546.

Tisoncik, D.D., 1984, Regional lithostratigraphy of the Phosphoria Formation in the 
overthrust belt of Wyoming, Utah and Idaho, in 1 Woodward, F.F. Meissner, and 
J.L. Clayton, eds., Hydrocarbon Source Rocks of the Greater Rocky Mountain 
Region: Rocky Mountain Association of Geologists, p. 295-319.

Toth, 1, 1962, A theory of groundwater motion in small basins in central Alberta, Canada: 
Journal of Geophysical Research, v. 67, p. 4375-4387.

Toth, J., 1963, A theoretical analysis of groundwater motion in small drainage basins: Journal 
of Geophysical Research, v. 68, p. 4795-4812.

Toth, J., 1978, Gravity-induced cross-formational flow of formational fluids, Red Earth 
region, Alberta Canada: analysis, patterns, and evolution: Water Resources Research, 
v. 14, p. 805-843.

Tweeto, O., 1980, Summary of Laramide orogeny in Colorado, in H.C. Kent and K.W 
Porter, eds., Colorado Geology: Rocky Mountain Association of Geologists, p. 129- 
134.

Waechter, N.B., and W.E. Johnson, 1985, Seismic interpretations in the Piceance basin, 
northwest Colorado, in R.R. Gries and D.C. Dyer, eds., Seismic exploration of the 
Rocky Mountain region: Rocky Mountain Association of Geologists and Denver 
Geophysical Society, p. 247-258.

Waechter, N.B., and W.E. Johnson, 1986, Pennsylvanian-Permian paleostructure and 
stratigraphy as interpreted from seismic data in the Piceance basin, northwest 
Colorado, in D.S. Stone, ed., New interpretations of northwest Colorado geology: 
Rocky Mountain Association of Geologists, p. 51-64.

Walker, G., and Burley, S., 1991, Luminescence petrography and spectroscopic studies of 
diagenetic minerals, in C.E. Barker and O.C. Kopp, eds., Luminescence Microscopy: 
Qualitative and Quantitative Aspects. SEPM Short Course 25, p. 83-96.

Walker, T.R., 1967, Formation of red beds in modem and ancient deserts: Geological Society 
of America Bulletin, v. 78, p. 353-363.



T-4067 384

Walker, T.R., 1976, Diagenetic origin of continental red beds, in H. Falke, ed., The Continental 
Permian in Central, West, and South Europe, p. 240-282.

Walker, T.R., Waugh, B., and Crone, A.J., 1978, Diagenesis of first-cycle desert alluvium of 
Cenozoic age, southwestern United States and northwestern Mexico: Geological 
Society of America Bulletin, v. 89, p. 19-32.

Walters, L.J., Claypool, G.E. and Choquette, P., 1972, Reaction rates and 180  variation for 
carbonate-phosphoric acid preparation method: Geochim et Cosmochim Acta, v. 
36, p. 129-140.

Wells, R.B., 1963, Orthoquartzites of the Oquirrh Formation: Brigham Young University 
Geology Studies, v. 10, p. 51-80.

Wescott, W.A., 1983, Diagenesis of Cotton Valley sandstone (Upper Jurassic), East Texas: 
implications for tight gas formation pay recognition: American Association of 
Petroleum Geologists Bulletin, v. 67, p. 1002-1013.

Willett, S.D. and Chapman, D.S., 1987a, Analysis of temperatures and thermal processes in 
the Uinta Basin, in Beaumont, C. and Tackard, A.J., eds., Sedimentary Basins and 
Basin-forming Mechanisms. Canadian Society of Petroleum Geologists Memoir 12, 
p. 447-461.

Willett, S.D. and Chapman, D.S., 1987b, On the use of thermal data to resolve and delineate 
hydrologie flow systems in sedimentary basins: an example from the Uinta basin, 
Utah, in B. Hitchon, S. Bachu and C. Sauveplane, eds., Proceedings of the Third 
Annual Canadian/American Conference on Hydrogeology-Hydrology of 
Sedimentary Basins: Application to Exploration and Exploitation, p. 159-168.

Willett, S.D. and Chapman, D.S., 1987c, Temperatures, fluid flow and the thermal history 
of the Uinta Basin, in B. Doligez, ed., Migration of Hydrocarbons in Sedimentary 
Basins, Editions Technip, Paris, p. 533-552.

Willett, S.D. and Chapman, D.S., 1989, Temperatures, fluid flow and heat transfer 
mechanisms in the Uinta Basin, in R.A. Price, ed., Origin and Evolution of 
Sedimentary Basins and Their Energy and Mineral Resources, International Union 
of Geodesy and Geophysics and American Geophysical Union Geophysical 
Monograph 48, p. 29-33.



T-4067 385

Wilson, J.L., 1975, Carbonate Facies in Geologic History. New York, Springer-Verlag, 47 Ip.

Wood, J.R., and Hewett, T.A., 1984, Reservoir diagenesis and convective fluid flow, in 
D.A. McDonald and R.C. Surdam, eds., Clastic Diagenesis: American Association 
of Petroleum Geologists Memoir 37, p. 99-110.



T - 4 0 6 7 3 8 6

A P P E N D I C E S



T - 4 0 6 7 3 8 7

Ap pen dix  A

Stratigraphie   Da ta   F o r  Burial   History   Curves



T-4067 388

Table A-l. Depositional events and hiatuses, ages, formation thicknesses, and 
lithologies used for burial history modeling for Uinta Mountain Block. Formation 
thicknesses taken from Gulf Oil #1 Ute Federal, Sec. 12 - T4S - R22E, Utah.

Event Type Beginning 
Age (M.Y.)

Thickness
(ft)

Dominant
Lithology

Erosion E 40 -10,750 -

Uinta Fm. D 45 800 Shale
Green RiverAVasatch D 62 3,100 Siltstone/Shale
Post Tuscher Une. H 72 - -

Tuscher/Nelson Fm. D 79 2,480 Sandstone/Siltstone
Castlegate Ss D 81 260 Sandstone
Mancos Shale D 85 4,110 Shale
Mancos Shale F 88 190 Shale
Frontier Fm. F 90 140 Sandstone
Post Mowry Une. H 95 - -

Mowry Shale F 97 100 Shale
Dakota Ss F 102 100 Sandstone
Post Cedar Mtn. Une. H 105 - -

Cedar Mm. Fm. F 113 100 Sandstone
Post Morrison Une. H 140 - -

Morrison Fm. F 154 750 Sandstone/Siltstone
Post Stump Une. H 156 - -

Stump Fm. F 162 130 Sandstone
EntradaSs F 167 210 Sandstone
Carmel Fm. F 179 160 Limestone/Sandstone
Post Glen Canyon Une. H 187 - -

Glen Canyon Ss F 207 720 Sandstone
Post Chinle Une. H 213 - -

Chinle Fm. F 230 280 Sandstone
Post Moenkopi Une. H 241 - -

Moenkopi Fm. F 250 750 Siltstone/Shale
Post Phosphoria/ Park City 
Une.

H 260 - -

Phophoria/Park City Fm. F 270 100 Limestone
Post Weber Une. H 280 - -

Weber Fm. F 310 775 Sandstone
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Table A-2. Depositional events and hiatuses, ages, formation thicknesses, and 
lithologies used for burial history modeling for northeastern Uinta Basin. Formation 
thicknesses taken from Continental Oil #22-l Conoco Federal, Sec. 22 - T9S - R20E, 
Utah.

Event Type Beginning 
Age (M.Y.)

Thickness
(ft)

Dominant
Lithology

Erosion E 10 -5,120 -

Uinta Fm. (eroded) D 10 4190 Shale
Uinta Fm. F 45 930 Shale
Green River AV asatch Fm F 62 7,050 Siltstone/Shale
Post Tuscher Une. H 72 - -

Tuscher/Nelson Fm. F 79 2,580 Sandstone/Siltstone
Castlegate Ss F 81 325 Sandstone
Mancos Shale F 89 4,400 Shale
Frontier Fm. F 90 150 Sandstone
Post Mowry Une. H 95 - -

Mowry Shale F 98 50 Shale
Dakota/Cedar Mtn. Fm. F 112 280 Sandstone
Post Morrison Une. H 140 - -

Morrison Fm. F 155 560 Sandstone/Siltstone
Post Stump Une. H 160 - -

Stump Fm. F 162 280 Sandstone
EntradaSs F 167 140 Sandstone
Carmel Fm. F 173 100 Limestone/Sandstone
Post Glen Canyon Une. H 187 - -

Glen Canyon Ss F 207 575 Sandstone
Post Chinle Une. H 211 - -

Chinle Fm. F 230 200 Sandstone
Post Moenkopi Une. H 242 - -

Moenkopi Fm. F 248 540 Siltstone/Shale
Post Phosphoria/ Park City 
Une.

H 258 - -

Phophoria/Park City Fm. F 260 40 Limestone
Post Weber Une. H 279 - -

Weber Fm. F 307 700 Sandstone
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Table A-3. Depositional events and hiatuses, ages, formation thicknesses, and 
lithologies used for burial history modeling for Rangely Field area. Formation 
thicknesses taken from The Texas Company *70-32 UPRR, Sec. 32 - T2N - R102W, 
Colorado.

Event Type Beginning 
Age (M.Y.)

Thickness
(ft)

Dominant
Lithology

Erosion E 40 -6,300 -

Green River Fm. D 50 1,000 Shale
Wasatch Fm. D 55 350 Sandstone/Siltstone
Post Mesaverde Une. H 72 - -

Mesaverde Gn. D 77 2,610 Sandstone/Siltstone
Mancos Shale (eroded) D 85 2,340 Shale
Mancos Shale F 89 2,760 Shale
Frontier Fm. F 91 120 Sandstone
Post Mowry Une. H 95 - -

Mowry Shale F 97 140 Shale
Dakota Ss F 102 40 Sandstone
Post Cedar Mm. Une. H 105 - -

Cedar Mm. Fm. F 111 40 Sandstone/Siltstone
Post Morrison Une. H 140 - -

Morrison Fm. F 155 600 Sandstone/Siltstone
Post Sundance Une. H 156 - -

Sundance Fm. F 163 75 Sandstone
EntradaSs F 166 140 Sandstone
Carmel Fm. F 168 60 Limestone/Sandstone
Post Glen Canyon Une. H 187 - -

Glen Canyon Ss F 207 580 Sandstone
Post Chinle Une. H 213 - -

Chinle Fm. F 231 200 Sandstone/Siltstone
Post State Bridge Une. H 243 - -

State Bridge Fm. F 267 660 Sandstone
Post Weber Une. H 280 - -

Weber Fm. F 310 1,120 Sandstone



T-4067 391

Table A-4. Depositional events and hiatuses, ages, formation thicknesses, and 
lithologies used for burial history modeling for north-central Piceance Basin. Formation 
thicknesses taken from Mobil Oil #52-19G, Sec. 19 - T2S - R96W, Colorado.

Event Type Beginning 
Age (M.Y.)

Thickness
(ft)

Dominant
Lithology

Erosion E 10 -3,000 -

Uinta Fm. (eroded) D 40 3,000 Shale
Uinta Fm. F 45 240 Shale
Green River Fm. F 50 2,240 Shale
Wasatch Fm. F 56 3,360 Sandstone
Ft. Union Fm. F 59 1.520 Sandstone
Post Williams Fork Une. H 68 - -

Williams Fork Fm. F 72 4,240 Sandstone
lies Fm. F 76 1,320 Sandstone
Mancos Shale F 88 4,740 Shale
Frontier Fm. F 90 75 Sandstone
Post Mowry Une. H 95 - -

Mowry Shale F 97 75 Shale
Dakota Ss F 101 40 Sandstone
Post Cedar Mm. Une. H 102 - -

Cedar Mm. Fm. F 113 40 Sandstone
Post Morrison Une. H 140 - -

Morrison Fm. F 155 440 Sandstone
Post Sundance Une. H 159 - -

Sundance Fm. F 162 100 Sandstone
Post Entrada Une. H 163 - -

EntradaSs F 166 190 Sandstone
Post Glen Canyon Une. H 187 - -

Glen Canyon Ss F 207 190 Sandstone
Post Chinle Une. H 211 - -

Chinle Fm. F 230 220 Sandstone
Post State Bridge Une. H 243 - -

State Bridge Fm. F 270 530 Sandstone
Post Weber Une. H 280 - -

Weber Fm. F 307 2,000 Sandstone
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Table A-5. Depositional events and hiatuses, ages, formation thicknesses, and 
lithologies used for burial history modeling for northeastern Piceance Basin area. 
Formation thicknesses taken from Texaco #20 Wilson Creek, Sec. 34 - T3N - R94W, 
Colorado.

Event Type Beginning 
Age (M.Y.)

Thickness
(ft)

Dominant
Lithology

Erosion E 10 -12,210 -

Uinta Fm. D 46 200 Shale
Green River Fm. D 50 2,700 Shale
Wasatch Fm. D 55 3,300 Sandstone/Siltstone
Ft. Union Fm. D 60 2,000 Sandstone/Siltstone
Post Mesaverde Une. H 72 - -

Mesaverde Gp. (eroded) D 76 4,010 Sandstone/Siltstone
Mesaverde Gp. F 77 1,090 Sandstone/Siltstone
Mancos Shale F 89 4,880 Shale
Frontier Fm. F 91 150 Sandstone
Post Mowry Une. H 95 - -

Mowry Shale F 97 150 Shale
Dakota Ss F 102 100 Sandstone
Post Cedar Mm. Une. H 105 - -

Cedar Mm. Fm. F 111 100 Sandstone/Siltstone
Post Morrison Une. H 140 - -

Morrison Fm. F 155 390 Sandstone/Siltstone
Post Sundance Une. H 156 - -

Sundance Fm. F 163 100 Sandstone
EntradaSs F 166 70 Sandstone
Carmel Fm. F 168 40 Limestone/Sandstone
Post Glen Canyon Une. H 187 - -

Glen Canyon Ss F 207 300 Sandstone
Post Chinle Une. H 213 - -

Chinle Fm. F 231 380 Sandstone/Siltstone
Post State Bridge Une. H 243 - -

State Bridge Fm. F 267 600 Sandstone
Post Weber Une. H 280 - -

Weber Fm. F 310 1,150 Sandstone
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Lithology:

Explanation

Sandstone Siltstone Shale

Limestone Dolomite

Sedimentary and Diagenetic Features:

Ripple lamination

Wavy bedding

—■ Mud chip

"V Burrow 

( ) Churned

° Granule

Shale lamination 

Cross bedding

o o o o o o Granules

Deformed bedding

© Calcite nodule

® Chert nodule

® Pyrite nodule

® Silica nodule
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Bow Valley Exploration 
Govt. Shenendoah #1 
Sec. 4 - T4S - R20E 
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Axem Resources 
Vernal #16-1 

Sec.l -T5S-R21E 
Uintah Co., Utah
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Del Rio Drilling 
Cat Creek #1 A-18 

Sec. 18-T5S-R23E 
Uintah Co., Utah
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Del Rio Drilling 
Cat Creek #1 A-18 

Sec. 18-T5S-R23E 
Uintah Co., Utah
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General Crude Oil 
Caldwell #1-21 

Sec. 21 - T5S - R23E 
Uintah Co., Utah

Grain Size
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Chevron Oil 
Red Wash Unit #44-21C 

Sec. 21 - T7S - R24E 
Uintah Co., Utah

Grain Size
Rock
TypeSand
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Chevron Oil 
Red Wash Unit #44-21C 

Sec. 21 - T7S - R24E 
Uintah Co., Utah
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Union Texas Petroleum 
Artesia#l-12 

Sec. 12 - T3N - R104W 
Moffat Co., Colorado
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Chevron Oil 
Federal #1 

Sec. 15 - TIN - R103W 
Rio Blanco C , Colorado
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Chevron Oil 
Federal #1 

Sec. 15 - TIN - R103W 
Rio Blanco C., Colorado

Grain Size
Rock
TypeSandII
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Sheet o\
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Chevron Oil 
Federal #1 

Sec. 15 - TIN - R103W 
Rio Blanco C , Colorado
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Chevron Oil 
Federal #1 

Sec. 15 - TIN - R103W 
Rio Blanco C., Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W
Rio Blanco Co.. Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co.. Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co., Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co., Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co., Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co.. Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co., Colorado
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Chevron USA, Inc. 
Carney #17-35

Sec. 35 - T2N - R102W 
Rio Blanco Co., Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co.. Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co.. Colorado
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Chevron USA, Inc. 
Carney #17-35 

Sec. 35 - T2N - R102W 
Rio Blanco Co., Colorado
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Natomas Oil 
Federal #1-17 

Sec. 17 - TIN - R100W 
Rio Blanco Co., Colorado
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Coastal Oil and Gas 
Federal #1-17-1-100 

Sec. 17 - TIN - R100W 
Rio Blanco Co., Colorado
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Texaco Inc, 
Wilson Creek #66 

Sec. 34 - T3N - R94W 
Moffat Co., Colorado

Grain Size
Rock
TypeSand
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Texaco Inc, 
Wilson Creek #66 

Sec. 34 - T3N - R94W 
Moffat Co., Colorado
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Rock
TypeSand

Q M

o

•p

DO

©

m m



T-4067 422

Texaco Inc, 
Wilson Creek #66 

Sec. 34 - T3N - R94W 
Moffat Co., Colorado
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Sand = 5



T-4067 423

Texaco Inc.
Govt. Alcoil #1 

Sec. 20-T5N-R91W  
Moffat Co., Colorado
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Texaco Inc.
Govt. Trinity #1 

Sec. 27 - T3N - R90W 
Moffat Co., Colorado
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Mono: monocrystalline

Poly: polycrystalline

K spar potassium feldspar

Flag: plagioclase

Und: feldspar undifferentiated

IRF: igneous rock fragment

MRF: metamorphic rock fragment

EXPLANATION

SRF: sedimentary rock fragment Cal(Fe): ferroan calcite

Cht: chert 

Glau: glauconite 

Bio: biotite 

Mus: muscovite 

Tounn: tourmaline 

Cal: calcite

Dol: dolomite 

DoI(Fe): ferroan dolomite 

Anhy: anhydrite 

QOG: quartz overgrowth 

Kaol: kaolinite 

Chlor: chlorite

Intergr(p): primary intergranular 

Intergr(s): secondary inter granular 

Frac: fracture

Intercrys: intercrystalline
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X-Ray   Diffraction  Traces
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