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PREFACE

The Mississippian Leadville Limestone is a major producer of oil and gas in the Paradox Basin of southeastern Utah and south-
western Colorado. The Leadville was deposited in a warm, shallow-shelf marine environment and contains a wide variety of 
carbonate facies, which have undergone extensive dolomitization, brecciation, and other types of diagenesis. Traps are formed 
by both folds (anticlines) and faults; however, there is the untested potential for both stratigraphic and diagenetic traps particu-
larly in the Paradox fold and fault belt in the vastly underexplored northern part of the basin.

This Bulletin is based on the final report of a project titled, “The Mississippian Leadville Limestone Exploration Play, Utah 
and Colorado—Exploration Techniques and Studies for Independents,” which was funded, in part, by the U.S. Department of 
Energy and conducted by the Utah Geological Survey between 2003 and 2008. The goals of the project were to (1) increase 
production from Leadville fields in the Paradox Basin through detailed reservoir characterization, (2) target new areas for ex-
ploration, (3) reduce exploration costs and risk, and (4) add new hydrocarbon discoveries and increase reserves. The project 
final report was updated, shortened, revised, and peer reviewed to produce this Bulletin.

This Bulletin consists of three components: (1) description of lithofacies and diagenetic history of the Leadville Limestone 
at Lisbon field, San Juan County, Utah (Chapters 2 through 4); (2) regional studies of the Leadville play (identification of 
oil-prone areas using epifluorescence in well cuttings, and estimation of potential oil migration directions from evaluating the 
middle Paleozoic hydrodynamic pressure regime and water chemistry) (Chapters 5 through 8); and (3) description of modern 
and outcrop depositional analogs (Chapters 9 and 10). The research, data, conclusions, and recommendations contained in this 
Bulletin are anticipated to be a valuable resource for hydrocarbon exploration and production in the Paradox Basin and similar 
shallow-shelf marine regions worldwide, as well as for students and researchers studying carbonate rocks for years to come.    

Thomas C. Chidsey, Jr. 
Utah Geological Survey  
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ABSTRACT

The Mississippian Leadville Limestone is a classic shallow, open-marine, carbonate-shelf deposit. The Leadville has produced 
over 53 million barrels of oil/condensate and 830 billion cubic feet of gas from seven fields in the Paradox fold and fault belt of 
the Paradox Basin, Utah and Colorado. This environmentally sensitive, 7500-square-mile (19,400 km2) area that makes up the 
fold and fault belt is relatively unexplored. The overall goals of this study were to (1) increase production from Leadville fields 
through detailed reservoir characterization, (2) target new areas for exploration, (3) reduce exploration costs and risk, and (4) add 
new discoveries and reserves. This Bulletin consists of three components: (1) description of lithofacies and diagenetic history of 
the Leadville at Lisbon field, San Juan County, Utah; (2) regional studies of the Leadville play (identification of oil-prone areas 
using epifluorescence in well cuttings, and estimation of potential oil migration directions from evaluating the middle Paleozoic 
hydrodynamic pressure regime and water chemistry); and (3) description of modern and outcrop depositional analogs.  

Leadville lithofacies at Lisbon field include open marine (crinoidal banks and Waulsortian-type buildups), ooid and peloid shoals, 
and middle shelf. Rock units with open-marine and restricted-marine lithofacies constitute significant reservoir potential, having 
both effective porosity and permeability when dissolution of skeletal grains, followed by dolomitization, has occurred. Two ma-
jor types of diagenetic dolomite are observed in the Leadville Limestone at Lisbon field: (1) low-permeability, “early” dolomite 
consisting of very fine grained, interlocking crystals that preserve depositional fabrics and (2) porous, coarser, rhombic and saddle 
crystals that discordantly replace limestone and earlier dolomite. Most reservoir rocks within Lisbon field appear to be associated 
with the second, late type of dolomitization and associated leaching events. Brecciation (autobrecciation) caused by natural hydro-
fracturing is widespread within Lisbon field. Sediment-filled cavities, related to karstification of the exposed Leadville, are present 
in the upper one-third of the formation. Fluid analysis indicates late dolomitization may have developed from hydrothermal events 
which can greatly improve reservoir quality. The result can be the formation of large, diagenetic-type hydrocarbon traps regionally 
or represent untapped, but difficult to identify, resources in other currently producing Leadsville fields.

Stable carbon and oxygen isotope data indicate that all Lisbon field Leadville dolomites were likely associated with brines 
whose composition was enriched in 18O compared with Late Mississippian seawater. Late burial diagenetic phases of the 
Leadville have high strontium isotope ratios indicating water enriched in 87Sr, derived from either Precambrian granitic rocks 
or the Devonian McCracken Sandstone, likely entered the formation along basement-involved high-angle normal faults. Brines 
from evaporites in the Pennsylvanian Paradox Formation may also have entered the Leadville along the large fault bounding 
the northeastern flank of Lisbon field. We propose that thermal convection cells bounded by basement-rooted faults transferred 
heat and fluids from possible granitic basement, Pennsylvanian evaporites, and Oligocene igneous intrusive complexes.

Epifluorescence (EF) petrography identified hydrocarbon shows in Leadville cuttings from regional exploration wells selected 
for study. The highest maximum and highest average EF readings from each well, based on a qualitative visual rating scale, 
were plotted and mapped. A regional southeast-northwest trend of relatively high EF parallels the southwestern part of the 
Paradox fold and fault belt. The northeastern part of the fold and fault belt shows a regional trend of low EF. Exploration efforts 
should be concentrated in suggested oil-prone areas along the southwestern part of the fold and fault belt.  

A systematic change in the chemistry of Middle Paleozoic brine systems through the Paradox Basin suggests that groundwater 
movement is generally southwestward. The regional hydrodynamic trends, based on drill-stem test pressure data from wells, 
indicate that Mississippian strata have high permeability.    

Depositional environments of the Leadville Limestone have modern analogs in the southern Florida–Bahamas region, a warm-
water carbonate factory where one can observe carbonate deposition and the conditions (physical, biological, and chemical), 
which create various carbonate sediments as well as the processes by which the deposits change. Shallow bay basins, mud 
mounds, patch reefs, and sand shoals from Florida Bay to offshore of the Keys are modern Leadville Limestone analogs. Ooid 
shoals and shelf lagoonal sedimentation of the Great Bahama Bank are also modern Leadville analogs. Recognizing the mod-
ern characteristics of carbonate tidal flats of the Bahamas in the Leadville cores, a facies which is produces in other carbonate 
reservoirs, may lead to additional target areas for drilling.  

Representative outcrop analogs (depositional or diagenetic) for the Leadville Limestone are present in the Mississippian sec-
tion along the southern flank of the Uinta Mountains. They have similar lithofacies observed in Leadville cores from Lisbon 
field. These outcrops also contain local zones of breccia due to either collapse related to paleokarstification or natural hydro-
fracturing similar to that identified in Lisbon cores. Breccia pipes may be related to past hydrothermal activity but are only 
found where there are underlying sandstones that served as aquifers supplying hot water from below. This relationship suggests 
that targeting Leadville areas for potential hydrothermal dolomite and enhanced reservoir quality due to hydrofracturing may 
require an aquifer below as a necessary ingredient. 
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OVERVIEW

The Mississippian (late Kinderhookian to early Merame-
cian) Leadville Limestone has produced over 53 million bar-
rels (bbls) of oil/condensate and 830 billion cubic feet of gas 
(BCFG) as of July 1, 2020, from seven fields in the northern 
Paradox Basin region (Colorado Oil and Gas Conservation 
Commission, 2020; Utah Division of Oil, Gas and Mining, 
2020), referred to as the Paradox fold and fault belt, of Utah 
and Colorado (figure 1.1). No significant new oil discoveries 
have been made since the early 1960s, and only independent 
producers continue to explore for Leadville oil and gas targets 
in the region, 85% of which is under the stewardship of the fed-
eral government. This environmentally sensitive, 7500-square-
mile (19,400 km2) area is relatively unexplored with only 
about 100 exploratory wells that penetrated the Leadville (less 
than one well per township), and thus the potential for new 
discoveries remains significant.  

The overall goals of this study are to (1) increase production 
from old and potential new Leadville fields through detailed 
reservoir characterization, (2) target areas for exploration, (3) 
reduce exploration costs and risk especially in environmentally 
sensitive areas, and (4) add new oil discoveries and reserves. 
To achieve these goals, we conducted:

•	 a case study of lithofacies and the diagenetic history of 
the Leadville reservoir at Lisbon field (the largest Lead-
ville oil producer in the Paradox Basin), San Juan Coun-
ty, Utah, for regional application; 

•	 regional studies of

°	 general characteristics of the Leadville play, 

°	 oil-prone areas using epifluorescence in well cuttings 
from regional wells,

°	  an estimation of potential oil migration directions by 
evaluating the hydrodynamic pressure regime, and

°	 water chemistry of the middle Paleozoic strata of the 
Paradox Basin; and

•	 a comparison of modern and outcrop depositional analogs.

This Utah Geological Survey (UGS) Bulletin covers the re-
search and results of the five-year Leadville Limestone ex-
ploration play project. Appendices provide the complete data 
compilations, maps, photographs, core descriptions, measured 
sections, etc., either collected or generated from the study. As 
part of the UGS project we also conducted a surface geochem-
ical survey over the Lisbon and Lightning Draw Southeast 
fields (figure 1.1), and areas in between, to evaluate the effec-
tiveness of this low-cost, non-invasive method, which success-
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fully confirmed the presence, or lack, of underlying Leadville 
hydrocarbon reservoirs. The details and complete results of the 
surface geochemical survey were published as separate papers 
in the Rocky Mountain Association of Geologists Special Pub-
lication, The Paradox Basin Revisited—New Developments in 
Petroleum Systems and Basin Analysis and the UGS Miscel-
laneous Publication New Techniques for New Hydrocarbon 
Discoveries—Surface Geochemical Surveys in the Lisbon and 
Lightning Draw Southeast Field Areas, San Juan County, Utah 
(see Seneshen and others, 2009 and 2010, respectively).  

  
BENEFITS AND POTENTIAL APPLICATION

Exploring the Leadville Limestone is high risk, with less 
than a 10% chance of success based on the drilling history 
of the region. Prospect definition often requires expensive, 
three-dimensional (3D) seismic acquisition in environmen-
tally sensitive areas. These facts make exploring difficult, 
especially for independents who are the primary explorers 
and operators in the Paradox Basin. We believe that one or 
more of the project results will reduce the risk taken by an 
independent producer in looking for Leadville oil and gas. 

Another problem in exploring for oil and gas in the Lead-
ville Limestone is the lack of published or publicly available 
geologic and reservoir information, such as regional lithofa-
cies maps, complete reservoir characterization studies, sur-
face geochemical surveys, regional hydrodynamic pressure 
regime maps, and hydrocarbon show data and migration 
interpretations. This UGS Bulletin provides this informa-
tion to save independents and other operators monetary and 
staff resources which they simply do not possess or normally 
have available only for drilling. The technology, maps, and 
interpretive results generated from this project will help to 
identify or eliminate areas and exploration targets prior to 
spending significant financial resources on seismic data ac-
quisition and potential environmental litigation, and there-
fore increase the chance of successfully finding new eco-
nomic accumulations of Leadville oil and gas. 

These benefits may also apply to other high-risk, sparsely 
drilled basins or regions that have potential shallow-marine 
carbonate reservoirs equivalent to the Mississippian Lead-
ville Limestone. These areas include the Utah-Wyoming-
Montana thrust belt (Madison Limestone), the Kaiparowits 
Basin in southern Utah (Redwall Limestone), the Basin and 
Range Province of Nevada and western Utah (various Mis-
sissippian and other Paleozoic units), and the Eagle Basin of 
Colorado (various Mississippian and other Paleozoic units).  
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Many mature basins have productive carbonate reservoirs 
of shallow-marine shelf origin. These mature basins include 
the Eastern Shelf of the Midland Basin, West Texas (Penn-
sylvanian-age reservoirs in the Strawn, Canyon, and Cisco 
Formations); the Permian Basin, West Texas and southeastern 
New Mexico (Permian-age Abo and other formations along 
the northwestern shelf of the Permian Basin); and the Illi-
nois Basin (various Silurian units). The techniques we used 
in the Paradox Basin could be applied to these other basins. 
In general, the average field size in these other mature basins 
is larger than fields in the Paradox Basin. Even though there 
are differences in depositional lithofacies and structural styles 
between the Paradox Basin and other basins, the fundamental 
use of this project’s studies is a critical commonality.  

Figure 1.1. Regional setting and oil and gas fields in the Paradox Basin of Utah, Colorado, Arizona, and New Mexico. Leadville fields are 
highlighted in yellow. Modified from Kitcho (1981) and Harr (1996).   

GENERAL GEOLOGY OF THE  
PARADOX BASIN

The Paradox Basin is located mainly in southeastern Utah and 
southwestern Colorado, with small parts in northeastern Ari-
zona and the northwestern corner of New Mexico (figure 1.1). 
The Paradox Basin is an elongate, northwest-southeast-trend-
ing, evaporitic basin that predominately developed during the 
Pennsylvanian, about 330 to 310 million years ago (Ma). The 
basin can generally be divided into three areas: the Paradox 
fold and fault belt in the north, the Blanding sub-basin in the 
south-southwest, and the Aneth platform in southeasternmost 
Utah (figure 1.1). The Mississippian Leadville Limestone is 
one of two major oil and gas reservoirs in the Paradox Basin, 
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Figure 1.2. Paleozoic stratigraphic section for the central Paradox Basin, Utah. After Hintze and Kowallis (2009). 

the other being the Pennsylvanian Paradox Formation (figure 
1.2); minor amounts of oil are produced from the McCracken 
Sandstone Member of the Devonian Elbert Formation at Lis-
bon field. Most Leadville production is from the Paradox fold 
and fault belt (figure 1.3).  

The most obvious structural features in the basin are the spec-
tacular anticlines that extend for miles in the northwesterly 
trending fold and fault belt. The events that caused these and 
many other structural features to form began in the Protero-
zoic, when movement initiated on high-angle basement faults 
around 1700 to 1600 Ma (Stevenson and Baars, 1986, 1987). 
During Cambrian through Mississippian time, this region, as 
well as most of eastern Utah, was the site of typical thin, shal-
low-shelf marine carbonate deposition on the western part of 
the North American craton while thick deposits accumulated 
in the miogeocline to the west (Hintze and Kowallis, 2009). 
However, major changes began in the Pennsylvanian when 
a pattern of basins and fault-bounded uplifts developed from 
Utah to Oklahoma as a consequence of the collision of South 
America, Africa, and southeastern North America (Kluth and 
Coney, 1981; Kluth, 1986), or from a smaller-scale collision of 
a microcontinent with south-central North America (Harry and 
Mickus, 1998). One result of this tectonic event was the up-
lift of the Ancestral Rockies in the western United States. The 
Uncompahgre Highlands (uplift) in eastern Utah and western 
Colorado initially formed as the westernmost range of the An-
cestral Rockies during this ancient mountain-building period.  

The Uncompahgre Highlands are bounded along their south-
western flank by a large, basement-involved, high-angle re-
verse fault identified from seismic surveys and exploration 
drilling (Frahme and Vaughn, 1983). As the highlands rose, 

an accompanying depression, or foreland basin, formed to the 
southwest—the Paradox Basin. The shape and formation of 
the Paradox Basin was strongly influineced by rejuvenation of 
pre-existing (late Precambrian) northwesterly trending struc-
tures (Baars and Stevenson, 1981). Rapid basin subsidence, 
particularly during the Pennsylvanian and continuing into the 
Permian, accommodated large volumes of evaporitic and ma-
rine sediments that intertongue with non-marine arkosic mate-
rial shed from the highland area to the northeast (Hintze and 
Kowallis, 2009).  

The present Paradox Basin includes or is surrounded by other 
uplifts that formed during the Late Cretaceous–early Tertia-
ry Laramide orogeny, such as the Monument upwarp in the 
west-southwest, and the Uncompahgre uplift, corresponding 
to the earlier Uncompahgre highlands, forming the northeast-
ern boundary (figure 1.1). Oligocene laccolithic intrusions 
form the La Sal and Abajo Mountains in the north and central 
parts of the basin in Utah, whereas the Carrizo Mountains in 
Arizona, and the Ute, La Plata, and San Miguel Mountains in 
Colorado were intruded along the southeastern boundary of 
the basin (figure 1.1).  

The area now occupied by the Paradox fold and fault belt was 
also the site of greatest Pennsylvanian/Permian subsidence 
and salt deposition. Folding in the Paradox fold and fault belt 
began as early as the Late Pennsylvanian as sediments were 
laid down thinly over, and thickly in areas between, rising salt 
(Doelling, 2010). The Paradox fold and fault belt was created 
during the Late Cretaceous through Quaternary by a combina-
tion of (1) reactivation of basement normal faults, (2) addi-
tional salt flowage followed by dissolution and collapse, and 
(3) regional uplift (Doelling, 2010). Trudgill and Paz (2009)

I
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Figure 1.3. Regional setting of the Paradox Basin, showing fields that produce oil and gas from the Mississippian Leadville Limestone, and 
thickness of the Leadville (contour interval is 100 feet [30 m]). Modified from Parker and Roberts (1963). 

suggest that salt movement iniated during the Late Pennsyl-
vanian/Early Permian due to sediment loading. The relatively 
undeformed Blanding sub-basin and Aneth platform devel-
oped on a subsiding shallow-marine shelf. 

Most oil and gas produced from the Leadville Limestone is 
found in descrete, seismically defined basement-involved, 

northwest-trending structural traps that have closure on both 
anticlines and faults (figure 1.4). Lisbon, Big Indian, Little 
Valley, Lightning Draw Southeast, and Lisbon Southeast fields 
(figure 1.3) are sharply folded anticlines that close against the 
Lisbon fault zone. Salt Wash and Big Flat fields (figure 1.3), 
northwest of the Lisbon area, are east-west- and north-south-
trending anticlines, respectively.  
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Figure 1.4. Schematic block diagram of the Paradox Basin displaying basement-involved structural trapping mechanisms for the Leadville 
Limestone fields. Modified from Petroleum Information (1984; original drawing by J.A. Fallin).
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CHAPTER 2: 
LISBON FIELD CASE STUDY, SAN JUAN COUNTY, UTAH— 

GENERAL FIELD CHARACTERISTICS AND RESERVOIR MAPPING

INTRODUCTION AND FIELD SYNOPSIS

Lisbon field, San Juan County, Utah (figure 2.1), accounts for 
most of the Leadville oil and gas production in the Paradox 
Basin. A wealth of Lisbon core, petrographic, and other data 
is available at the UGS’s Utah Core Research Center (UCRC) 
in Salt Lake City. Reservoir characteristics, particularly dia-
genetic overprinting and history, and Leadville lithofacies can 
be applied regionally to other fields and exploration trends in 
the Paradox Basin. Therefore, we selected Lisbon field as the 
major case study for the Leadville Limestone project. This 
evaluation included data collection and construction of vari-
ous maps (top of structure, thickness, porosity, etc.) and cross 
sections as summarized in this Bulletin.

The regional surface geology is dominated by the major north-
west-southeast-trending Lisbon Valley anticline (tens of miles 
in length) (figure 2.1), a classic example of the structures in the 
northwesterly trending Paradox fold and fault belt created due 
to salt movement in the Pennyslvanian Paradox Formation. 
However, here the Lisbon fault, which parallels the crest of 
the anticline, has displaced the Pennsylvanian Honaker Trail 
Formation against Cretaceous strata (figures 2.1 and 2.2). The 
Lisbon fault dies out in Paradox salt. Permian through Jurassic 
strata dip gently to the southwest along the southwestern flank 
of the Lisbon Valley anticline (figures 2.1 and 2.2). 

The trap for Lisbon field is not the Lisbon Valley anticline but 
a separate structure beneath the Paradox Formation. The Lis-
bon trap is an elongate, asymmetric, northwest-trending anti-
cline that has nearly 2000 feet (600 m) of structural closure, 
bounded on the northeast flank by a major, basement-involved 
normal fault that has over 2500 feet (760 m) of displacement 
(Smith and Prather, 1981) (figures 2.3 and 2.4). Several minor, 
northeast-trending normal faults divide the Lisbon Leadville 
reservoir into compartments. Four miles (6.4 km) to the south-
west of Lisbon field, Lightning Draw Southeast field (figures 
2.1 and 2.2) is similar to Lisbon in terms of Leadville reser-
voir structure, lithology, and gas composition.  

Producing units in Lisbon field contain crinoidal/skeletal 
dolograinstone, dolopackstone, and dolowackestone fabrics. 
Diagenesis includes fracturing, autobrecciation, karst devel-
opment, hydrothermal dolomite, and bitumen plugging (de-
scribed in detail in Chapter 4). The net reservoir thickness 
is 225 feet (69 m) over a 5120-acre (2100 ha) area (Clark, 
1978; Smouse, 1993). Reservoir quality is improved by natu-
ral fracturing associated with the Paradox fold and fault belt. 
Porosity averages 6% in fracture-enhanced intercrystalline 
and moldic networks; permeability averages 22 millidarcies 

(mD). Reservoir drive is via an expanding gas cap and grav-
ity drainage; original water saturation was 39% (Clark, 1978; 
Smouse, 1993). The bottom-hole temperature ranges from 
133° to 189°F (56°–87°C). The oil and gas characteristics are 
summarized in table 2.1. 

Oil and gas in the Leadville Limestone (and the McCracken 
Sandstone Member of the underlying Devonian Elbert Forma-
tion) were likely generated from the source rocks in the over-
lying Pennsylvanian Paradox Formation (figure 1.2) (Chidsey, 
2018). Organic-rich informal units, such as the Cane Creek, 
Chimney Rock, and Gothic shales, are well-established source 
rocks (Hite and others, 1984; Nuccio and Condon, 1996). 
These rocks are composed of black, sapropelic shale and shal-
ey dolomite (Morgan, 1993). The average total organic carbon 
(TOC) content of the black shale in the Cane Creek is 15% 
and some samples contain up to 28% (Grummon, 1993; Mor-
gan and others, 2014). The Chimney Rock shale has from 1% 
to 3% TOC and a mean vitrinite reflectance (Ro mean) of 1.3% 
to 2.5% (Hite and others, 1984; Peterson, 1992). The Gothic 
shale has from 1.5% to near 4% TOC and an Ro mean of 0.8% 
to 1.2% (Hite and others, 1984; Peterson, 1992). Other, deeper 
shale facies in the Paradox Formation contain as much as 13% 
TOC (Hite and others, 1984). Hydrocarbons were expelled 
and subsequently migrated along faults in the Lisbon field 
structure where the Leadville and McCracken are juxtaposed 
directly against these Pennsylvanian source rocks. 

Lisbon field was discovered in 1960 with the comple-
tion of the Pure Oil Company No. 1 NW Lisbon USA well, 
NE1/4NW1/4 section 10, T. 30 S., R. 24 E., Salt Lake Base 
Line and Meridian (SLBL&M) (figure 2.3), that had an ini-
tial flowing potential (IFP) of 179 bbls of oil per day (BOPD) 
and 4376 thousand cubic feet of gas per day (MCFGPD). The 
original reservoir field pressure was 2982 pounds per square 
inch (psi [20,560 kPa]) (Clark, 1978). Currently, 13 produc-
ing (or shut in) Leadville  wells, 13 abandoned producers, 5 
injection wells (4 gas injection wells and one water/gas injec-
tion well), and 4 dry holes are in the field. Cumulative Lead-
ville production as of July 1, 2020, was 50,679,482 bbls of oil, 
761.5 BCFG (cycled gas), and 50,511,202 bbls of water (Utah 
Division of Oil, Gas and Mining, 2020). Hydrocarbon gas, 
re-injected into the crest of the structure to control pressure 
decline, is now being produced; acid gas is still re-injected.

Three factors create reservoir heterogeneity within produc-
tive zones: (1) variations in carbonate fabrics and facies, (2) 
diagenesis (including karstification), and (3) fracturing. The 
extent of these factors and how they are combined affect the 
degree to which they create barriers to fluid flow.



Utah Geological Survey12

Figure 2.1. General surface geology of the Lisbon field area, San Juan County, Utah. Modified from Hintze and others (2000). Cross section 
A–A' shown on figure 2.2.    
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Figure 2.2. Detailed cross section through the Lisbon and Lightning Draw Southeast fields showing the fault-bounded Leadville Limestone hydrocarbon reservoirs. Line of section shown on figure 
2.1. G/O contact = gas-oil contact, O/W contact = oil-water contact, G/W contact = gas-water contact.    
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Figure 2.3. Top of structure of the Leadville Limestone, Lisbon field. Modified from C.F. Johnson, Union Oil Company of California files (1970) 
courtesy of Tom Brown, Inc. Cross section B–B' shown on figure 2.4. Also displayed are wells from which cores were described in this study.    

Figure 2.4. Schematic east-west structural cross section, Lisbon field. Line of section shown on figure 2.3. Note the juxtaposition of the 
Mississippian (M) section against the Pennsylvanian (IP) section which includes evaporites (salt) and organic-rich shale. OGC = oil-gas 
contact, OWC = oil-water contact. Modified from Clark (1978).   
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 LOG-BASED CORRELATION SCHEME

The Leadville Limestone is divided into two informal mem-
bers in Lisbon field, identified by a characteristic geophysi-
cal log response (figure 2.5) (Fouret, 1982, 1996). Mitchell 
(1961) noted that the contact between the upper and lower 
members at Lisbon field is unconformable and characterized 
by an abundance of chert clasts. 

The typical vertical sequence or cycle of depositional lithofa-
cies from Lisbon field, as determined from conventional core, 
was tied to the corresponding gamma-ray and neutron-density 
curves from geophysical well logs (figure 2.5). The correla-
tion scheme enabled us to identify the major zone contacts, 
seals or barriers, baffles, producing or potential reservoirs, and 
depositional lithofacies. These contacts were used to produce 
field cross sections (figure 2.2 and plates 1 and 2 in appendix 
A) and a variety of structure and isochore maps (figures 2.3 
and 2.6 through 2.13).    

Seals or barriers include thick shales of the Molas Formation, 
which overlies the Leadville Limestone. Baffles are those 
rock units that restrict fluid flow in some parts of the field 
but may develop enough porosity and permeability in other 
parts, through diagenetic processes or lithofacies changes, to 
provide a conduit for fluid flow or even oil and gas storage. 
Baffles are found throughout the Leadville stratigraphic sec-
tion. The four reservoir zones defined in this study (1 through 
4, from top to bottom) are those units containing 8% or more 
porosity based on the average of the neutron and density po-
rosity values (figure 2.5).  

Depositionally, rock units are divided into crinoid banks/
shoals, Waulsortian-type carbonate buildups (mounds) 
(bafflestone, bindstone, grainstone, and packstone), and 
inter-bank/shoal and inter-mound seals or barriers (mud-
stone and shale). Associated with Waulsortian carbonate-
buildup rock units are flank/off buildups (floatstone, rud-
stone, wackestone, and mudstone). Porosity units, and 
reservoir or potential reservoir layers, are identified within 

the crinoid banks/shoals and carbonate-buildup and flank/
off-buildup intervals. These units contain all productive 
reservoir lithofacies.  

The correlation scheme was used for (1) predicting changes in 
reservoir and non-reservoir rocks across the field, (2) compar-
ing field to non-field areas, (3) estimating the reservoir proper-
ties and identifying lithofacies in wells which were not cored, 
and (4) determining potential units suitable for horizontal 
drilling. The scheme can be applied to other fields in the Para-
dox Basin, both those with cores and without.

 
RESERVOIR MAPPING

Isochore maps were constructed of reservoir zones 1 through 
4 in the Leadville Limestone for Lisbon field (figures 2.6 
through 2.9). These field maps incorporate zone tops and 
thickness from all geophysical well logs in the area; the maps 
also include faulting. We generated the net feet of porosity 
isochore maps for reservoir zones 1 through 4 (figures 2.10 
through 2.13) of the Leadville for those parts of the reservoir 
units containing 10% or more porosity based on the average 
of the neutron and density porosity values. Whereas 8% or 
more porosity defines the reservoir zones, we used 10% or 
more porosity for greater definition of the zones mapped. The 
maps display well names, Leadville completions, and interval 
thickness for each well.  

The bottom-hole temperature was plotted for most wells in Lis-
bon field (figure 2.14). Contoured temperatures identify possible 
patterns in temperature data. All wells with available core show 
evidence of hydrothermal dolomitization. The presence of hy-
drothermal dolomite and its relationship to reservoir tempera-
ture and faulting are critical in identifying diagenetic trends.  

Production analysis was conducted for Lisbon field by com-
piling data through two principal tasks: (1) review of existing 
well-completion data, and (2) determination of production 

Oil Gas
Gravity 54–62.6° API Methane 48%
Specific Gravity 0.765 Higher Fractions 13%
Color Yellow to Red Nitrogen 24%
Pour Point -35°F Carbon Dioxide 14%
Viscosity (cst)* 1.03 @ 104°F Hydrogen Sulfide 1.2%
Viscosity (sus)† 29.2 @ 104°F Helium trace–1.1%
Sulfur 0.2% Specific Gravity 0.89
Nitrogen 0.002% Heating Value 685 BTU/ft3

* centistokes
† Saybolt Universal Seconds

Table 2.1. General characteristics of the oil and gas produced from the Leadville Limestone at Lisbon field, San Juan County, Utah (Stowe, 
1972; Morgan, 1993; Chidsey, 2018).       
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Figure 2.5. Typical gamma ray–sonic log of the Leadville Limestone showing the two informal members (Fouret, 1982, 1996) and four reservoir 
zones defined in this study; Lisbon field discovery well, San Juan County, Utah. See figure 2.3 for well location.  

history from monthly production reports available through 
the Utah Division of Oil, Gas and Mining. This informa-
tion was merged with geological characterization data and 
incorporated into the interpretation of reservoir diagenesis 
(described in Chapter 4).  

Well-test data can provide key insights into the nature of res-
ervoir heterogeneities, and also provide “large-scale” quanti-
tative data on actual reservoir properties and lithofacies from 

the Lisbon case-study reservoir. Although several well tests 
have been conducted in all of the target reservoirs, only the 
IFP well tests provide quantitative reservoir property informa-
tion. Thus, IFP well tests for each well were plotted (figure 
2.15). Oil production from Lisbon field has steadily declined 
since peaking in the 1970s. Cumulative production for each 
well was also plotted (figure 2.16). These plots were used to 
determine possible production “sweet spots” and their rela-
tionship to faulting and reservoir diagenesis.  
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Figure 2.6.  Isochore of zone 1, Leadville Limestone, Lisbon field.    



Utah Geological Survey18

Figure 2.7. Isochore of zone 2, Leadville Limestone, Lisbon field.  
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Figure 2.8. Isochore of zone 3, Leadville Limestone, Lisbon field.    
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Figure 2.9. Isochore of zone 4, Leadville Limestone, Lisbon field.  
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Figure 2.10. Net feet of porosity isochore for reservoir zone 1, Leadville Limestone, Lisbon field.  
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Figure 2.11. Net feet of porosity isochore for reservoir zone 2, Leadville Limestone, Lisbon field.    
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Figure 2.12. Net feet of porosity isochore for reservoir zone 3, Leadville Limestone, Lisbon field.    
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Figure 2.13. Net feet of porosity isochore for reservoir zone 4, Leadville Limestone, Lisbon field. 
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Figure 2.14. Bottom-hole temperature map, Leadville Limestone, Lisbon field.   
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Figure 2.15. Initial flowing potential, Leadville Limestone, Lisbon field.   
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Figure 2.16. Cumulative oil production, Leadville Limestone, Lisbon field.    
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REGIONAL SETTING OF THE  
LEADVILLE LIMESTONE

The Mississippian (late Kinderhookian to early Meramecian 
time) Leadville Limestone is a shallow, open-marine, car-
bonate-shelf deposit (figures 3.1A and 3.2).  The western part 
of the Paradox fold and fault belt includes a regional, reflux-
dolomitized, interior bank lithofacies containing Waulsortian 
mounds (Welsh and Bissell, 1979). During Late Mississippian 
(Chesterian) time, the entire carbonate platform in southeast-
ern Utah and southwestern Colorado was subjected to subaer-
ial erosion resulting in formation of a lateritic regolith (figure 
3.1B) (Welsh and Bissell, 1979). This regolith and associated 
carbonate dissolution are important factors in Leadville res-
ervoir potential (figure 3.3). Solution breccia and karstified 
surfaces are common, including possible local development 
of cavernous zones (Fouret, 1982, 1996).  

The Leadville Limestone thins from more than 700 feet (>230 
m) in the northwestern corner of the Paradox Basin to less 
than 200 feet (<70 m) in the southeastern corner (Morgan, 
1993) (figure 1.3). Thinning is a result of both depositional 
onlap onto the western North American cratonic shelf and 
subaerial erosion. The Leadville is overlain by the Pennsylva-
nian Molas Formation and underlain by the Devonian Ouray 
Limestone (figure 1.2).  

Periodic movement along northwest-trending faults affect-
ed deposition of the Leadville Limestone. Crinoid banks or 
mounds, the primary reservoir lithofacies (figure 3.2), accu-
mulated in shallow-water environments on upthrown fault 
blocks or other paleotopographic highs. In areas of greatest 
paleorelief, the Leadville is completely missing as a result of 
non-deposition or subsequent erosion (Baars, 1966).

The Leadville Limestone is divided into two members (see fig-
ure 2.3) separated by an intraformational disconformity. The 
dolomitic lower member is composed of mudstone, wacke-
stone, packstone, and grainstone deposited in shallow-marine, 
subtidal, supratidal, and intertidal environments (Fouret, 1982, 
1996). Fossils include crinoids, fenestrate bryozoans, and bra-
chiopods. Locally, mud-supported boundstone creates build-
ups or mud mounds (Waulsortian facies), involving the growth 
of “algae” (Wilson, 1975; Fouret, 1982, 1996; Ahr, 1989). The 
upper member is composed of mudstone, packstone, grain-
stones (limestone and dolomite), and terrigenous clastics also 
deposited in subtidal, supratidal, and intertidal environments 
(Fouret, 1982, 1996). Fossils include crinoids and rugose coral. 
Reservoir rocks are crinoid-bearing packstone (Baars, 1966).

CORE DESCRIPTIONS

All available conventional cores from Lisbon field (figure 2.1, 
table 3.1) were photographed and described (see appendices 
B and C). Special emphasis was placed on identifying flow 
unit bounding surfaces and depositional environments. The 
core descriptions follow the guidelines of Bebout and Loucks 
(1984), which include (1) basic porosity types, (2) mineral 
composition in percentage, (3) nature of contacts, (4) carbon-
ate structures, (5) carbonate textures in percentage, (6) carbon-
ate fabrics, (7) grain size (dolomite), (8) fractures, (9) color, 
(10) fossils, (11) cement, and (12) depositional environment. 
Carbonate fabrics were determined according to Dunham's 
(1962) and Embry and Klovan's (1971) classification schemes.

Geological characterization on a local scale focused on reser-
voir heterogeneity, quality, and lateral continuity, as well as 
possible compartmentalization within Lisbon field. This uti-
lized representative core and modern geophysical well logs to 
characterize and initially grade various untested intervals in 
the field for possible additional completion attempts.  

The typical vertical sequence or cycle of lithofacies from Lis-
bon field, as determined from conventional core, was tied to 
its corresponding log response (figure 3.4). These sequences 
graphically include (1) carbonate fabric, pore type, physical 
structures, texture, framework grain, and facies described 
from core; (2) plotted porosity and permeability analysis from 
core plugs; and (3) gamma-ray and neutron-density curves 
from geophysical well logs. The graphs can be used for iden-
tifying reservoir and non-reservoir rock, determining potential 
untested units suitable for completion or possible horizontal 
drilling projects, and comparing field to non-field areas. 

LISBON FIELD LITHOFACIES

Three depositional lithofacies were identified from Leadville 
Limestone cores described from the Lisbon field case study 
(figure 3.2). Recognizing and mapping of these lithofacies re-
gionally helped delineate prospective reservoir trends contain-
ing porous and productive buildups or zones. Leadville litho-
facies include (1) open marine, (2) ooid and peloid shoals, and 
(3) middle shelf.

Open Marine

Open-marine lithofacies are represented by crinoidal banks or 
shoals and Waulsortian-type buildups (figure 3.2). Crinoidal 
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Figure 3.1. Paleogeography of Utah during Mississippian time. (A) A warm shallow sea covered much of Utah during the early Meramecian. 
(B) During Late Mississippian (Chesterian) time, the entire carbonate platform in southeastern Utah and southwestern Colorado was subjected 
to subaerial erosion. Modified from Blakey and Ranney (2008).             

A.

B.
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Figure 3.2. Block diagram displaying major depositional facies, as determined from core, for the Leadville Limestone, Lisbon field, San Juan 
County, Utah.       

Figure 3.3. Block diagram displaying post-Leadville karst and fracture overprint.         

Well Location API No. Core Interval (feet) Thin Sections
Lisbon D-816 NE SE 16, T. 30 S., R. 24 E. 43-037-16253 8417–8450 15
Lisbon D-616 C NE NE 16, T. 30 S., R. 24 E. 43-037-15049 8300–9110 13

NW Lisbon B-63 NE NW 3, T. 30 S., R. 24 E. 43-037-11339 9934–10,005 14
Lisbon B-816 NE SW 16, T. 30 S., R. 24 E. 43-037-16244 8463–8697 22
Lisbon B-610 NE NW 10, T. 30 S., R. 24 E. 43-037-16469 7590–8001.5 18

Table 3.1. Conventionally slabbed well core examined and described from the Leadville Limestone, Lisbon field, San Juan County, Utah. See 
figure 2.3 for well locations.       

Repository: Utah Core Research Center.
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Figure 3.4. Typical Leadville vertical sequence from Lisbon field, including geophysical well logs, porosity/permeability plots, and core description, of the Lisbon No. D-816 
well (figure 2.3), San Juan County, Utah.  
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banks and shoals are common throughout Leadville deposi-
tion, often located on paleotopographic highs developed along 
the upthrown side of older basement-involved fault blocks. 
This lithofacies represents high-energy environments with 
well-circulated, normal-marine salinity water in a subtidal 
setting, although they can also be present in restricted marine, 
middle shelf settings. Wave action was strong (leaving broken 
crinoid columns and winnowing out mud) to moderate (leav-
ing articulated crinoid columnals and some muddy matrix). 
Low- to medium-scale cross-bedding is common. Crinoid 
columnals were not transported far from the thickets where 
they grew. Rugose corals were also abundant in this environ-
ment. According to Wilson (1975), crinoid columnals or seg-
ments were covered with organic matter, which allowed them 
to float until accumulating on nearby shoals and banks. We 
estimate that water depths ranged from 5 to 45 feet (1.5–14 
m). The depositional fabrics of crinoidal banks and shoals in-
clude grainstone and packstone (figure 3.5). Rocks represent-
ing crinoidal banks and shoals typically contain the follow-
ing diagnostic constituents: dominantly crinoids and rugose 
corals, and lesser amounts of broken fenestrate bryozoans, 
brachiopods, ostracods, and endothyroid forams as skeletal 
debris. Rock units with this lithofacies constitute a significant 
reservoir potential, having both effective porosity and perme-
ability when dissolution of skeletal grains, followed by dolo-
mitization, has occurred.

Waulsortian buildups or mud mounds developed exclusively 
during the Mississippian in many parts of the world (Wilson, 
1975), and Waulsortian-type buildups were first described in 
Lisbon field by Fouret (1982) and are steep-sloped tabular, 
knoll, or sheet forms composed of several generations of mud 
deposited in a subtidal setting (Fouret, 1982, 1996; Lees and 
Miller, 1995) (figure 3.2). Lime mud was precipitated by bac-
teria and fungal/cyanobacterial filaments (Lees and Miller, 
1995). Cyanobacteria (microbialites) were a likely precursor 
to the green algae Ivanovia responsible for Pennsylvanian 
buildups in the Paradox Basin (Fouret, 1982, 1996). Crinoids 
and sheet-like fenestrate byrozoans, in the form of thickets, 
are associated with the deeper parts of the mud mounds and 
are indicative of well-circulated, normal-marine salinity. We 
estimate that water depths ranged from 60 to 90 feet (20–30 
m). The thickets surrounded and helped to stabilize the mound. 
Burrowing organisms added a pelletal component to the mud 
and burrowing often destroyed laminations or made them dis-
continuous. Individual mounds range from a few feet to tens 
of feet thick, and cover hundreds of feet in areas with dis-
tinctive flank deposits. They form thick, extensive aggregates 
often located on paleotopographic highs associated with base-
ment-involved faults (figure 3.2). This lithofacies represents a 
low- to moderate-energy environment. The depositional fab-
rics of the Waulsortian-type buildups include mud-supported 
boundstone, packstone, and wackestone (figure 3.6). Rocks 
representing Waulsortian-type buildups typically contain the 
following diagnostic constituents: peloids, crinoids, bryozo-
ans, and associated skeletal debris, and stromatactis. Rock 

units having this lithofacies constitute a significant reservoir 
potential, having both effective porosity and permeability, es-
pecially after dolomitization. Waulsortian-type buildups are 
recognized in several additional cores described by Fouret 
(1982, 1996).

Shoal-flank lithofacies are associated with both crinoid bank/
shoal and Waulsortian-type buildup facies (figure 3.2). This 
lithofacies represents a moderate-energy environment, again 
with well-circulated, normal-marine salinity water in a subtid-
al setting. We estimate that water depths ranged from 60 to 90 
feet (20–30 m). In the shallower areas, wave action was strong 
to moderate, eroding the flanks of the shoals and mud mounds 
into a breccia. Bedding is generally absent in cores. The depo-
sitional fabrics of the shoal-flank lithofacies include peloidal/
skeletal packstone and wackestone (figure 3.7). Rocks repre-
senting this lithofacies typically contain the following diag-
nostic constituents: peloids, crinoids, bryozoans, brachiopods, 
and associated skeletal debris, and talus, depositional breccia, 
and conglomerate (Fouret, 1982, 1996). Rock units having 
shoal-flank lithofacies constitute a limited reservoir potential, 
having little effective porosity and permeability.

Ooid and Peloid Shoals

Ooid and “hard” peloid shoals developed as a result of agitat-
ed, shallow-marine processes on the open-marine or border-
ing restricted-marine middle shelf (figure 3.2). Like crinoidal 
banks and Waulsortian-type buildups, hard peloid and ooid 
shoals were common throughout Leadville deposition, espe-
cially on paleotopographic highs. This lithofacies represents a 
moderate- to high-energy environment, with moderately well-
circulated water in a shoal setting. The water probably had 
slightly elevated salinity compared to the other lithofacies. 
Sediment deposition and modification probably occurred in 
water depths that we estimate ranged from near sea level to 
20 feet (6 m) below sea level. Wave action winnowed out mud 
leaving various well-sorted grains. Characteristic features of 
this lithofacies include medium-scale cross-bedding and bar-
type carbonate sand-body morphologies that formed not only 
shoals, but beaches and tidal bars (Fouret, 1982). Well-devel-
oped ooids were produced from movement of particles over 
algal or cyanobacterial (microbial) mats by intertidal currents 
and continuous wave action (Mitchell, 1961; Fouret, 1982).

The depositional fabrics of the ooid and peloid shoal lithofa-
cies include grainstone and packstone (figure 3.8). Rocks rep-
resenting this lithofacies typically contain the following di-
agnostic constituents: ooids, coated grains, and hard peloids. 
Fossils are relatively rare.  

Rock units having ooid and peloid shoal lithofacies consti-
tute good reservoir potential. Remnants of visible interpar-
ticle and moldic porosity may be present in this lithofacies. 
Dolomitization significantly increases the reservoir quality 
of this lithofacies.
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Figure 3.5. Typical crinoidal/skeletal grainstone/packstones representing high-energy, open-marine shoal lithofacies, Lisbon No. B-816 
(NE1/4SW1/4 section 16, T. 30 S., R. 24 E., SLBL&M [figure 2.3]). (A) Slabbed core from 8506.5 feet (2592.8 m). Note the large rugose coral. 
(B) Slabbed core from 8547 feet (2605 m).  

A. B.
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Figure 3.6. Typical peloidal/skeletal packstone/wackestones representing moderate- to low-energy, open-marine (and occasionally 
middle shelf), Waulsortian-type buildup lithofacies. (A) Lisbon No. B-816 (NE1/4SW1/4 section 16, T. 30 S., R. 24 E., SLBL&M [figure 
2.3]); slabbed core from 8646 feet (2635 m). (B) Lisbon No. D-616 (NE1/4NE1/4 section 16, T. 30 S., R. 24 E., SLBL&M); slabbed core 
from 8514 feet (2595 m).  

A. B.

Middle Shelf

Middle-shelf lithofacies covered extensive areas across the 
shallow platform and represent a low-energy, often restricted-
marine environment (figure 3.2). Mud and some sand were de-
posited in a subtidal (burrowed), inter-buildup/shoal setting. We 
estimate that water depths ranged from 60 to 90 feet (20–30 m).  

The depositional fabrics of the middle-shelf lithofacies in-
clude wackestone and mudstone (figure 3.9). The most com-
mon is bioturbated lime to dolomitic mudstone having sub-
horizontal feeding burrows. Rocks representing this lithofa-
cies typically contain the following diagnostic constituents: 

soft pellet muds, “soft” peloids, grain aggregates, crinoids and 
associated skeletal debris, and fusulinids. 

Rock units having middle-shelf lithofacies act as barriers and 
baffles to fluid flow, having very little effective porosity and 
permeability. This lithofacies has few megafossils and little 
visible matrix porosity, with the exception of an occasional 
moldic pore. However, recognizing this lithofacies is impor-
tant because low-energy carbonates of the middle shelf form 
the substrate for the development of the higher energy cri-
noid banks, ooid/hard peloid shoals, and Waulsortian-type 
buildups (figure 3.2). The middle-shelf lithofacies can contain 
reservoir-quality rocks if dolomitized.
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Figure 3.7. Typical peloidal/skeletal packstone/wackestone repre-
senting moderate-energy, open-marine, shoal-flank lithofacies. Lis-
bon No. B-816 (NE1/4SW1/4 section 16, T. 30 S., R. 24 E., SLBL&M 
[figure 2.3]); slabbed core from 8521 feet (2597 m).   

Figure 3.8. Typical peloidal grainstone/packstone representing 
moderate-energy, “hard” peloid shoal lithofacies. Lisbon No. B-816 
(NE1/4SW1/4 section 16, T. 30 S., R. 24 E., SLBL&M [figure 2.3]); 
slabbed core from 8463 feet (2580 m).     
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Figure 3.9. Typical skeletal/“soft” peloidal wackestone/mudstone representing low-energy, restricted-marine, middle-shelf lithofacies. Lis-
bon No. B-816 (NE1/4SW1/4 section 16, T. 30 S., R. 24 E., SLBL&M [figure 2.3]); slabbed core from 8649 feet (2636 m).       



Utah Geological Survey40



41The Mississippian Leadville Limestone oil and gas play, Paradox Basin, southeastern Utah and southwestern Colorado

by 

David E. Eby, Eby Petrography & Consulting, Inc.

Thomas C. Chidsey, Jr., Utah Geological Survey

Joseph N. Moore, Energy & Geoscience Institute 

Louis H. Taylor, Standard Geological Services, Inc.  
(now at the Denver Museum of Nature & Science)

and

John D. Humphrey, Colorado School of Mines  
(now at King Fahd University of Petroleum and Minerals)

CHAPTER 4: 

DIAGENETIC ANALYSIS OF THE LEADVILLE  
LIMESTONE, LISBON FIELD CASE STUDY 



Utah Geological Survey42



43The Mississippian Leadville Limestone oil and gas play, Paradox Basin, southeastern Utah and southwestern Colorado

CHAPTER 4: 
DIAGENETIC ANALYSIS OF THE LEADVILLE LIMESTONE, 

LISBON FIELD CASE STUDY 

INTRODUCTION

The diagenetic fabrics and porosity types found in the vari-
ous hydrocarbon-bearing rocks of Lisbon field can be indica-
tors of reservoir flow capacity, storage capacity, and untested 
potential. Diagenetic characterization is focused on reservoir 
heterogeneity, quality, and compartmentalization within the 
field. All depositional, diagenetic, and porosity information 
can be combined with the production history to analyze the 
potential for the Leadville Limestone regionally. 

The petrographic techniques employed consisted of (1) ba-
sic thin section petrographic descriptions, (2) porosity and 
permeability cross-plot evaluation, (3) scanning electron 
microscope (SEM) analysis of various dolomites to deter-
mine reservoir quality of the dolomites as a function of 
diagenetic history, and (4) epifluorescence (EF) and cath-
odoluminescence (CL) petrography for the sequence of dia-
genesis. Geochemical analysis included (1) fluid inclusion 
(FI) evaluation to determine the temperatures of secondary 
dolomite formation and the salinity of the original brines, 
(2) stable carbon and oxygen isotope analysis of diagenetic 
components such as cementing minerals and different gen-
erations of dolomites, and (3) strontium isotope analysis for 
tracing the origin of fluids responsible for different diage-
netic events.  

An ideal diagenetic sequence based on our analysis of Lead-
ville Limestone thin sections from Lisbon field is presented 
in figure 4.1. Leadville reservoir quality at Lisbon is greatly 
enhanced by dolomitization and dissolution of limestone. 
There are two basic types of dolomite: very fine, early do-
lomite and coarse, late dolomite. The early dolomitization 
and leaching of skeletal grains resulted in low-porosity and/
or low-permeablility rocks. Most reservoir rocks within 
Lisbon field appear to be associated with the second, late 
type of dolomitization and associated leaching events. Oth-
er diagenetic products include pyrobitumen, syntaxial ce-
ment, sulfide minerals, anhydrite cement and replacement, 
and late macrocalcite. Fracturing and brecciation caused by 
hydrofracturing are widespread within Lisbon field. Sedi-
ment-filled cavities, related to karstification of the exposed 
Leadville, are present in the upper third of the formation. 
Late dolomitization, sulfides, and brecciation may have de-
veloped from hydrothermal events that can greatly improve 
reservoir quality.  

BASIC THIN SECTION PETROGRAPHIC 
AND CORE PLUG PETROPHYSICAL 

ANALYSIS

To determine the diagenetic histories of the various Leadville 
Limestone rock fabrics, including both reservoir and non-
reservoir, 64 thin sections of representative samples were se-
lected from the conventional cores (figure 2.1 and table 3.1) 
for petrographic description and geochemical analysis. Car-
bonate fabrics were determined according to Dunham’s (1962) 
and Embry and Klovan’s (1971) classification schemes. Pores 
and pore systems were described using Choquette and Pray’s 
(1970) classification (figure 4.2). Each thin section was pho-
tographed with additional close-up photos of (1) typical pre-
served primary and secondary pore types, (2) cements, (3) 
sedimentary structures, (4) fractures, and (5) where present, 
pore-plugging anhydrite, halite, and bitumen.  

Thin Section Description and Interpretation

The early diagenetic history of the Leadville Limestone sedi-
ments, including some early dolomitization and leaching of 
skeletal grains, resulted in low-porosity and/or low-perme-
ablility rocks. Most of the porosity and permeability associat-
ed with hydrocarbon production was developed during deeper 
subsurface dolomitization and dissolution. Some of these im-
portant subsurface processes are shown with the purple bars 
in figure 4.1 and are discussed below generally in the order in 
which they occur. For the complete descriptions and photomi-
crographs of Lisbon thin sections refer to appendix D.

Syntaxial Cement

Syntaxial cementation is an early diagentic event (figure 4.1). 
This type of cementation is found exclusively as overgrowths 
on echinoderms (figure 4.3), in this case dominantly crinoids 
deposited in banks or shoals of the open-marine facies. Crinoid 
ossicles often appear to be “floating” in cement with little evi-
dence of compaction. If extensive syntaxial cementation has 
occurred, the result will be a significant reduction of porosity. 
However, the thin sections evaluated show this diagenetic pro-
cess has been relatively minor. 

Dolomitization and Porosity Development 

Two basic types of dolomite have been identified in the cores 
(figure 4.4A). The first type consists of “stratigraphic” dolo-
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mite that preserves original depositional grains and textures. 
Very fine (<5 μm), interlocking dolomite crystals with no in-
tercrystalline pore spaces are the norm (figure 4.4B). Com-
monly, this type of dolomite can be correlated across the field 
in several relatively thin intervals. The second type of dolo-
mite is a much coarser (>10–20 μm), later replacement of all 
types of limestone and earlier “stratigraphic” dolomites (fig-
ure 4.4C). Crosscutting relationships with carbonate bedding 
and variable dolomite thickness across the field are common. 
Petrographically, the coarse, second dolomite type consists of 
crystals with thick, cloudy, inclusion-rich cores and thin, clear 
overgrowths that have planar crystal terminations. Often, 
these coarser dolomites show saddle dolomite characteristics 
of curved crystal shape (figure 4.5) and sweeping extinction 
under cross-polarized lighting. Pervasive leaching and disso-
lution episodes, which predate or concomitant with saddle do-
lomite formation, crosscut the carbonate host rocks and result 
in late vugs, as well as extensive microporosity. Pyrobitumen 

appears to coat most intercrystalline dolomite, as well as dis-
solution pores associated with the second type of dolomite. 
Most reservoir rocks within Lisbon field appear to be associ-
ated with the second, late type of dolomitization and associ-
ated leaching events.  

Later dolomitization, saddle dolomite, and dolomite cement 
precipitation may have occurred at progressively higher 
temperatures, that is, hydrothermal dolomite. Hydrothermal 
events can improve reservoir quality by increasing poros-
ity through dolomitization, leaching, development of micro-
porosity, and natural fracturing (forming breccia) kept open 
with various minerals (Smith, 2004, 2006; Davies and Smith, 
2006; Smith and Davies, 2006). Hydrothermal dolomite pre-
cipitates under temperature and pressure conditions greater 
than the ambient temperature and pressure of the host lime-
stone (Davies, 2004; Davies and Smith, 2006; Smith, 2006; 
Smith and Davies, 2006). The result can be the formation of 
large, diagenetic-type hydrocarbon traps.  

Figure 4.1. Ideal diagenetic sequence through time based on thin section analysis, Leadville Limestone, Lisbon field.    
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Figure 4.2. Classification of pores and pore systems in carbonate rocks. From Choquette and Pray (1970).  
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A.

B.

Figure 4.3. (A) Conventional core slab showing partially dolomitized crinoidal/grainstone packstone. (B) Representative photomicrograph 
(plane light) from the core in A, showing early syntaxial overgrowths on crinoid ossicles. Crinoids appear cloudy due to inclusions of organic 
matter. Lisbon No. D-816 well (figure 2.3), 8435 feet (2571 m), porosity = 7.5%, permeability = 0.03 mD.      
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A.

B.

Figure 4.4. (A) Conventional core slab showing low-permeability, fabric-selective, very fine early dolomite as well as porous, coarser late 
dolomite. Most of the late dolomite crystal faces are coated with films of pyrobitumen. Hence, most of the areas of crosscutting coarser 
dolomites are black in this view. Note the position of the thin section, which captures the contact between low-permeability early dolomite 
(upper right part of the thin section) and high-permeability late, “black dolomite” (lower left). (B) Representative photomicrograph (plane 
light) of the low-permeability, finely crystalline dolomite with isolated grain molds. Most of this fabric-selective dolomite formed early in 
the diagenetic history of the skeletal/peloid sediment. (C) Representative photomicrograph (plane light) of the coarser replacement dolomite 
(both euhedral rhombs and occasional “saddle” overgrowths [close-up view in inset]). The black (opaque) areas are the result of pyrobitumen 
films and minor sulfide precipitation. Lisbon No. D-816 well (figure 2.3), 8433 feet (2570 m), porosity = 2%, permeability <0.1 mD.      

C.
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Figure 4.5. Thin section photomicrograph (plane light) showing a saddle dolomite cement that is filling a large pore (either a grain mold or 
small vug). The dolomite cement has been surrounded by a coating of pyrobitumen (in black). This late dolomite cement has been partially 
dissolved or corroded around its margins after the bitumen coating. Lisbon No. D-816 well (figure 2.3), 8421 feet (2567 m), porosity = 8.3%, 
permeability = 34 mD.    

Post-Burial Brecciation

Fracturing and brecciation are quite common within Leadville 
Limestone reservoirs at Lisbon field (figures 4.6 through 4.8) 
(Chidsey and others, 2020). However, brecciation is most 
commonly caused by natural hydrofracturing, creating an ex-
plosive-looking, pulverized rock, an “autobreccia” as opposed 
to a collapse breccia. Clasts within autobreccias remained in 
place and moved very little. Dolomite clasts are commonly 
surrounded by solution-enlarged fractures partially filled with 
coarse rhombic and saddle dolomites that are coated with py-
robitumen. Areas between clasts exhibit good intercrystalline 
porosity or microporosity, or are filled by dolomite cements. 
Intense bitumen plugging is concurrent or takes place shortly 
after brecciation. Rimmed microstructures or stair-step frac-
tures are occasionally present, reflecting shear and explosive 
fluid expulsion from buildup of pore pressure.  

Karst-Related Processes	

Sediment-filled cavities are common throughout the upper 
one-third of the Leadville Limestone in Lisbon field (figure 

4.9). These cavities or cracks were related to karstification 
of the subaerially exposed Leadville (figures 3.1B and 3.3). 
Infilling of the cavities by detrital carbonate and siliciclastic 
sediments occurred before the deposition of the Pennsylva-
nian Molas Formation; however, Evans and Reed (2006, 
2007) described redeposition of debrites and loess from the 
Molas in southwestern Colorado as cave sediments in pa-
leokarst features of the Leadville. The contact between the 
transported material and country rock can be sharp, irregu-
lar, and corroded with small associated mud-filled fractures. 
Transported material consists of poorly sorted detrital quartz 
grains (silt size), chert fragments, carbonate clasts, clay, and 
occassional clasts of mud balls (desiccated and cracked). Car-
bonate mud infilltration of karst cavities are dolomitized (a 
later diagenetic process). Dolomitized infilling is non-porous 
and consists of very fine crystals. Infilling sometimes displays 
a crude lamination.  

Other karst features observed in Leadville thin sections include 
the presence of “root hair,” which is thin, sinuous cracks filled 
with dolomitized mud. Clasts also may have a coating of clay. 
Both of these features are evidence of a soil zone.  
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Figure 4.6.  Autobrecciation in the Leadville Limestone from Lisbon 
field. (A) Conventional core slab showing a dolomite “autobreccia” in 
which the clasts have moved very little. The black material surrounding 
the in-place clasts is composed of porous late dolomite coated with 
pyrobitumen. The red box indicates the approximate position of the 
thin section shown on B. (B) Entire thin section overview from the 
core in A, showing low-porosity, white dolomite clasts surrounded by 
solution-enlarged fractures partially filled with coarse rhombic (RD) 
and saddle dolomite that is coated with pyrobitumen (bit). The black 
areas between the clasts exhibit very good intercystalline porosity. The 
open fracture segments (in blue) between clasts are bridged by coarse, 
saddle dolomite cement (SDC). (C) Entire thin section overview from 
the core in A, of black, porous, dolomite clasts surrounded in this 
case by coarse, low-porosity saddle dolomite. The white dolomite 
was probably early dolomite (ED) filling space between possible 
“hydrofactured” replacement dolomites. The black porous dolomite 
is mostly rhombic (planar) dolomites (RD) coated with thin films of 
pyrobitumen (bit). Lisbon NW USA No. B-63 well (figure 2.3), 9938.3 
feet (3029.2 m), porosity = 6.4%, permeability = 54 mD.    

A. B.

C.
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Figure 4.7.  Brecciation in dolomite from the Leadville Limestone from Lisbon field. (A) Conventional core slab of a dolomitized, peloidal/
crinoidal packstone/wackestone with swarms of fractures marked by black, coarse dolomite. The red box indicates the approximate position 
of the tin section photomicrograph shown on B. (B) Representative photomicrograph (plane light) from the core in A, showing highly 
deformed and brecciated dolomite within a bitumen-lined fracture zone. Lisbon No. D-816 well (figure 2.3), 8438.5 feet (2572.1 m), porosity 
= 11%, permeability = 5 mD.     

A.

B.
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Figure 4.8. Representative photomicrographs (plane light) of brecciation and bitumen in the Leadville Limestone from Lisbon field. (A) Another 
example of intensely brecciated dolomite within a bitumen-lined fracture zone. (B) Large autoclasts and bitumen in an intensely brecciated 
dolomite. Lisbon No. D-816 well (figure 2.3), 8423 feet (2567 m), porosity = 10.5%, permeability = 47 mD.  

A.

B.
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Figure 4.9.  Karst-related processes. (A) Conventional core slab of a limey, oolitic, peloidal/skeletal grainstone with a dolomitized sediment-
filled cavity. The yellow box indicates the approximate position of the thin section photomicrograph shown on B. (B) Low-magnification 
photomicrograph (plane light) showing the contact between the non-porous limestone matrix and the non-porous dolomitized and siliciclastic 
karst cavity filling. The yellow box indicates the approximate position of the close-up photomicrograph shown on D. (C) Photomicrograph 
(cross-polarized light) showing the contact between limestone matrix and the dolomitized karst cavity filling; note that the dolomitized filling 
is composed of very fine crystals. The siliciclastic grains within the microcrystalline dolomite field display plane extinction positions with 
colors ranging from white to yellow to dark gray. The polygonal grain in the right center contains overgrowths that form a prismatic quartz 
form in cross section. In the limestone field to the left, many of the fossils are surrounded by straight extinction syntaxial cements. (D) Higher 
magnification photomicrograph (cross-polarized light) of white detrital quartz grains (Q) and small dark gray carbonate clasts (L) within the 
non-porous, dolomitized mud filling the karst cavity. Lisbon No. D-616 well (figure 2.3), 8308 to 8309 feet (2532–2533 m), porosity = 1.2%, 
permeability = 11.1 mD.       

A.

C.

B.

D.
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Anhydrite and Sulfides

Dissolution pores (molds) and pore throats are sometimes 
plugged or bridged by lathes of late anhydrite cement (figure 
4.10). In the photomicrographs studied, complete plugging 
of porosity was rare, and the overall presence of anhydrite 
cement and replacement was relatively insignificant for the 
Leadville Limestone in the Lisbon reservoir rocks.  

Possible sulfide minerals are observed in several Leadville 
thin sections (figure 4.11). They appear as small, angular, 
brassy crystals and tend to line moldic pores or form on, and 
between, rhombic dolomite crystals. These minerals may 
be associated with hydrothermal fluids responsible for the 
coarse saddle dolomite. They may also be related to copper 
mineralization found a few miles to the east at the Lisbon 
Valley copper mine. The copper deposit includes fracture 
filling and disseminated copper sulfides (chalcocite, born-
ite, and covellite) replacing dead oil and pyrite (Hahn and 
Thorson, 2006).  

Late Macrocalcite

Macrocalcite, also referred to as poikilotopic calcite, is 
viewed as late, large, slow-growing crystals (figure 4.12), 
and although not extensive in the Leadville Limestone at Lis-

bon field, its presence provides some significant insight into 
the diagenetic history of these rocks. The examples in figure 
4.12 show an autobreccia that retains small amounts of early, 
finely crystalline (low permeability) dolomite replaced by 
“mini-saddles” and medium crystalline (euhedral) dolomite. 
Early during this sample’s history, it once had intercrystal-
line porosity that was enhanced by dissolution to form addi-
tional pores. Subsequently, the pores were partially filled with 
coarsely crystalline saddle dolomite and bitumen. Finally, the 
remaining solution-enlarged pores were occluded by poikilo-
topic calcite. Poikilotopic calcite may have formed as oil-field 
water rose following the gas/condensate cap.  

Porosity and Permeability Cross Plots

Porosity and permeability data from 380 core plugs were ob-
tained from the five well cores described (figure 2.1 and table 
3.1). Cross plots (figures 4.13 through 4.17) of these data are 
used to (1) determine the most effective pore systems for oil 
storage versus drainage, (2) identify reservoir heterogeneity, 
(3) predict potential untested compartments, (4) infer porosity 
and permeability trends where core-plug data are not avail-
able, and (5) match diagenetic processes, pore types, mineral-
ogy, and other attributes to porosity and permeability distribu-
tion. Porosity and permeability cross plots were constructed 
using the available data (appendix B).  

Figure 4.10. Representative photomicrograph (cross-polarized light) showing lathes of late anhydrite cement (An, in the pastel colors) filling a 
dissolution pore. The unfilled parts of the pore are seen in the blue areas. Lisbon No. D-816 well (figure 2.3), 8426 to 8431 feet (2568–2570 m), 
porosity = 11.1%, permeability = 15 mD.
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Figure 4.11. Possible sulfide mineralization within the Leadvlle Limestone at Lisbon field. (A) Photomicrograph (“white card” and reflected 
light) showing moldic pore lined with black pyrobitumen and possible sulfide minerals (small brassy crystals). Lisbon No. D-816 well (figure 
2.3), 8444 to 8445 feet (2573–2574 m), porosity = 6.6%, permeability = 7 mD. (B) Photomicrograph (“white card” and reflected light) showing 
black pyrobitumen and sulfide minerals on and between rhombic dolomite crystals (in white and light gray). Lisbon No. D-816 well (figure 2.3), 
8446 to 8447 feet (2574–2575 m), porosity = 13%, permeability = 59 mD.  

A.

B.
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Figure 4.12. (A) Photomicrograph (plane light) 
showing coarse, white saddle dolomite crystals and a 
single, coarse, clear late macrocalcite cement crystal 
(stained red) filling part of a large dissolution pore 
(blue) in a finely crystalline, sucrosic replacement 
dolomite matrix. Northwest Lisbon No. B-63 well 
(figure 2.3), 9991.8 feet (3045.5 m), porosity = 
6.2%, permeability = 0.3 mD. (B) Photomicrograph 
(plane light) showing coarse rhombic and saddle 
replacement dolomite that displays cloudy cores 
and clear rims. Dissolution pores are filled with 
pyrobitumen (black) and late macrocalcite (stained 
red). An additional episode of dissolution is seen as 
the open (blue) pores that appear to post-date most 
of the pyrobitumen emplacement. (C) Dissolution 
pores filled completely with bitumen (black) and 
late macrocalcite (stained red) that resemble saddle 
dolomite molds. B and C from Northwest Lisbon No. 
B-63 well, 10,004 to 10,005 feet (3049–3050 m), 
porosity = 14.4%, permeability = 1.9 mD.   

A.

B.

C.
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Figure 4.13.  Lisbon Unit No. B-610 well permeability versus porosity cross plot by diagenesis.  

Figure 4.14.  Lisbon Unit No. B-816 well permeability versus porosity cross plot by diagenesis.  
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Figure 4.15.  Lisbon Unit No. D-816 well permeability versus porosity cross plot by diagenesis.  

Figure 4.16.  Lisbon Unit No. D-616 well permeability versus porosity cross plot by diagenesis.  
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Figure 4.17.  Lisbon Unit No. B-63 well permeability versus porosity cross plot by diagenesis. 

A representative set of core analyses from the Leadville Lime-
stone in Lisbon field shows the dominant pore types are in-
tercrystalline, moldic, fracture, and channel in dolomite and 
limestone and are reflected in plots of permeability versus 
porosity (appendix D). Plots of permeability versus porosity 
also show two distinct populations of dolomites with respect 
to diagenesis (figures 4.13 through 4.15, and 4.17). The early, 
finely crystalline dolomites (with or without isolated molds) 
display low permeability. The coarser, late dolomites (with 
or without late dissolution) display high permeability. In ad-
dition, analysis of the plots shows that zones that have been 
dolomitized have better reservoir potential than those that re-
main limestone, even where the limestone has been fractured 
and brecciated (figure 4.16).  

SCANNING ELECTRON MICROSCOPY

To further determine the diagenetic history of the Leadville res-
ervoir at Lisbon field, representative samples were selected for 
scanning electron microscopy (SEM) analysis from the con-
ventional cores which were used for thin sections. The SEM 
was used to photograph (1) typical preserved primary and sec-
ondary pore types and pore throats, (2) cements, (3) sedimen-
tary structures, (4) fractures, and (5) pore plugging anhydrite, 
halite, and bitumen. Of special interest is the identification of 
possible hydrothermal dolomite and the determination of the 
most effective pore systems for oil drainage versus storage. 

Scanning electron microscope analyses were conducted on 12 
thin section blanks from the core samples that displayed char-
acteristics of interest (table 4.1). Complete descriptions and 
SEM images from the Leadville reservoir at Lisbon field are 
in appendix E.  

Porosity Types

All samples exhibit microporosity in the form of intercrys-
talline porosity (figure 4.18). Dissolution has contributed to 
porosity in most samples as well. Dissolution has created mol-
dic, vuggy, and channel porosity. Dissolution pores are most 
often in the mesopore size range (62.5 microns to 4.0 mm.).  

Permeability is related to the size and number of pore throats, 
and, particularly, to the continuity of pore throats. In general, 
permeability is good in the samples studied, but is limited 
slightly by mineral cements and pyrobitumen (figure 4.19).  

Fractures enhance the permeability in several intervals (fig-
ure 4.20). SEM examination identified fractures in the 8423- 
and 8442-foot (2567 and 2573 m) intervals of the Lisbon No. 
D-816 well, and the 8356- and 8682-foot (2547 and 2646 m) 
intervals of the Lisbon No. D-616 well. In addition to the frac-
tures reported here, petrographic analysis revealed fractures in 
the 8308- and 8619-foot (2532 and 2627 m) intervals of the 
Lisbon No. D-616 well, and the 7886-foot (2404 m) interval 
of the Lisbon No. B-610 well.



59The Mississippian Leadville Limestone oil and gas play, Paradox Basin, southeastern Utah and southwestern Colorado

Well Lisbon D-816 Lisbon D-616 Lisbon B-610
DEPTH (ft) 8423' 8426' 8433' 8442' 8486' 8308' 8356' 8559' 8619' 8682' 7886' 7897'

POROSITY
   Intergranular (Micro) (BC) X X X X X X X X X X X X
   Dissolution (MO) X X X X X X X X X
   Dissolution (VUG) X X X X X X X
   Dissolution (CH) X
   Fractures X X X X X X X

CEMENTS
   Anhydrite X X X
   Calcite X X X X
   Quartz X X X X
   Dolomite X X X X X X X X X X X X
   Illitic Clay X ? X X
   Pyrobitumen X X X X X X
   Sulfides X X X X X X X

DIAGENESIS
   Dolomitization X X X X X X X X X X X
   Dissolution X X X X X X X X X X X
   Calcite Cementation X X X
   Quartz Cementation X X X X
   Illitic Clay Deposition X X X X X X
   Anhydrite Cementation X X X
   Pyrobitumen Emplacement X X X X X X
   Fracturing X X X X X X X

Table 4.1. Summary of characteristics observed with scanning electron microscopy in samples from the Lisbon No. D-816, Lisbon No. D-616, 
and Lisbon No. B-610 wells, Lisbon field.     

Data from SEM, EDS, and optical microscopy by Standard Geological Services, Inc., and petrography by Eby Petrography & Consulting, Inc.

Figure 4.18. Scanning electron microscope photomicrograph of a core plug from 8433 feet (2570 m), Lisbon No. D-816 well, showing typical 
Leadville dolomite crystals at Lisbon field (red box shows area of figure 4.21A). Note the very fine, low-permeability, early dolomite crystals (ED) 
that have been replaced with late, rhombic and saddle (SD) dolomite crystals. A significant porosity increase is associated with the late dolomite 
replacement. Scale bar represents 200 microns (0.2 mm). Porosity = 2%; permeability <0.1 mD based on core-plug analysis.  
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Figure 4.19. Scanning electron microscope photomicrograph of a core plug from 7886 feet (2404 m), Lisbon No. B-610 well, showing probable 
pyrobitumen (P) coating the rhombic dolomite crystal in the center. Pyrobitumen coats many other dolomite crystals as well. Scale bar represents 
10 microns (0.01 mm). Porosity = 13.8%; permeability = 114 mD based on core-plug analysis.  

Figure 4.20. Scanning electron microscope photomicrograph of a core plug from 8423 feet (2567 m), Lisbon No. D-816 well, showing 
enlargement of a fracture partially filled with secondary dolomite. Scale bar represents 20 microns (0.02 mm). Porosity = 10.5%; permeability 
= 47 mD based on core-plug analysis.   
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Undoubtedly, fractures enhance the permeability in the 8423- 
and 7886-foot (2567 and 2404 m) samples given their re-
spective measured values of 46 mD and 114 mD. The 83 mD 
measured permeability of the 7897-foot (2407 m) interval and 
the 15 mD of the 8426-foot (2568 m) interval suggest that 
fractures are present in these intervals as well. They were not 
observed during analysis, however.  

Lithology, Diagenesis, and Cements

All samples are dolomite except for the limestone matrix pres-
ent in the 8308-foot (2532 m) sample of the Lisbon No. D-616 
well. That sample, however, contains dolomite as fill material. 
Secondary materials present include dolomite, calcite, clays, 
and pyrobitumen. Their presence is discussed below and in-
cluded in table 4.1. 

Dolomite is the dominant cement (figure 4.18) in all samples 
except the 8426-foot (2568 m) sample from the Lisbon No. 
D-816 well, where anhydrite is the abundant cement. The two 
basic types of dolomite are well displayed by SEM (figure 
4.18): the low-porosity and/or low-permeablility, very fine, 
early dolomite and higher porosity and/or high permeablility, 
coarse, late dolomite (figure 4.21).  

Pores in the 8426-foot (2568 m) sample from the Lisbon No. 
D-816 well are partially filled with anhydrite (figure 4.22). 
Anhydrite is also reported from petrographic analaysis of the 
8433-foot (2570 m) interval of this well and the 8682-foot 
(2646 m) sample of the Lisbon No. D-616 well. Scanning 
electron microscopic analysis indicates that anhydrite is abun-
dant in the 8426-foot (2568 m) sample; it is most likely much 
less abundant in the other intervals.

Minor euhedral quartz is present in several samples (figure 
4.23). Rare illitic clays, possibly illite/smectite mixed-layer 
clays, are also present. Sulfide mineral(s) containing an un-
known cation are present in moderate abundance (figure 4.24). 
Calcite cement, although rare, was observed in a few samples. 
The minor constituents of quartz, clays, calcite, and sulfides 
contribute little to the overall lithology and are relatively in-
significant with respect to reservoir quality. The quartz, clay, 
and calcite cements are rare, and the more abundant sulfide 
mineral(s) consist of extremely small crystals about 2 microns 
or smaller.  

An approximate diagenetic sequence based on SEM is listed 
below (not all diagenetic events were identified in every sam-
ple). The various diagenetic events are included in table 4.1.

1.	 Dolomitization

2.	 Dissolution

3.	 Dolomite cementation

4.	 Fracturing

5.	 Quartz cementation

6.	 Calcite cementation

7.	 Clay precipitation

8.	 Anhydrite cementation

9.	 Pyrobitumen emplacement

10.	  Sulfide precipitation

EPIFLUORESCENCE

Epifluorescence microscopy (EF) provides additional in-
formation on diagenesis, pores, and organic matter (includ-
ing “live” hydrocarbons) within sedimentary rocks. The 
technique is a rapid, non-destructive procedure that can be 
done using a high-quality petrographic (polarizing) micro-
scope equipped with reflected light capabilities. The basic 
principles and equipment for EF were largely developed 
in the 1960s and 1970s for applications in coal petrology 
and palynology (see reviews by van Gijzel, 1967, and Tei-
chmuller and Wolf, 1977). All applications depend upon 
the emission of light (by a material capable of producing 
fluorescence) that continues only during absorption of the 
excitation-generating light beam (Rost, 1992; Scholle and 
Ulmer-Scholle, 2003).  

Epifluorescence techniques have been used within industry 
and research for three objectives. Firstly, EF microscopy 
has been used extensively for enhancing petrographic ob-
servations, including the recognition of depositional and 
diagenetic fabrics within recrystallized limestone and mas-
sive dolomite (see, for instance, Dravis and Yurewicz, 1985; 
Cercone and Pedone, 1987; Dravis, 1991; LaFlamme, 1992). 
Secondly, the study of pore structures, microfractures, and 
microporosity within both carbonates and sandstones has 
been greatly facilitated by impregnating these voids with 
epoxy spiked with fluorescing dyes (Yanguas and Dravis, 
1985; Gies, 1987; Cather and others, 1989a, 1989b; Soeder, 
1990; Dravis, 1991). Thirdly, the evaluation of “oil shows” 
(Eby and Hager, 1986; Kirkby and Tinker, 1992; Chidsey 
and Eby, 2017) and determination of the gravity or type ce-
ments and minerals has been facilitated by EF microscopy 
(Burruss, 1981, 1991; Burruss and others, 1986; Guihaumou 
and others, 1990; LaVoie and others, 2001). Only the first 
two objectives were pursued in this chapter, the third is cov-
ered in Chapter 6.

Previous Work

There is no known published use of EF microscopy on the 
Leadville Limestone of the Paradox Basin. However, the 
published work cited above applies to carbonate reservoirs 
listed in Eby and Hager (1986) for a study done within a 
Permian Basin carbonate field, and case studies document-
ed by Dravis (1988, 1992) provided incentives to apply EF 
petrography to Leadville reservoir rocks within the Lisbon 
field case study.  
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Figure 4.21. Scanning electron microscope photomicrograph of a core plug from 8433 feet (2570 m), Lisbon No. D-816 well. (A) Close-up 
(see red box on figure 4.18) shows the composition of typical replacement rhombic dolomite. The core of each rhombic crystal is composed of 
a dense remnant of fine, early dolomite (ED), which is surrounded by a euhedral dolomite overgrowth (OG). The rhombic dolomite faces are 
often covered with a thin film of pyrobitumen. Scale bar represents 20 microns (0.02 mm). (B) High magnification across a section of poorly 
crystalline, early dolomite core (ED) and dense overgrowth (OG) that forms the dolomite into coarser rhombs. The very small, angular 
decorations on the crystal surfaces may very well be small sulfide precipitates (S). Scale bar represents 5 microns (0.005 mm). Porosity = 
2%; permeability < 0.1 mD based on core-plug analysis.     

A.

B.
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Methodology

For the EF petrography in this study, we used incident (reflect-
ed) blue-light fluorescence microscopy employing the general 
procedures outlined by Dravis and Yurewicz (1985), includ-
ing the use of the modified “white card” technique outlined by 
Folk (1987) and Dravis (1991). Ultraviolet (UV) fluorescence 
did not effectively add any textural or pore structure informa-
tion that could not otherwise be seen under blue-light excita-
tion, even though some workers utilize UV fluorescence for 
evaluating fluid inclusions and compositional zoning within 
dolomite crystals (see Scholle and Ulmer-Scholle, 2003). 
Fluorescence data and observations collected for this study 
utilized a Jena (now part of Carl Zeiss) research-grade combi-
nation polarizing-reflected light microscope equipped with a 
high-pressure mercury vapor lamp for EF excitation, a Zeiss 
IIIRS epifluorescence nosepiece, and a 35-mm camera sys-
tem. Magnification ranges for examination and photo-docu-
mentation were between about 130x and 320x. The EF optical 
configuration used is similar to that shown in figure 4.25.  

The light pathways and mechanics of the EF used in this study 
have been generally described by Soeder (1990). As described 
by Burruss (1991), “these excitation wavelengths are reflected 
to the microscope objective and sample by a dichroic beam-
splitter which has a dielectric coating that reflects a specific 
short wavelength range. Fluorescence emission and reflected 

short wavelength excitation light is collected by the objec-
tive. The dichroic beamsplitter transmits the long wavelength 
fluorescence emission but reflects the short wavelengths back 
toward the light source. The fluorescence emission passes 
through a barrier filter which removes any remaining short 
wavelength excitation light.” Blue light (~420 to 490 nm ex-
citer filter/520 nm barrier filter) was used to excite the cuttings 
and core-chip samples. We have found broad-band, blue-light 
EF to be the most helpful in observational work on dolomite. 
Finally, the greater depth of investigation into a sample by the 
reflected fluorescence technique than by transmitted polarized 
light or other forms of reflected light makes it possible to re-
solve grain boundary and compositional features that are nor-
mally not appreciated in cutting or thin-section petrography.  

Sample preparation is inexpensive and rapid, involving stan-
dard thin section preparation techniques. Thin sections were 
prepared from representative Leadville fabrics. These thin 
sections were vacuum- and pressure-impregnated with blue-
dyed epoxy (see Gardner, 1980) that was spiked with a fluo-
rescing compound. Microscopy used only uncovered polished 
surfaces. Examination for each thin section area of interest 
included photo-documentation under EF and plane-polarized 
light at the same magnification. Photomicrography of the 
compositional, textural, and pore structure attributes was done 
using high-speed film (ISO 800 and 1600) with some bracket-
ing of exposures as camera metering systems do not always 

Figure 4.22. Scanning electron microscope photomicrograph of a core plug from 8426 feet (2568 m), Lisbon No. D-816 well, showing anhydrite 
cement lathes partially filling a small dissolution vug. Scale bar represents 66.7 microns (0.067 mm). Porosity = 11.1%; permeability = 15 
mD based on core-plug analysis.       
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Figure 4.23. Scanning electron microscope photomicrograph showing euhedral 
quartz void fillings within late dissolution pores. (A) Typical euhedral quartz (Q) 
surrounded by rhombic dolomite; core plug from 8356 feet (2547 m), Lisbon No. 
D-616 well. Scale bar represents 100 microns (0.1 mm). No core-plug analysis 
available. (B) Core plug from 8486 feet (2587 m), Lisbon No. D-816 well, 
showing showing clusters of euhedral, doubly terminated quartz crystals (“mini-
Herkimers”). The small spiky materials (arrow) precipitated on many of the surfaces 
are either pyrobitumen or sulfide minerals. Scale bar represents 10 microns (0.01 
mm). Porosity = 5.9%; permeability = 0.2 mD based on core-plug analysis. (C) 
Close-up of a typical doubly terminated quartz crystal from same core sample in B. 
The linear features (arrow) and the spiky materials on many of the crystal surfaces 
are composed of either pyrobitumen or sulfide minerals.       

A.

B.

C.
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Figure 4.24. Scanning electron microscope photomicrograph of a core plug from 8442 feet (2573 m), Lisbon No. D-816 well, showing 
possible sulfide minerals on large dolomite rhombs. Scale bar represents 5 microns (0.005 mm). Porosity = 8.6%; permeability = 1.0 mD 
based on core-plug analysis.  

Figure 4.25. Generalized microscope optical configuration for observing fluorescence under incident light. Modified from Soeder (1990).    
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reliably read these high-contrast images in the yellow and 
green light spectrum. Since the image brightness is directly 
proportional to magnification, the best images are obtained 
at relatively high magnifications (such as greater than 100x). 
Low-power fluorescence is often too dim to effectively record 
on film. These techniques are applicable to thin sections from 
both core and cuttings samples.  

Epifluorescence Petrography of Leadville 
Limestone Thin Sections

Blue-light, EF microscopy was completed on 15 core samples 
to identify a variety of rock textures and diagenetic phases 
of Leadville limestone and dolomite within Lisbon field. 
These samples were selected because they are representative 
of the compositional, diagenetic, and pore types encountered 
within the five cored wells (see figure 2.3 for core locations). 
A detailed description and interpretation of the fluorescence 
petrography of each sample follows along with photomicro-
graphs (as figures 4.26 through 4.30) to show representative 
views under both blue-light EF and plane-polarized light. 
Short descriptive captions for these photomicrographs are in-
cluded with each photograph pair. For the complete descrip-
tions and EF images from the Leadville reservoir at Lisbon 
field refer to appendix E.

Lisbon No. D-816 Well 

Blue-light, EF microscopy nicely shows pore spaces and 
structures that are not readily seen under transmitted, plane-
polarized lighting and shows the range of crystal sizes or 
shapes within bitumen-rich areas (figure 4.26). Samples from 
this well consist of fairly massive dolomite, which is general-
ly non-fluorescent but has a slight hint of fluorescence show-
ing vague relict grains. 

Some samples display complex zoning, alternating from dull 
to bright fluorescence within rhombs. Blue-light EF also 
shows the clear difference between dull replacement dolomite 
and much lighter replacement dolomite cement. Rare saddle 
dolomite cements in molds appear to show crystal zonation.  

Microfractures cutting through low-permeability dolomite 
matrix are visible only with blue-light EF. Some pores (iso-
lated molds) are lined with bright, yellow oil film fluores-
cence possibly from oil staining whereas others show no 
oil staining. 

Lisbon No. D-616 Well

Blue-light, EF microscopy shows replacement dolomite that 
is fine- to medium-crystalline with planar to curved crystal 
faces, and weakly yellow fluorescence with possible fluid in-
clusions (figure 4.27); limestone does not fluoresce. Saddle 
dolomite cements growing into some of the moldic pores 
display moderately dull blue fluorescence. Blue-light EF dis-

plays replacement rhombic dolomite outlines with high inter-
crystalline porosity despite the appearance of significant bitu-
men plugging.  

Blue-light, EF microscopy also shows syngenetic dolomite, 
laminated microbial (cryptoalgal [?]) mudstone with soft pel-
lets and abundant wispy seam, low-amplitude stylolites; mod-
erate yellow fluorescence is observed throughout the samples. 
Ghosts of original skeltetal/pelletal grains show moderate yel-
low fluorescence transitioning into coarse replacement dolo-
mite displaying modest intercrystalline porosity. The replace-
ment rhombs have generally dead cores and moderate yellow 
fluorescent overgrowths.  

Lisbon No. B-610 Well 

Ultraviolet-light, EF microscopy shows two regions within 
the sample. Region 1 consists of white, syngenetic dolomite 
with no visible porosity and blue-purple moderate fluores-
cence. The UV fluorescence nicely shows a variety of corro-
sion and dissolution fabrics, which sometimes mimic original 
grain boundaries. Region 2 consists of black, non-fluorescent, 
finely crystalline dolomite, as well as “floating” large dolo-
mite rhombs that appear to have precipitated out of the finely 
crystalline groundmass (figure 4.28). 

Blue-light EF also displays syngenetic dolomite, both un-
altered and corroded, with moderate yellow fluorescence. 
Within the black dolomite region, the larger floating dolomite 
rhombs have a dull green fluorescence.  

Lisbon No. B-816 Well 

Blue-light, EF microscopy shows replacement dolomite with 
highly yellow fluorescent rims (figure 4.29). Saddle dolomite 
cement has moderate yellow-green fluorescence. Late calcite 
cements are generally non-fluorescent.  

Lisbon NW USA No. B-63 Well

Blue-light, EF microscopy shows massive, very finely crys-
talline, non-porous syngenetic dolomite displaying a mottled 
dull to medium yellow fluorescence with occasional ghosts 
of original grain types (grain outlines are visible with fluo-
rescence). Dolomitized grains include detrital carbonate (pel-
lets) and siliciclastic (quartz silts and clays) components of 
the karst cavity infilling (figure 4.30); clay minerals between 
grains display a pale reddish fluorescence. Outside of the 
cavity, the host rock is almost pure limestone composed of 
fossils and coated grains, all of which are calcitic with little 
visible fluorescence. 

Late calcite (poikilotopic) also displays no fluorescence. 
This late calcite occurs as cement within former isolated 
molds, fracture fillings, and some replacement of syngenetic 
dolomitic matrix.  
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Figure 4.26. Photomicrographs from Lisbon No. D-816 well at 8435.8 feet (2571.2 m). (A) Epifluorescence under moderate magnification 
showing a representative area of fluorescence zonation within coarse dolomite crystals. The reddish areas are pores that have abundant 
bitumen linings and plugging (see figure 4.26B). Fluorescence petrography makes it possible to clearly see the dolomite crystals versus the 
pore space. In places, very small rhombic outlines of dolomite crystals can be resolved. Many of these pores appear to be surrounded by an 
interlocking network of dolomite crystals. (B) The same field of view as above is shown under plane light at the same magnification. Note 
that the black (and opaque) areas composed of bitumen mask the crystal boundaries of the dolomite as well as individual pore outlines. The 
white and gray areas are remnants of the dolomite matrix that are not masked by the bitumen. Only a small amount of pore space (blue-dyed 
areas) can be seen in this view compared to the fluorescence photomicrograph above.  

A.

B.
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Figure 4.27. Photomicrographs from Lisbon No. D-616 well at 8435.8 feet (2571.2 m). (A) Epifluorescence under moderate magnification 
showing fine- to medium-sized crystals of replacement dolomite. The rhombs display dead cores and fluorescent rims. (B) The same field of 
view as above is shown under plane light at the same magnification. Note that the black (and opaque) areas composed of bitumen mask the 
crystal boundaries of the dolomite as well as individual pore outlines.  

A.

B.
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Figure 4.28. Photomicrographs from Lisbon No. B-610 well at 7897 feet (2407 m). (A) Epifluorescence under moderate magnification 
showing individual, yellow-fluorescing dolomite rhombs “floating” in a non-fluorescing dolomite matrix. (B) The same field of view as above 
is shown under plane light at the same magnification.    

A.

B.
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Figure 4.29. Photomicrographs from Lisbon No. B-816 well at 8486 feet (2587 m). (A) Epifluorescence under moderate magnification 
showing zoned, rhombic replacement dolomite with dead cores and highly fluorescent rims. (B) The same field of view as above is shown 
under plane light at the same magnification. Note the large solution pore (blue area).      

A.

B.
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Figure 4.30. Photomicrographs from Lisbon NW USA No. B-63 well at 9935.6 feet (3028.4 m). (A) Epifluorescence under moderate 
magnification showing dolomitized detrital fill within a karst cavity. (B) The same field of view as above is shown under plane light at the 
same magnification. Note the large quartz grains, and angular limestone and dolomite clasts. These clasts do not fluoresce.      

A.

B.
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CATHODOLUMINESCENCE

Cathodoluminescence (CL) is the emission of light resulting 
from the bombardment of materials using a cathode ray (Al-
lan and Wiggins, 1993). This petrographic technique can be 
an invaluable tool in petrographic studies of carbonate rocks. 
This technique can provide important information about the 
complex modification of rock fabrics and porosity within the 
Leadville Limestone of the Paradox Basin. Diagenesis played 
a major role in the development of reservoir heterogeneity 
in Lisbon field as well as throughout other Leadville fields. 
Diagenetic processes started during deposition and continued 
throughout burial history (figure 4.1).  

Cathodoluminescence provides insights into the chemical dif-
ferences between preserved remnants of depositional compo-
nents resulting from various diagenetic events in carbonate 
rocks as recognized from core examination and thin section 
petrography. In particular, CL provides visual information 
on the spatial distribution of certain trace elements, espe-
cially manganese (Mn+2) and iron (Fe+2) in calcite and dolo-
mite (Machel and Burton, 1991; Scholle and Ulmer-Scholle, 
2003). The visible CL responses are red to orange in color, 
and their intensity is usually described as non-luminescent, 
dully luminescent, and brightly luminescent. As a general 
rule, incorporation of Mn+2 into the calcite lattice stimulates 
luminescence and the incorporation of Fe+2 quenches or re-
duces luminescence (Fairchild, 1983; Allan and Wiggins, 
1993; Scholle and Ulmer-Scholle, 2003). Qualitative interpre-
tation of CL usually assigns nonluminescent responses to oxi-
dizing settings in which the reduced forms of both Mn and Fe 
are unavailable for incorporation into the lattices of carbonate 
mineral precipitates. Oxidized forms of Mn and Fe are not 
incorporated into calcite or dolomite crystals. Therefore, there 
is nothing in these crystals to excite luminescence. Bright lu-
minescence is related to carbonate precipitates with high Mn/
Fe trace element ratios, typically as a result of reducing envi-
ronments during early (near-surface) to intermediate stages of 
burial diagenesis. Dull luminescence seems to happen where 
the Mn/Fe trace element ratios are present in carbonate pre-
cipitates. Thus, dull luminescence is thought to be the result 
of intermediate to late stages of burial diagenesis. Elements 
other than Mn and Fe do not have any appreciable effect in 
enhancing or reducing luminescence (Budd and others, 2000).  

Particularly useful references on the uses and limitations of 
CL interpretations in studies of ancient carbonate include Sip-
ple and Glover (1965), Frank and others (1982, 1996), Mar-
shall (1988), Hemming and others (1989), Barker and Kopp 
(1991), Gregg and Karakus (1991), Machel (2000), Lavoie 
and others (2001), Coniglio and others (2003), and Lavoie 
and Morin (2004).  

Methodology

The analysis done in this study was completed using uncov-
ered, polished thin sections, although rock chips and unpol-

ished thin sections could be used. The equipment needed for 
CL can be installed on almost any polarizing microscope 
(see Marshall, 1988; Miller, 1988). A Cambridge Image 
Technology Ltd. luminoscope (model CLmk3A/4) mounted 
on an Olympus petrographic microscope (figure 4.31; see 
also Marshall, 1988) belonging to the Colorado School of 
Mines Department of Geological Engineering was used 
for this analysis (figure 4.32). Operating conditions were 
generally at 10–16kV accelerating potential, 0.5–0.7 mA 
of beam current and a beam focused at about 2 cm. All the 
work involved visual observations and some photographic 
documentation. Photomicrographs were recorded on a digi-
tal camera. No attempt was made to measure intensities or 
spectral information on the CL responses (e.g., Marshall, 
1991; Filippelli and Delaney, 1992) to the Leadville carbon-
ate samples. Image analysis and regional mapping of cement 
zones (i.e., “cement stratigraphy”) have been done by some 
workers on carbonate cements (e.g., Meyers, 1974, 1978, 
1991; Dorobek and others, 1987; Cander and others, 1988; 
Dansereau and Bourque, 2001), but these applications are 
beyond the scope of diagenesis documentation attempted in 
this project.  

Cathodoluminescence Petrography of Leadville 
Limestone Thin Sections

Cathodoluminescence examination was completed on thin-
section samples from the Leadville limestone and dolomite 
within Lisbon field. These thin-section samples were selected 
because they are representative of the mineralogical (e.g., do-
lomite, calcite, anhydrite, and quartz), compositional, diage-
netic, and pore types encountered in the five core wells from 
the field (see figure 2.3 for core locations). For the complete 
descriptions and CL images from the Leadville reservoir at 
Lisbon field refer to appendix E. The following remarks sum-
marize our findings.  

Lisbon No. D-816 Well

Cathodoluminescence shows a wide range of crystal size and 
growth habits within the dull red luminescing, matrix-replac-
ing dolomite as displayed from 8442 to 8443 feet (2573.1–
2573.4 m) (figure 4.33). Most of the dolomite within areas 
of fabric-selective dolomitization is a deep or intense red 
color. A lighter red luminescence occurs between many of the 
grains where early cements have been dolomitized. Some of 
the coarser dolomite crystals appear to have an overgrowth 
of brighter red luminescent material. The range in dolomite 
rhomb sizes may reflect rapid precipitation. The amount of 
open porosity under CL is considerably greater than that vis-
ible under plane-light microscopy. Cathodoluminescence also 
displays original depositional textures and the outlines of 
original carbonate grains. Between other grains, some inter-
particle pores are still open. In a few areas, these early pores 
have been solution-enlarged and lined with a later generation 
of coarse rhombic dolomite.  



73The Mississippian Leadville Limestone oil and gas play, Paradox Basin, southeastern Utah and southwestern Colorado

Figure 4.31. Generalized microscope optical configuration for observing cathodoluminescence: (A) modified from Walker and Burley (1991); 
(B) modified from Marshall (1991); and (C) modified from Marshall (1988).      

A.

C.

B.
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A.

B.

Figure 4.32. Colorado School of Mines cathodoluminescence setup used for the Leadville samples from Lisbon field. (A) Cambridge Image 
Technology Ltd. CLmk3A/4 cathodoluminescence instrument is mounted on an Olympus BH2 petrographic microscope. The electron gun 
(EG) is in the inclined position to the left of the sample chamber. The stage motion knob (SMK) is the silver cylinder to the left of the sample 
chamber. The hose to the vacuum pump is to the right of the chamber. The front panel controls (beneath the video monitor) include (from 
left to right) the diagnostic selector, vacuum and diagnostic metering, gun current metering, Gun kV metering, and main power switch. 
The video monitor and CPU were used for handling and displaying the CL images captured by a digital camera. (B) Close-up of the 
cathodoluminescence instrument sample chamber (SC), electron gun (EG) and stage motion knob (SMK) mounted on an Olympus BH2 
petrographic microscope.        
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A.

B.

Figure 4.33. Photomicrographs from Lisbon No. D-816 well at 8442 to 8443 feet (2573–2573 m). (A) Cathodoluminescence shows sharp 
outlines between the dolomite crystals and adjoining pore spaces. Note that the porosity (in black) in this sample seems to be a combination 
of intercrystalline space and solution-enlarged molds. Most of the dolomite seen here consists of bright red luminescing dolomite with only 
occasional thin rinds of dull luminescing overgrowth. Also, rare non-luminescing dolomite cement crystals are within some of the smaller 
pore spaces (see, for instance, the cement occluding a small pore in the lower center of this image). Finally, note that “ghosts” of former 
grains such as “hard” peloids can be seen in the luminescing pattern of the dolomites in the upper right corner of this view. (B) The same 
field of view under plane light. The outlines of the dolomite crystals are not nearly as distinct and crisp here as in the previous CL view. In 
fact, it is difficult to pick out the crystal outlines or faces in this type of lighting. Black pyrobitumen makes it difficult to see the smaller, but 
important, intercrystalline pores. The larger solution-enlarged molds in blue are easy to see, but their interconnection through the smaller 
intercrystalline space is better seen under CL imaging.          
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Cathodoluminescence imaging was very useful in identifying 
various generations of dolomite. Two types of CL response 
are visible within moderately coarse dolomite crystals as ob-
served at 8433 feet (2570.4 m). Bright red luminescence can 
be seen within the interiors of most of the replacement dolo-
mite (figure 4.34). However, many of the crystals exhibit non-
luminescent overgrowths of variable thickness. In addition, 
some crystals exhibit mostly non-luminescent material. These 
crystals may be largely dolomite cements. Finally, some dolo-
mite crystals exhibit a thin rind of red-luminescing dolomite 
overlying the non-luminescent overgrowth stage. The red-
luminescing dolomite is possibly the product of the replace-
ment of a previous limestone or earlier dolomite matrix while 
the non-luminescing crystal additions may be overgrowth 
cements growing into open pores. Dissolution and corrosion 
of some crystals is evident between the second (non-lumines-
cent) and the final luminescent rim. 

Lisbon No. B-816 Well 

Cathodoluminescence imaging was very useful in identifying 
the presence of saddle dolomites (Radke and Mathis, 1980) 
within microporous dolomites (figure 4.35). Large dolomite 
crystals (1.0 to 2.0 mm in diameter) with distinctly curved 
crystal faces occur as both replacements of finer, earlier do-
lomites, and as pore-filling cements. These saddle dolomites 
display dull, red luminescence in their core areas and slightly 
bright, orange-red luminescence toward their rim areas. In ad-
dition, CL makes it possible to see the growth bands in these 
coarse dolomite crystals due to slight luminescence differ-
ences between each growth zone.  

In general, the presence of saddle dolomites within a carbon-
ate sample is indicative of the growth of strained, slightly iron-
rich, dolomite replacements and cements under elevated tem-
peratures during burial conditions (Radke and Mathis, 1980). 
Thus, saddle dolomite, as well as the other coarse dolomite 
crystals with reddish luminescence, are probably late burial 
or hydrothermal dolomites. Additional published descriptive 
work on saddle dolomites using CL may be found in LaVoie 
and Morin (2004).  

Lisbon No. D-616 Well

Sediment-filled cavities are relatively common throughout the 
upper one-third of the Leadville Limestone in Lisbon field. 
These cavities or cracks were formed by karstification of the 
exposed Leadville. Infilling of the cavities by detrital carbon-
ate and siliciclastic sediments occurred before the deposition 
of the Pennsylvanian Molas Formation. Cathodoluminescence 
imaging shows that the contact between the transported mate-
rial and the limestone country rock can be sharp, irregular, 
and corroded with small associated mud-filled fractures (fig-
ure 4.36). The transported material consists of poorly sorted 
detrital quartz grains (silt size), chert fragments, carbonate 
clasts, clay, and occassional clasts of mud balls (desiccated 
and cracked). The carbonate muds infilling the karst cavities 

are largely dolomitized (a later diagenetic process), very fine-
ly crystalline, and non-porous.  

FLUID-INCLUSION SYSTEMATICS OF 
LISBON FIELD SAMPLES

During crystal growth, imperfections may trap fluids present 
in the environment at that time. Later mineral precipitation 
and deformation, such as the development of fractures, can 
create additional crystal imperfections that may also trap flu-
ids (figure 4.37). These fluid inclusions are defined as fluid-
filled vacuoles, typically 5 to 20 microns in size. They provide 
pressure, volume, and temperature information about the con-
ditions when the crystal precipitated (Bodnar, 2017). The flu-
ids in the inclusion may be connate water, oil, or a sample of 
the mineralizing fluid. The following properties are assumed 
not to have changed since an inclusion formed: (1) the compo-
sition of the trapped fluid, (2) the density of the trapped fluid, 
and (3) the volume of the inclusion (Bodnar, 2017). The study 
of fluid inclusions can help determine (1) the temperature of 
mineral precipitation, (2) the composition and origin of min-
eralizing fluids, (3) later history of temperature, pressure, and 
fluid composition, (4) petroleum migration history, (5) rela-
tive timing of porosity occlusion, and (6) deformation event 
conditions (Bodnar, 2017).  

Fluid inclusions trapped in calcite, quartz, and dolomite were 
studied from three wells: Lisbon NW USA No. B-63, Lisbon 
No. D-616, and Lisbon No. D-816 (figure 2.3). The inclusions 
were categorized based on origin, number of phases present, 
and composition. All inclusions were classified as either pri-
mary or secondary. Primary inclusions are trapped at the time 
of mineral growth; secondary inclusions are trapped along 
healed fractures. Primary inclusions typically define growth 
zones, although in quartz, large isolated inclusions are typi-
cal. All inclusions observed contained either one or two fluid 
phases at room temperature. Inclusions containing brine and 
vapor are the most common, but single-phase aqueous inclu-
sions, gas-rich inclusions, and inclusions consisting of oil and 
vapor are present. Single-phase aqueous inclusions are indica-
tive of trapping at temperatures less than 50°C (122°F) (Gold-
stein and Reynolds, 1994).  

Fluid-Inclusion Measurements

Heating and freezing measurements were made on doubly 
polished thick sections and hand-picked crystals using a 
Linkham THSMG 600 freezing and heating stage calibrated 
with synthetic fluid inclusions (the data are tabulated in part 
3 of appendix E). The precision of the measurements is esti-
mated to be ± 0.1°C at 0.0°C (32°F) and ± 3°C at 374°C (± 
43°F at 705°F). 

Homogenization and ice-melting temperatures were mea-
sured. Homogenization temperatures are minimum trapping 
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Figure 4.34. Photomicrographs from Lisbon No. D-816 well at 8433 feet (2570 m). (A) This CL image shows beautiful luminescence zonation 
of many of the dolomite crystals, especially in a band from the top center to the bottom center of the image. Note the bright red luminescing 
dolomite cores surrounded by rim zones of non-fluorescent overgrowth. The black areas on this image are currently open pore spaces. (B) 
The same field of view under plane light showing replacement dolomite (RD) and saddle dolomite (SD). The dolomite crystals shown here 
are well formed with planar crystal faces and generally rhombic outlines. Note that some crystal terminations may display curved (or saddle) 
outlines. Plane light does not make it possible to distinguish the crystal composition zonation imaged in the CL photomicrograph. The black 
areas within this field of view are due to pyrobitumen coatings on many of the dolomite crystal surfaces. The blue areas between many of the 
replacement dolomite crystals are open pores.         

A.

B.
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Figure 4.35. Photomicrographs from Lisbon No. B-816 well at 8486 feet (2587 m). (A) This area of high matrix porosity (in black) shows early 
replacement dolomite (ED) that displays intense red luminescence. Some of these replacement crystals display very thin orange overgrowths. 
However, some of the largest dolomite rhombs (saddle dolomite [SD]) in this field of view display a coarser crystal zonation in which the 
bright red luminescent core is overgrown with thick, dull luminescent rims (the lower left corner of this photomicrograph). Finally, note the 
large, late calcite spar crystals (macrocalcite [MC]) that have orange luminescence within the large pores from lower left to upper right as 
well as in the lower right. (B) The same field of view under crossed nicols. Note that some of the large dolomite crystals in the lower left of 
this image display sweeping extinction and possibly curved crystal faces that are consistent with probable saddle dolomite. The replacement 
dolomite throughout most of this field of view are too small or too inclusion-rich to distinguish extinction patterns. The late calcite spar 
cements generally display straight extinction.       

A.

B.
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Figure 4.36. Photomicrograph from Lisbon No. D-616 well at 8308 feet (2532 m). This low-magnification image nicely shows a sharp contact 
that runs from top to bottom toward the left side of the photomicrograph. The bright red field is composed mostly of dolomite, whereas the 
field with the orangish cast (to the left) is almost entirely limestone. The dolomite area is composed of carbonate grains and sediments that 
have filled a karst-related crack or cavity. The poorly sorted, angular grains that are “floating” within the dolomite field are a combination 
of detrital siliciclastic (mostly quartz) grains and lithified limestone clasts. The limestone field along the left side of the photomicrograph is 
composed of non-luminescent skeletal (crinoid-rich) sediments with orangish cements. Neither the dolomite with siliclastic sediments nor 
the limestone display any visible matrix porosity. The contact between the dolomite and limestone fields is irregular but sharp. Finally, few 
scattered replacement dolomite rhombs (also with red luminescence) are within the well-cemented limestone. Figure 4.9C is the same field 
of view under crossed nicols.       

Figure 4.37. Schematic diagram of basic fluid inclusion types.        
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temperatures. Ice-melting temperatures provide a measure of 
the fluid salinity. The salinities of the two-phase aqueous in-
clusions that have ice-melting temperatures between 0° and 
-21.2°C (32° and -6.2°F) were converted to weight percent 
(wt.%) NaCl equivalent using the equation of Bodnar (1993). 
Salinities of inclusions that have lower ice-melting tempera-
tures displayed eutectic (first melting) temperatures of less 
than -45°C (-49°F), indicating the presence of divalent ions 
(most likely Ca and Mg). These inclusions had ice-melting 
temperatures as low as about -27°C (-17°F). The equation 
of Bodnar (1993) cannot be used to calculate the salinities 
of these fluids. As a first approximation, assuming that only 
Ca, Na, and water are present in the inclusions, the salinities 
would be in the range of 25 wt.% to 30 wt.% NaCl-CaCl2 
equivalent (Yanatieva, 1946). Such high-salinity brines imply 
interactions with evaporite deposits.  

Caveats and Practical Aspects of  
Fluid-Inclusion Studies

Several factors can affect the utility and validity of fluid-in-
clusion measurements and these factors can play a significant 
role in sedimentary environments. Two general tenets of fluid-
inclusion research are that (1) the volume of the cavity has not 
changed since generation of the vapor bubble, and (2) the bulk 
composition of the inclusion has remained constant. However, 
both the volume and compositions of the inclusions can be 
modified by necking, stretching, refilling, and leakage. Typi-
cally, a population of fluid inclusions that formed contempo-
raneously (termed a fluid inclusion assemblage by Goldstein 
and Reynolds, 1994) will yield homogenization temperatures 
within 15° to 20°C (59°–68°F).  

All fluid inclusions neck or anneal after trapping as the tem-
perature decreases. This process typically leads to the splitting 
of a large inclusion into several smaller inclusions. Necking 
occurring after generation of the vapor bubble is recognized 
by the petrographic association of inclusions having variable 
liquid to vapor ratios. Many of the inclusions in calcite and 
dolomite have variable liquid to vapor ratios. Qualitatively, 
the presence of all inclusions with vapor bubbles, but variable 
ratios, suggests necking occurred at elevated temperatures 
greater than at least 50°C (122°F). Although the homogeni-
zation temperatures of necked inclusions are not meaning-
ful, because they can be both greater and lower than the true 
homogenization temperature, the minimum homogenization 
temperatures can provide a qualitative measure of the mini-
mum temperatures that have affected the rocks. The salini-
ties of necked inclusions, however, are not greatly affected 
by necking and can be measured and used. Oil inclusions are 
less prone to necking than aqueous inclusions, although some 
secondary inclusions in the latest calcite clearly displayed evi-
dence of necking.

Stretching is the inelastic expansion of the fluid inclusion re-
sulting in an increase in its volume. This can lead to the gen-
eration or growth of a vapor bubble, which in turn yields an 

anomalously high temperature of homogenization. The degree 
of stretching is highly variable even within a single crystal and 
its effect is dependent on original fluid inclusion size, shape, 
and location in a crystal; degree of overheating; pressure; and 
fluid composition. Often a significant percentage of the inclu-
sions will retain their original characteristics. For example, 
single-phase inclusions, if originally present, will persist after 
stretching. Stretched inclusions do not yield meaningful ho-
mogenization temperatures. The salinities of stretched inclu-
sions, however, can be utilized.  

Refilling of fluids may be common but is difficult to recog-
nize. Both the homogenization temperatures and composi-
tions can be utilized. Refilling of fluids can be recognized 
by comparison of fluid inclusion characteristics of minerals 
whose relative ages are known. 

Leakage of fluids, particularly the liquid phase, from fluid in-
clusions is also common. Inclusions that leak are typically va-
por-rich. Leakage can often be recognized because it will affect 
only a small percentage of the total fluid inclusion population.

Lisbon Fluid Inclusions

Fluid Inclusions in Early Calcite

Early calcite represents original fossil material (figure 4.38) 
and is characteristically coarsely crystalline and decorated 
with abundant aqueous liquid-rich inclusions that have vari-
able liquid to vapor ratios (figure 4.39). Less commonly, oil 
inclusions are present (figures 4.40 and 4.41). The vast major-
ity of both the aqueous and oil inclusions are randomly dis-
tributed throughout the calcite crystals and appear to be pri-
mary in origin. Secondary inclusions defining healed fractures 
are uncommon.  

The characteristically variable liquid to vapor ratios of the 
aqueous inclusions are interpreted as resulting from necking. 
Reconnaissance homogenization temperature measurements 
on spatially associated inclusions have temperatures greater 
than 20°C (68°F) and are consistent with this interpretation. 
These homogenization temperatures are not considered mean-
ingful and are not reported here. However, the occurrence of 
all two-phase inclusions, in contrast to the presence of numer-
ous single-phase, liquid inclusions in dolomite suggests the 
inclusions in calcite were trapped at elevated temperatures.  

Ice-melting temperatures were measured on the aqueous in-
clusions in two samples from the Lisbon No. D-616 well (fig-
ure 4.42). These temperatures ranged from -19.5° to -25.5°C 
(-3.1°–13.9°F) indicating that the fluids were highly saline.  

Early calcite containing primary oil inclusions was found in 
the Lisbon No. D-616 well at a depth of 8356 feet (2547 m) 
(figures 4.40 and 4.41). The color of the oil under fluorescent 
light suggests it has an API gravity of 35° to 45° (Goldstein 
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Figure 4.38. Early calcite from the Lisbon No. D-616 well at 8356 feet (2550 m). The mottled appearance of the calcite is due to abundant 
fluid inclusions. Width of image is 3.3 mm.         

Figure 4.39. Fluid inclusions in early calcite from the Lisbon No. D-616 well at 8356 feet (2550 m). Arrows point to inclusions that have 
different liquid to vapor ratios, resulting from necking after trapping. Width of image is 0.7 mm.          
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Figure 4.40. Brown primary oil inclusion (arrow) in calcite from the Lisbon No. D-616 well at 8356 feet (2550 m). Clear inclusions are 
aqueous. Width of image is 0.3 mm.           

Figure 4.41. Primary oil inclusion in calcite from the Lisbon No. D-616 well at 8356 feet (2550 m). Right-hand image taken under fluorescent 
light shows that the oil is live. Height of image is 0.3 mm.      
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and Reynolds, 1994). Twelve primary oil inclusions were 
measured in a single calcite crystal. All but two yielded ho-
mogenization temperatures ranging from 48° to 68°C (118°–
154°F). The oil is interpreted as having formed in place from 
trapped organic material. The homogenization temperatures 
are minimum trapping temperatures.  

Although the aqueous and oil inclusions appear primary in 
origin, they clearly could not have been present at the time the 
fossils were deposited. Furthermore, the phase relationships 
indicate the aqueous inclusions cannot be regarded as original 
inclusions that have stretched. The most likely explanation for 
the distribution and character of these calcite-hosted inclu-
sions is that the original calcite has recrystallized and that the 
fluids were trapped during recrystallization. Oil inclusions in 
saddle dolomite suggest a similar history.

Fluid Inclusions in Dolomite

Dolomite fills voids and replaces early calcite. Early dolo-
mite is typically fine grained; later saddle dolomite is coarser 
grained. Small fluid inclusions, most of which are less than a 
few micrometers in length, are common in dolomite (figure 
4.43). These inclusions define growth zones, and consequently 
are interpreted as being primary in origin. Coarse-grained sad-
dle dolomite frequently contains cloudy cores and clear rims.

Only aqueous inclusions were observed in the early fine-
grained dolomite. Later saddle dolomite contains both aque-
ous and oil inclusions. Although many of the aqueous inclu-
sions appear to contain only a single liquid phase, aqueous 
inclusions with variable liquid to vapor ratios are not un-
common. Reconnaissance measurements indicate that the 
two-phase (liquid plus vapor) inclusions commonly have 
homogenization temperatures ranging from 70° to 135°C 
(158°–275°F), although inclusions having homogeniza-
tion temperatures several tens of degrees higher are locally 
abundant. Fluid inclusions trapped during mineral growth at 
temperatures greater than 70°C (158°F) will typically con-

tain a vapor bubble. The common absence of a vapor bubble 
in many of the primary inclusions is inconsistent with dolo-
mite formation at elevated temperatures and suggests that (1) 
the dolomite formed at temperatures of less than about 50°C 
(122°F), (2) the fluid inclusions have re-equilibrated (necked, 
stretched, or refilled), and (3) the homogenization tempera-
tures of the two-phase inclusions are meaningless. Ice-melt-
ing temperatures of inclusions trapped in fine-grained dolo-
mite from depths of 8372 feet (2552 m) in the Lisbon No. 
D-616 well and 8444 feet (2574 m) in the Lisbon No. D-816 
well and from the clear rims of saddle dolomite from a depth 
of 9939 feet (3029 m) in the Lisbon NW USA No. B-63 well 
are shown in figure 4.44.  

Oil inclusions occur in saddle dolomite from a depth of 9939 
feet (3029 m) in the Lisbon NW USA No. B-63 well (figure 
4.45). The inclusions appear primary, occurring in light-col-
ored parts of the crystal. The early, dark-colored growth zones 
are truncated by the lighter-colored dolomite, suggesting that 
the dolomite recrystallized during burial (figure 4.46). These 
relationships indicate that the oil was trapped during recrystal-
lization. Homogenization temperatures of the oil inclusions, 
which range from 60° to 70°C (140°–158°F) (figure 4.47), 
provide a minimum temperature for this recrystallization.  

Fluid Inclusions in Quartz

Quartz occurs as fine- to medium-grained crystals that post-
date dolomite. Figure 4.48 shows small quartz crystals filling 
cavities in dolomite. Larger euhedral quartz crystals encap-
sulate dolomite and anhydrite (figures 4.49 and 4.50). The 
anhydrite inclusions are frequently oriented and rounded, in-
dicating they are remnants of large, partially dissolved crys-
tals. Anhydrite has retrograde solubility (deposits as water is 
heated) whereas quartz has prograde solubility (deposits as 
fluids cool). These relationships suggest that the anhydrite 
formed from refluxing brines, while the later laterally migrat-
ing or ascending cooling fluids that deposited quartz were un-
dersaturated in anhydrite, leading to its dissolution.  

Figure 4.42. Ice-melting temperatures (Tm) of fluid inclusions in early calcite from the Lisbon No. D-616 well at 8356 feet (2550 m) and 
8372 feet (2552 m).            
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Figure 4.43.  Dolomite (colorless) and calcite (red) from the Lisbon NW USA No. B-63 well at 10,004 feet (3049 m). The cloudy appearance 
of the dolomite is due to abundant fluid inclusions. Saddle dolomites crystals (center of photomicrograph) typically have cloudy cores and 
clear rims. Width of image is 0.7 mm.    

Figure 4.44. Ice-melting temperatures (Tm) of dolomite-hosted fluid inclusions. Samples from depths of 8372 feet (2552 m) in the Lisbon No. 
D-616 well, 8444 feet (2574 m) in the Lisbon No. D-816 well, and from the clear rims of saddle dolomite from a depth of 9939 feet (3029 m) 
in the Lisbon NW USA No. B-63 well.        
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Figure 4.45. Oil inclusions in saddle dolomite from the Lisbon NW USA No. B-63 well at 9939 feet (3029 m). Arrows point to two of the 
inclusions; others are apparent in the right-hand image taken under fluorescent light. Height of images is 0.3 mm.     

Figure 4.46.  Low-magnification image of saddle dolomite shown in figure 4.45. Dark growth zones are truncated near the left side of the 
oval. Oil inclusions in figure 4.45 occur in the light-colored dolomite on right side of oval. Width of image is 0.7 mm.         
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Figure 4.47.  Homogenization temperatures of oil inclusions trapped in saddle dolomite from the Lisbon NW USA No. B-63 well at 9939 
feet (3029 m).  

Figure 4.48. Quartz crystals partially filling a cavity in dolomite from the Lisbon NW USA No. B-63 well at 9981 feet (3042 m). The right-
hand image was taken under partially crossed nicols. Height of images 0.7 mm.    
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Figure 4.49. Quartz encapsulating dolomite from the Lisbon NW USA No. B-63 well at 10,004 feet (3049 m). Height of images is 1.3 mm 
(left) and 0.7 mm (right). Right-hand image taken under crossed nicols. 

Figure 4.50. Coarse-grained quartz crystal from the Lisbon No. D-616 well at 8356 feet (2547 m). Small oriented grains of anhydrite are 
encapsulated in the quartz. Width of image is 1.3 mm.   
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The quartz crystals from a depth of 8356 feet (2547 m) in 
the Lisbon No. D-616 well commonly contain numerous two-
phase aqueous inclusions; rarely, gas-rich and single-phase, 
liquid-rich inclusions are present. Figures 4.51 and 4.52 show 
quartz crystals containing primary liquid-rich inclusions. In 
figure 4.51, primary inclusions define a growth zone within 
the interior of the crystal. Large isolated primary inclusions, 
up to 50 micrometers across occur in the quartz crystals 
shown in figure 4.52. Coexisting liquid- and vapor-rich in-
clusions were observed in the crystal shown in figure 4.53. 
Because of the small size of the gas-rich inclusions, it was not 
possible to estimate their compositions from phase changes 
during freezing and heating. However, in this environment, 
the gas is probably methane-rich. No primary oil inclusions 
were observed in the quartz crystals.  

Secondary aqueous inclusions that define healed fractures are 
common in some of the quartz crystals. The majority of these 
inclusions contain liquid and vapor at room temperature; rarely 
single-phase aqueous inclusions are present. As noted above, 
these single-phase inclusions could represent the local incur-
sion of low-temperature (less than about 50°C [122°F]) waters.

Homogenization and ice-melting temperatures of quartz-
hosted inclusions were measured (figure 4.54). Primary in-

clusions yielded homogenization temperatures ranging from 
118° to 133°C (244°–271°F) and ice-melting temperatures of 
-20.5° to -22.8°C (-4.9°–9°F). Secondary inclusions yield-
ed lower homogenization temperatures but a much broader 
range of ice-melting temperatures that overlapped those of 
the primary inclusions.

The presence of coexisting gas- and liquid-rich inclusions 
is particularly significant because this suggests that the ho-
mogenization temperatures closely approximate the true trap-
ping temperatures (see discussion in Goldstein and Reynolds, 
1994). The quartz-hosted inclusions provide the best measure 
of the maximum burial temperature and depth of any of the 
minerals studied. 

Fluid Inclusions in Late Calcite

Late calcite from depths of 9936 feet, 9991 feet, and 10,005 
feet (3028 m, 3045 m, and 3049 m) in the Lisbon NW USA 
No. B-63 well was studied. The calcite encapsulates dolomite 
(figure 4.55) and fills vugs. The textural relationships between 
dolomite, quartz, and calcite imply that the calcite also post-
dates quartz (figure 4.56), and dissolution of dolomite oc-
curred prior to calcite deposition (figure 4.55). 

Figure 4.51. Two-phase, liquid-rich inclusions defining a growth zone in the interior of a quartz crystal from the Lisbon No. D-616 well 
at 8356 feet (2547 m). The large, irregular cavity on the right may have been initially filled with anhydrite. Width of image is 0.3 mm. 
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Figure 4.52. Primary liquid-rich inclusions in quartz from the Lisbon No. D-616 well at 8356 feet (2547 m). Height of image is 0.3 mm. 
Irregular shaped inclusions are anhydrite.  

Figure 4.53. Coexisting primary liquid- and gas-rich inclusions in quartz from the Lisbon No. D-616 well at 8356 feet (2547 m). Width 
of image is 0.3 mm.  
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Figure 4.54.  Homogenization (A) and ice-melting (B) temperatures of quartz-hosted aqueous inclusions from the Lisbon No. D-616 well 
at 8356 feet (2547 m).   

Figure 4.55. Corroded and dissolved dolomite (white) encapsulated in calcite (pink) from the Lisbon NW USA No. B-63 at 9936 feet (3028 
m). Width of image is 1.3 mm.    

A. B.
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Figure 4.56. Coarse-grained calcite (upper half of image) that appears to postdate quartz (purple crystal in center) and dolomite (lower 
half of image). Lisbon NW USA No. B-63 well at 10,004 feet (3049 m). Width of image is 0.7 mm.   

Secondary aqueous and oil inclusions occur in the late calcite. 
All aqueous inclusions display variable liquid to vapor ratios 
indicative of necking. Ice-melting temperatures of calcite-
hosted inclusions were measured (figures 4.57 and 4.58A). 
The ice-melting temperatures of the aqueous inclusions in 
calcite vary from well to well and the frequencies are highest 
at the opposite ends of the ranges in the Lisbon No. D-616 and 
Lisbon NW USA No. B-63 wells (figure 4.58A). The range of 
ice-melting temperatures of the fluid inclusions in calcite ver-
sus quartz are similar; however, the frequencies for quartz are 
highest around -20°C (-4°F) versus two widely separated fre-
quency peaks for calcite in the Lisbon No. D-616 and Lisbon 
NW USA No. B-63 wells at -25°C (-13°F) and -5°C (23°F), 
respectively (figure 4.58). 

The majority of the inclusions in calcite from depths of 9939 
feet and 10,005 feet (3029 m and 3049 m) yielded compara-
tively high ice-melting temperatures ranging from -5.5° to 
about -12°C (22.1° to about 10°F), corresponding to salinities 
of 8.6 to 16 wt.% NaCl equivalent. Inclusions from a depth 
of 9991.8 feet (3045 m) had higher salinities, up to 18 wt.% 
NaCl equivalent. These relationships suggest that at least two 
distinct groups of fluids interacted with the rocks from the 
Lisbon NW USA No. B-63 well.  

Figure 4.57. Ice-melting temperatures (Tm) of late, calcite-hosted 
fluid inclusions from the Lisbon NW USA No. B-63 well.     
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Figure 4.58. Comparison of ice-melting temperatures (Tm) of fluid inclusions in calcite (A) and quartz (B) from the Lisbon No. D-616 well.   

A. B.

Late Oil Inclusions

The youngest significant diagenetic event recorded in the 
rocks is represented by the presence of the bitumen observed 
in numerous thin sections. Secondary inclusions trapped in 
late calcite from a depth of 9936 feet (3028 m) in the Lisbon 
NW USA No. B-63 well provide unequivocal evidence for 
a mobile oil phase that postdates calcite deposition. The oil 
inclusions shown in figure 4.59 display variable liquid to va-
por ratios caused by necking. The oil is fluorescent with an 
estimated API gravity of 35° to 45°, based on its color, which 
contrasts with the produced oil API gravity that ranges from 
54° to 63°. Similar appearing secondary oil inclusions were 
observed in calcite from a depth of 8372 feet (2552 m) in 
the Lisbon No. D-616 well (figure 4.60), although it is not 
possible to uniquely assign an age to these inclusions. These 
inclusions yielded consistent homogenization temperatures 
ranging from 39° to 43°C (102°–109°F) (figure 4.61). The 
homogenization temperatures of primary oil inclusions have 
both a wider and higher temperature range than secondary 
oil inclusions (figure 4.61). Finally, the homogenization 
temperatures of oil inclusions in calcite have both a wider 
and lower temperature range than oil inclusions in saddle 
dolomite (figure 4.62).  

ISOTOPIC ANALYSIS

Stable Carbon and Oxygen

Modification of rock fabrics and porosity within the Leadville 
Limestone in Lisbon field is quite complex. Stable isotope 
geochemistry has been used to provide insights into the chem-
ical differences between preserved remnants of depositional 

components and the various diagenetic events in carbonate 
rocks, as recognized from core examination and thin section 
petrography. A graph of carbon versus oxygen isotope com-
positions for a range of carbonate rock types (figure 4.63), 
from various published sources compiled by Roylance (1990), 
serves as a guide for comparisons with data obtain in our study. 
Broad fields of carbon and oxygen isotope compositions for 
various carbonate rock settings are indicated, including mod-
ern marine (“subsea”) cements, various marine skeletons and 
sediments, deep-water (“pelagic”) limestone, Pleistocene car-
bonates, and meteoric carbonates (“speleothems and veins”). 

Methodology

Isotopic composition analyses for stable carbon and oxygen, 
as well as strontium, were completed on a variety of diage-
netic phases from Lisbon field core samples (table 4.2). Indi-
vidual samples were collected as powdered rock using a Dre-
mel drill equipped with precision bits.  

All analyses were completed at the Colorado School of Mines 
(CSM) Stable Isotope Laboratory, Golden, Colorado. The 
CSM lab possesses the capabilities of analyzing the stable iso-
topes of hydrogen, carbon, nitrogen, oxygen, and sulfur (H, C, 
N, O, and S) from a wide array of sample matrices. The GV 
Instruments IsoPrime mass spectrometer (figure 4.64) is the 
keystone around which several on-line preparation devices 
operate. Traditional dual-inlet applications (waters, carbon-
ates, off-line prepared gases) are prepared with a MultiPrep 
auto sampler capable of performing carbon dioxide (CO2) and 
H2 equilibration on water samples, and acid digestion of car-
bonate samples (figure 4.65). A 50-port manifold can also be 
fitted for dual-inlet analysis of off-line gases. The IsoPrime 
mass spectrometer is also interfaced with continuous-flow 
preparation devices, including two elemental analyzers and a 
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Figure 4.59. Secondary oil inclusions in late calcite from the Lisbon NW USA No. B-63 well at 9936 feet (3029 m). The inclusions are 
necked. The large brown inclusion at bottom center contains only liquid; others contain variable ratios of liquid and gas. Width of image 
is 0.7 mm.  

Figure 4.60. Secondary oil inclusions in calcite from the Lisbon No. D-616 well at 8372 feet (2552 m). The height of each image is 0.3 
mm. Right-hand image was taken under fluorescent light.      
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Figure 4.61. Comparison of homogenization temperatures of 
primary (P) and secondary (S) oil inclusions in calcite.  

Figure 4.62. Comparison of homogenization temperatures of 
oil inclusions in calcite and saddle dolomite. All inclusions are 
primary except 35° to 40°C inclusions in calcite.      

trace-gas preconcentrator. The elemental analyzers generate 
gases by combustion or pyrolysis, which are then carried in an 
inert stream of helium to the mass spectrometer for analysis of 
H, C, N, O, and S. Common applications include analysis of 
phosphates, nitrates, waters, organics, soils, plant and animal 
matter, sulfides, sulfates, and oils. The trace-gas preconcentra-
tor cryogenically focuses trace quantities of gases for isotopic 
analysis. Common applications include analysis of methane, 
carbon dioxide, and nitrous oxide from atmospheric and soil-
gas samples.  

The internal standard used in the CSM lab is the University 
of California at Los Angeles (UCLA) Carrara marble. The 
accepted values for this internal standard were matched con-
sistently during the analysis of the Leadville core samples se-
lected for this study. All isotopic compositions are reported 
relative to Vienna Pee Dee Belemnite (VPDB) (see Land, 
1980, figure 6 for definition relative to Standard Mean Ocean 
Water [SMOW]). 

Stable Carbon and Oxygen Isotopes for Leadville 
Limestone Samples at Lisbon Field

Carbon isotopic compositions for the 25 Leadville Limestone 
(limestone and dolomite) samples from Lisbon field (table 
4.2 and figure 4.66) cluster in a very narrow range around the 
mean value of -2.95‰ VPDB; the range is -1.92‰ to -6.09‰ 
VPDB (one notable exception of +4.4‰ was excluded). Ox-
ygen isotopic compositions for these samples, however, are 
more widespread (table 4.2 and figure 4.66). The range is 
-0.96‰ to -12.26‰ VPDB; the mean value is -4.61‰ VPDB.  

Stable carbon and oxygen isotope data indicate that all Lis-
bon Leadville dolomites were likely associated with brines 
whose composition was enriched in del 18O compared with 
Late Mississippian seawater. Stable oxygen isotope analyses 
of dolomites show a linear trend with a fairly narrow range 
of carbon isotope values (figure 4.66). Figure 4.67 shows a 
cross plot of the same del 13C/del 18O Leadville Limestone 
data from Lisbon field with the regions of dolomite tempera-
tures of formation suggested by Allan and Wiggins (1993), 
based upon their interpretation of many ancient dolomites. 
Note that most of the Leadville data points plot in the region 
that Allan and Wiggins have called the “overlap of low and 
high temperature dolomites.” 

Stable oxygen isotopes for Mississippian seawater were in 
the range of -2‰ to -1‰ (Veizer and others, 1999). Dolo-
mitizing fluid compositions enriched with respect to del 18O 
are thought to be heavier than normal Mississippian seawater 
(bracketed by the yellow arrows on figure 4.68). Leadville 
Limestone reflux dolomitization likely resulted from evapo-
rated brines, several per mil heavier than normal seawater 
(e.g., modern Arabian Gulf water in the range of 2.5‰ to 4‰ 
[Wood and others, 2002]). Assuming similar oxygen enrich-
ment of Mississippian seawater values, a dolomitizing fluid 
would be in the range of 0.5‰ to 3‰. This factor, coupled 
with Leadville dolomite isotope values, constrain Leadville 
replacement dolomitization temperatures to between 140° 
and 194°F (60°–90°C) (figure 4.68). Saddle dolomite cements 
were precipitated at temperatures greater than 194°F (90°C).  

Strontium

Strontium (Sr) isotope analysis was used to assist with the 
diagenetic interpretation of different subsurface mineral 
phases within Leadville Limestone samples from Lisbon 
field. The interpretation of these analyses is discussed after 
the following comments about the nature of the Sr isotope 
analysis, as well as a description of the analytical technique 
and laboratory used. 

Applications and Background

Strontium isotope analysis is used most frequently as an age-
dating tool in marine carbonates. The Sr composition of an-
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Figure 4.63. Carbon versus oxygen isotope compositions. Other compositional facies compiled from various published work (modified 
from James and Ginsburg, 1979, by Roylance, 1990).      

Sample No. Well Depth (ft) del 13C del 18O Comments
1 B-63 9960.6 -2.441 -6.830 Late calcite

2 B-63 9960.6 -1.918 -1.435 Syngenetic dolomite

3 B-63 10,004–05 -6.092 -11.297 Late calcite

4 D-816 8444–45 -2.696 -3.069 Dolomite cement

5 D-816 8444–45 -2.648 -2.441 Replacement dolomite

6 D-816 8444–45 -3.008 -2.287 Matrix dolomite

7 D-816 8421 -2.584 -3.699 Dolomite cement

8 D-816 8421 -2.978 -4.265 Replacement dolomite

9 D-616 8356–57 -3.709 -4.613 Saddle dolomite in fractures

10 D-616 8356–57 -2.793 -4.422 Limestone matrix/crinoids

11 D-816 8433 -2.815 -3.375 Late replacement matrix dolomite

12 B-610 7897 -2.951 -0.963 White, low permeability early dolomite

13 B-610 7897 -3.348 -2.808 Black, porous late dolomite

14 B-610 7886 -3.294 -2.601 White, low permeability early dolomite

15 B-610 7886 -3.126 -2.890 Black, porous late dolomite

16 D-616 8559 -2.851 -3.313 Black, porous late replacement dolomite

17 D-616 8682 4.407 -2.086 Syngenetic dolomite

18 B-63 9935.6 -2.795 -4.012 Dolomite (possible cross-cutting karst sediment fill)

19 B-63 9935.6 -2.785 -5.564 Limestone, peloidal/skeletal grainstone; sampled only black non-skeletal grains 
which appear microporous

20 D-616 8308–09 -4.418 -3.038 Dolomitized sediment within karst cavity

21 D-616 8308–09 -2.783 -4.147 Limestone country rock

22 B-63 9991.8 -3.510 -7.668 Late calcite, poikliotopic

23 B-63 9939 -3.499 -7.644 Saddle dolomite

24 B-63 9909 -4.794 -12.255 Late calcite

25 D-616 8308 -4.224 -2.694 Karst-fill dolomite

Table 4.2. Stable carbon and oxygen isotope data from the Leadville Limestone, Lisbon field core samples.     
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Figure 4.64. The Colorado School of Mines Stable Isotope Laboratory’s GV Instruments IsoPrime stable isotope ratio mass spectrometer. 
Several peripheral devices are interfaced with the IsoPrime for both dual-inlet and continuous flow applications. 

Figure 4.65. MultiPrep intended for high-precision dual-inlet analysis of carbon and oxygen isotopes of carbonate samples, and oxygen 
isotopes for waters by traditional equilibration techniques. Sample sizes for carbonates ranges from 10 to 100 μg; water samples are 200 μL.        
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Figure 4.66. Stable carbon versus oxygen isotopic compositions for Leadville dolomite and calcite from Lisbon field. Sample numbers 17 
and 24 not shown. Refer to table 4.2 for isotopic data. 

Figure 4.67. Cross plot of the del 13C/del 18O Leadville Limestone data from Lisbon field with the regions of dolomite temperatures of 
formation suggested by Allan and Wiggins (1993).   
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Figure 4.68. Dolomite stable oxygen isotope values versus temperature data. The green field shows our estimate of del 18O of dolomitizing 
fluids at between 0.5‰ and 3.0‰. Precipitation temperatures were up to about 90°C (194°F).     

cient seawater and its variation through geologic time have 
been determined from common marine carbonate miner-
als, especially calcite, aragonite, and dolomite (Brass, 1976; 
Burke and others, 1982; Allan and Wiggins, 1993).  

Among the four known isotopes of Sr, the ratio of 87Sr/86Sr is 
the most useful for tracking the secular changes of seawater Sr. 
These two isotopes come from separate sources in the Earth. 
Strontium-87 is radiogenic (from the radioactive decay of ru-
bidium-87 with a half-life of about 50 billion years), whereas 
strontium-86 is non-radiogenic (Faure and Powell, 1972; Faure, 
1977). These secular changes in the Sr ratio of seawater are the 
result of the interplay of tectonism and erosion versus seafloor 
spreading (Allan and Wiggins, 1993). In general, erosion result-
ing from increased tectonism increases the ratio of 87Sr/86Sr; 
during times of high seafloor spreading the ratio is decreased. 
The assumed reason for these changes is that continental (si-
alic) crustal rocks (e.g., granites, gneisses, and their derivatives 
such as arkoses) contribute radiogenic Sr ratios (i.e., relatively 
high Sr isotopic numbers). On the other hand, mantle (simatic) 
rocks (e.g., basalts, other volcanic, undifferentiated basic rock 
types, and their derivatives such as lithic sandstones) are much 
less radiogenic (i.e., relatively low Sr isotopic ratios). The high 
contribution of Sr into the oceans from highly radiogenic conti-
nental materials and less radiogenic mantle minerals, combined 
with the rapid mixing rate of the oceans and the long oceanic 
residence time of Sr, have allowed the Sr isotope ratio of seawa-

ter to be the same globally at any given time. For useful discus-
sions and explanations of these factors, see Veizer (1989) and 
Allan and Wiggins (1993, p. 49–52).  

Most workers believe that the Sr isotopic composition of sea-
water throughout the world has changed through geologic 
time as a function of the relative fluxes in contributions from 
mantle and continental Sr. The mantle contributions are high-
est during times of rapid seafloor spreading. The continental 
contributions are highest during times of orogenesis or during 
climatic periods of increased erosion of the continents (see, 
for instance, Veizer, 1989).   

Strontium Isotope Age Curve for Marine  
Carbonate Rocks

The 87Sr/86Sr ratio of a carbonate mineral can be measured 
with great precision (i.e., to five significant figures). Workers 
at the Mobil (Oil) Field Research Lab successfully construct-
ed a reference curve that traced the secular change in the Sr 
isotopic composition of seawater through all of Phanerozoic 
time (Burke and others, 1982; Elderfield, 1986; McArthur and 
Howard, 2004; see figure 4.69). Index fossil samples were 
used to construct and constrain the original curve. Initially, 
the curve served as a reference for Sr isotope dating of marine 
carbonates without diagnostic index fossils. Cenozoic marine 
limestone and chert can be dated with very small margins of er-
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Figure 4.69. Strontium isotope seawater composition curve. From Burke and others (1982), Elderfield (1986), and Allan and Wiggins (1993).       

ror (e.g., DePaolo and Ingram, 1985; DePaolo, 1986; DePaolo 
and Finger, 1991) because of the availability of Cenozoic in-
dex fossils in good condition and the very steep, monotonic 
nature of the curve during this time period (figure 4.69). For 
older marine carbonates, dating is less accurate due to poor 
preservation of fossils as well as the oscillating trends of the 
Sr isotope age curve (figure 4.69). The amplitudes and high 
frequency of these oscillations over geologic time are prob-
ably the result of climatic, tectonic-erosional, and seafloor-
spreading cycles (Allan and Wiggins, 1993). The Sr isotope 
curve is most useful for dating during geologic time intervals 
when the curve is unidirectional and steep (for instance, dur-
ing the Permian). 

Strontium Isotopes as Tracers for Diagenetic Fluids

Strontium isotopes can have significant value in tracing sub-
surface fluid movement (Burtner, 1987; Allan and Wiggins, 
1993). Marine waters throughout geologic time apparently 
displayed a relatively narrow range of 87Sr/86Sr ratios from 
about 0.7068 to 0.7095 (figure 4.69). Any ratios from car-
bonates that are significantly above or below this range of 
Phanerozoic seawater 87Sr/86Sr ratios indicate contribution 
by diagenetic waters in carbonate minerals that are of non-
marine origin. Higher Sr isotope values indicate addition of 
radiogenic (high 87Sr/86Sr ratio) contaminants from crystal-
line (granitic or sialic) basement rocks or potassic feldspar-
rich siliciclastic sediments (see, for instance Burtner, 1987). 
Lower Sr isotope values indicate contributions from mafics, 
ultramafics, and lithic sandstones with calcic plagioclase feld-
spar (see, for instance, Schultz and others, 1989).  

Strontium is a doubly charged cation, which easily substitutes 
into the carbonate crystal lattice (Allan and Wiggins, 1993). 
When Sr is released by diagenetic processes, it is partitioned 
into dolomites and carbonate cements in various subsurface 
settings (figure 4.70). Therefore, Sr analysis is an excellent 
tool for identifying hydrothermal dolomite.  

Strontium Isotopic Ratios for Leadville Limestone 
Samples at Lisbon Field

Three Leadville samples of different diagenetic mineral phas-
es were selected from Lisbon field for Sr isotopic analysis. 
Mineral separates were carefully drilled or plucked out of a 
conventional core segment from the Lisbon NW USA No. 
B-63 well, Lisbon field (figure 2.3), at a depth of 9939 feet 
(3030 m). One sample each of (1) replacement, brownish “su-
crosic” (rhombic euhedral) dolomite, (2) coarse, white saddle 
dolomite, and (3) coarse, clear to white calcite spar cement 
(figure 4.12 is a thin section photomicrograph showing the 
same mineral phases from 9991.8 feet [3045.4 m]) were ana-
lyzed by Geochron Laboratories (a Division of Krueger Enter-
prises, Inc., Cambridge, Massachusetts) for 87Sr/86Sr isotopic 
ratios (table 4.3). The precision of these analyses was reported 
to six significant figures (i.e., 0.00000X).  

All three samples exhibit highly radiogenic Sr isotopic val-
ues, each in excess of 0.711. These values are far higher than 
the secular range of 87Sr/86Sr ratios for marine carbonate fos-
sils and rocks during the Mississippian or for any time dur-
ing the Phanerozoic (Burke and others, 1982; Allan and Wig-
gins, 1993; Denison and others, 1994; Bruckschen and others, 
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1999; McArthur and Howard, 2004). A plot of the Sr isotope 
composition for the three Leadville samples from Lisbon 
field, along with the Phanerozoic marine carbonate curve for 
Sr ratios, is shown in figure 4.71.  

Discussion

For the Leadville samples, the high Sr isotopic ratios for the 
three late (burial) diagenetic mineral phases indicate con-
tributions from diagenetic waters enriched in 87Sr that were 
derived from granitic or arkosic sandstone terrains. The 
most logical terrain for 87Sr enrichment is either Precambri-
an basement rocks or the Devonian McCracken Sandstone. 
Both sources are at depths considerably below the Leadville 
reservoir rocks sampled for this study. However, early Ter-
tiary reactivation of basement-involved, high-angle normal 
faults associated with Precambrian tectonics may have al-
lowed hot, deep-seated fluids from the granitic basement 
or the McCracken (figure 4.72) to communicate upwards 
with the Leadville Limestone carbonate section. Brines 
from evaporites in the Pennsylvanian Paradox Formation 
may also have entered the Leadville along the large fault 
bounding the northeastern flank of Lisbon field (figures 2.2 

Figure 4.70. Strontium isotope compositions of saddle dolomites from the Canadian Rockies and Michigan Basin. From Burke and others 
(1982), Elderfield (1986), Allan and Wiggins (1993), and McArthur and Howard (2004).       

Sample No. Well Depth (ft) 87Sr/86Sr Comments
1 B-63 9939 0.712068 Late calcite

2 B-63 9939 0.711961 Saddle dolomite

3 B-63 9939 0.711464 Matrix sucrosic dolomite

Table 4.3.  Strontium isotopic data from the Lisbon NW USA No. B-63 well core samples.     

through 2.4, and 4.72). Interestingly, these radiogenic fluids 
were involved in precipitation of replacement “sucrosic” do-
lomite, saddle dolomite, and late calcite spar cement.  

Strontium isotope composition from many (but not all) burial 
replacement dolomites are radiogenic (Allan and Wiggins, 
1993, p. 95). The high 87Sr/86Sr ratio is indicative of alloch-
thonous dolomitizing brines that interacted with potassic 
feldspars from basement rocks or from arkosic siliciclastic 
sediments prior to dolomitization. For instance, matrix re-
placement and white saddle dolomites in Upper Devonian 
(Frasnian) pinnacle reefs, Alberta Basin, Canada, surrounded 
by deeper-water facies, contain radiogenic Sr well above the 
Sr isotope seawater curve (Anderson, 1985; Allan and Wig-
gins, 1993, figure 95). Burial replacement dolomites in the 
Ordovician Trenton Formation of southern Michigan also 
have Sr isotope similarities to the Leadville Limestone at Lis-
bon field. Reactivation of a basement-involved, Precambrian, 
left-lateral wrench system allowed brines to migrate from the 
Silurian Salina Formation along faults and fractures into the 
Trenton (Allan and Wiggins, 1993). Strontium in the Trenton 
limestone has Ordovician seawater values whereas dolomite 
has Silurian seawater values (figure 4.73).  
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Figure 4.71. Strontium isotope seawater composition for the three Leadville Limestone samples from Lisbon field along with the Phanerozoic 
marine carbonate curve for Sr ratios. Modified from Burke and others (1982), Elderfield (1986), and Allan and Wiggins (1993).        

LEADVILLE LIMESTONE BURIAL 
HISTORY AND POSSIBLE HEAT SOURCES

Burial history and temperature profiles for the Leadville 
Limestone at Lisbon field provide some guidance as to when 
important tectonic, diagenetic, and porosity-forming events 
occurred. These profiles (figure 4.74) were estimated using 
formation tops derived from well logs, a calculated geother-
mal gradient from bottom-hole temperatures of Lisbon wells 
(figure 2.14), regional measured stratigraphic sections, geo-
logic maps, and various publications summarizing the geo-
logic history of the area. The burial history profile shows 
rapid burial during the Pennsylvanian corresponding to the 
development of the Paradox Basin. This period is followed 
by a relatively gradual increase in burial depth, with minor 
spikes representing times of erosion or non-deposition, until 
the rapid and maximum depth of burial (16,500 feet [5500 
m]) occurred during the Late Cretaceous. The maximum 
temperature at that time was about 244°F (118°C). In addi-
tion to the calculated temperature profile, we have inferred 
anomalous temperature spikes for (1) late Laramide reacti-

vation along normal faults that extend to basement, and (2) 
Oligocene igneous events such as the emplacement of the 
nearby La Sal and Abajo laccolith complexes, 10 miles (16 
km) north and 23 miles (37 km) southwest, respectively, of 
Lisbon field (figure 1.1).  

Porous replacement dolomite probably formed during the ear-
ly and middle parts of the burial history at Lisbon field. Fig-
ure 4.75 displays suggested windows for important diagenetic 
phases in the reservoir history of the Leadville Limestone 
at Lisbon field: (1) the formation of rhombic dolomites and 
major intercrystalline (“sucrosic”) porosity; (2) saddle dolo-
mite clear rims and cements; (3) euhedral quartz, dissolution 
of limestone and dolomite matrix, and pyrobitumen develop-
ment; and (4) late calcite cements (with live oil inclusions). 
The inferred elevated temperature spikes during maximum 
burial, late Laramide fault reactivation/uplift, and Oligocene 
igneous activity may account for the high temperatures re-
sponsible for quartz precipitation, sulfide mineralization, py-
robitumen formation, late dissolution of carbonates, and late 
saddle dolomite cements.
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Figure 4.72. Possible heat sources and convection cells for late dolomitization of the Leadville Limestone in Lisbon field.          

Figure 4.73  Strontium isotope values for limestone and dolomite of the Ordovician Trenton Formation and anhydrite and brine from the 
Silurian Salina Formation. From Allan and Wiggins (1993).         
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Figure 4.74. Burial history and temperature profile for Lisbon field.         

Figure 4.75. Burial history and temperature profiles with inferred diagenetic windows at Lisbon field.       
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We propose a model with convection cells bounded by 
basement-rooted faults to transfer heat and fluids possibly 
from the crystalline basement, Pennsylvanian evaporites, 
and Oligocene igneous complexes. Large volumes of water 
are required to produce the brecciation and amount, type, 
and generations of dolomite present at Lisbon field. There 
is probably not enough water moving through the regional 
hydrodynamic system to account for the Leadville dolo-
mite. Therefore, convection or circulation cells would be 
much larger from surface feeder systems into the subsur-
face, most likely sweeping through igneous intrusives and 
basement to acquire heat, and form circulation systems. 
Fault movement at various scales provided the power to 
pressure up and move fluids throughout the subsurface. Re-
cycling hot, brine-bearing water in convection cells may 
have driven dolomitization. 

A diagrammatic south-to-north cross section of the greater 
Lisbon field area (figure 4.72) shows the possible convection 
cells of the circulation model for ascending warm fluids re-
sponsible for late dolomite (also see block diagram on figure 
3.3), high-temperature quartz, pyrobitumen, aggressive disso-
lution of limestone and dolomite, and sulfide mineralization. 
The basal aquifer for these inferred fault-controlled cells could 
be the Devonian McCracken Sandstone. This sandstone is lo-
cally porous enough to produce oil at Lisbon field. Sources of 
heat may have been from Precambrian basement rocks and/
or from Oligocene igneous intrusives. Mapped faults cutting 
Lisbon field may have been involved with thermal convection 
cells circulating fluids during late burial diagenesis (figure 
4.76). Wells near faults appear to have better reservoir qual-
ity, produce greater volumes of oil, and have higher residual 
bottom-hole temperatures than wells away from these faults.  

Figure 4.76. Top of structure of the Leadville Limestone, Lisbon field, showing possible thermal convection cells between small, northeast-
southwest-trending normal faults. Modified from C.F. Johnson, Union Oil Company of California files (1970) courtesy of Tom Brown, Inc.        
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CHAPTER 5: 
LEADVILLE LIMESTONE HYDROCARBON PLAY— 

GENERAL REGIONAL CHARACTERISTICS

INTRODUCTION

The Mississippian Leadville Limestone (figure 5.1) is one of 
two major oil and gas plays in the Paradox Basin (figures 2.2 
and 5.2); the other is the Pennsylvanian Paradox Formation 
(Chidsey and Eby, 2016; Chidsey and others, 2016). The Para-
dox Basin is within the west-central part of the Colorado Pla-
teau physiographic province. The basin area is often referred 
to as the Four Corners area because it is where the boundary 
of four states, Utah, Arizona, New Mexico, and Colorado, all 
join. The play outline for the Leadville Limestone represents 
the maximum extent of petroleum potential in the Paradox 
Basin as defined by producing lithofacies, basement-involved 
fault trends, hydrocarbon shows and possible migration paths, 
the likelihood of hydrothermal dolomitization, and untested 
hypotheses (figure 5.2).  

The Leadville in the Paradox Basin is a shallow, open-marine 
carbonate shelf deposit having a variety of facies. The traps 
for hydrocarbons in the Leadville Limestone are faults and 
fault-related anticlines (figure 1.4), as is the case for Lisbon 
field described in Chapter 2 (also see Morgan, 1993; Chidsey 
and Eby, 2016). As a result, hydrocarbon production and most 
drilling oil shows are found along the northwest-trending Par-
adox fold and fault belt (figure 1.1). 

STRATIGRAPHY AND THICKNESS

The Mississippian (late Kinderhookian to early Meramecian) 
Leadville Limestone is a shallow, open-marine, carbonate-shelf 
deposit (figures 3.1A and 3.2). The same deposits are referred 
to as the Redwall Limestone (Grand Canyon nomenclature) 
in parts of the study area, but for convenience we use Lead-
ville Limestone in this report. Unconformities separate the 
Leadville from the Devonian Ouray Limestone below and the 
Pennsylvanian Molas Formation (where present) or Hermosa 
Group above (figures 1.2, 2.5, and 5.1). The average depth to 
the Leadville in Paradox Basin fields is 8760 feet (2920 m).  

The Leadville Limestone is typically 300 to 600 feet (100–
200 m) thick in the Paradox Basin (Hintze and Kowallis, 
2009). The Leadville thins from more than 700 feet (200 
m) in the northwestern corner of the basin to less than 200 
feet (60 m) in the southeastern corner (figures 5.2 through 
5.4; appendix G) due to depositional onlap onto the shelf 
and erosion during periods when the shelf was subaerially 
exposed (figure 5.1). In addition, Parker and Roberts (1963) 

demonstrated that there is both erosional wedging out and 
depositional thinning of individual limestone members of the 
Leadville in a southeasterly direction. On figure 5.2, Lead-
ville thicknesses are generalized and thus, many areas of lo-
cal fault-related thinning are not displayed.  

Like at Lisbon field, the Leadville Limestone is divided 
into two informal members: a dolomitic lower member and 
a limestone and dolomite upper member, separated by a re-
gional disconformity within the formation (figure 2.5). Ac-
cording to Baars (1966) this disconformity can be correlated 
throughout the Paradox Basin. Each member has a subtle but 
distinctly characteristic geophysical log response (figure 2.5) 
(Fouret, 1982, 1996).  

PALEODEPOSITION AND LITHOLOGY

General Characteristics

During the Mississippian, the Colorado Plateau was covered 
by a shallow-shelf marine bank or platform with the shelf 
break into the deeper starved basin west of the Four Corners 
area (figures 3.1A, 5.5, and 5.6). The platform was an area of 
extensive carbonate deposition of nearly pure limestone im-
plying arid conditions in the shallow sea lying south of the 
paleoequator (Blakey and Ranney, 2008). Little sand or mud 
was transported into the shallow, clear sea, providing favorable 
sites for the growth of lime-secreting marine organisms such 
as brachiopods, bryozoans, corals, and crinoids and other echi-
noderms (figure 5.7), and microbialites (Blakey and Ranney, 
2008; Eby and others, 2014). 

Leadville facies include open marine (crinoidal banks or ooid 
shoals and Waulsortian-type buildups, figure 5.8), middle 
shelf, and restricted marine (peloidal muds) (figure 3.2) based 
on evaluation of cores (stored at the UGS’s UCRC) from re-
gional exploration wells and Leadville fields in Utah (figure 
5.2). In the interior of the Leadville carbonate bank, condi-
tions were right for early marine reflux dolomitization from 
magnesium-bearing brines (figure 5.5). During the Late Mis-
sissippian, the entire carbonate platform in southeastern Utah 
and southwestern Colorado was subjected to subaerial erosion 
resulting in formation of a lateritic regolith (Welsh and Bis-
sell, 1979) (figures 3.1B, 3.3, 5.9, and 5.10). Brecciation and 
sediment-filled cavities, related to karstification of the exposed 
Leadville, are relatively common throughout the upper third of 
the formation (see Chapter 4; Evans and Reed, 2006, 2007).  
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Figure 5.1. Devonian through Middle Pennsylvanian stratigraphic column for the Paradox Basin showing the major unconformity 
(defined by paleokarst features) between the Mississippian Leadville Limestone and the overlying Pennsylvanian Molas Formation. Note 
that the Leadville is divided into two informal members separated by an unconformity. Modified from Welsh and Bissell (1979) and Evans 
and Reed (2007).  
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Figure 5.2. Thickness of the Mississippian Leadville Limestone, Utah and Colorado; contour interval is 100 feet (30 m) (modified from 
Parker and Roberts, 1963). Thicknesses are generalized, and many areas of local fault-related thinning are not displayed. Also shown are 
oil (green) and gas (red) fields that produce from the Leadville and location of cores from regional exploration wells and Leadville fields 
used in the study. Locations of north-to-south cross section (figure 5.3) and east-to-west cross section (figure 5.4) in purple.  
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Figure 5.3. North-south stratigraphic cross section through the Utah part of the Paradox Basin showing regional Paleozoic correlations. No horizontal scale. See figure 5.2 for location 
of cross section. 
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Figure 5.4. East-west stratigraphic cross section through the Utah part of the Paradox Basin showing regional Paleozoic correlations. No horizontal scale. See figure 5.2 for location of 
cross section.  
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Figure 5.5. Paleogeographic map of Utah showing approximate present thicknesses in meters of deposits of late Kinderhookian to early 
Meramecian time. Modified from Welsh and Bissell (1979).  
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Figure 5.6. Paleogeographic map of the southwest United States during the Early Mississippian. From Blakey, http://jan.ucc.nau.
edu/~rcb7/, accessed December 2008.  

Figure 5.7. Diorama of a Mississippian crinoid meadow. Illinois State Museum, http://www.museum.state.il.us/exhibits/changes/htmls/
tropical/underwater_mississippian.html.  

http://jan.ucc.nau.edu/~rcb7/
http://jan.ucc.nau.edu/~rcb7/
http://www.museum.state.il.us/exhibits/changes/htmls/tropical/underwater_mississippian.html
http://www.museum.state.il.us/exhibits/changes/htmls/tropical/underwater_mississippian.html
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Figure 5.8. Cores displaying Leadville open marine facies. (A) Crinoidal/skeletal packstone to grainstone representing a shallow crinoidal 
shoal; Salt Wash No. 1 Floy well, 9469 feet (2886 m), Salt Wash field (figure 5.2). (B) Porous algal (microbial) boundstone to mudstone 
representing a possible Waulsortian mound; No. 1 Big Indian well, 10,081 feet (3073 m), Big Indian field (figure 5.2).

A. B.

The Leadville carbonate bank is composed of oolitic, pelletal, 
birdseye, micritic, stromatolitic, and fossiliferous carbonates 
(figure 3.2). Some of the Leadville Limestone is dolomitized 
(both early and late observed in Lisbon field [Chapters 3 and 
4]), crosscutting lithologies within the interior of the bank 
(Welsh and Bissell, 1979). The oil reservoir at Big Flat field 
(figures 1.3 and 5.2) is an example of a dolomitized Waul-
sortian mound on the shallow-shelf bank (Welsh and Bissell, 
1979). The more dolomitic lower member is composed of 
mudstone, wackestone, packstone, and grainstone deposited 

in shallow-marine, subtidal, supratidal, and intertidal envi-
ronments (Fouret, 1996). The upper member is composed of 
mudstone, packstone, grainstone, and terrigenous clastics also 
deposited in subtidal, supratidal, and intertidal environments 
(Fouret, 1996). Reservoir rocks in the upper member are do-
lomitized crinoidal carbonate-mud deposits (Baars, 1966). For 
the complete descriptions of Leadville depositional environ-
ments and lithology, refer to Chapter 3. Although these de-
scriptions are primarily based on cores from Lisbon field, they 
can be applied to the Leadville on the regional scale. 
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Figure 5.9. Paleogeographic map of Utah showing approximate present thicknesses in meters of upper Meramecian to upper Chesterian 
deposits. After Welsh and Bissell (1979). 
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Figure 5.10. Paleogeographic map of the western United States during the Late Mississippian to Early Pennsylvanian when the 
Mississippian Leadville Limestone carbonate platform was subaerially exposed resulting in erosion and formation of a lateritic regolith 
in the Four Corners area. WRB = Wood River Basin, OqB = Oquirrh Basin, BSB = Bird Springs Basin, and ElB = Ely Basin. From Blakey, 
http://jan.ucc.nau.edu/~rcb7/, accessed December 2008.   

http://jan.ucc.nau.edu/~rcb7/
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Figure 5.11. Map showing depositional facies profiles determined from regional cores used in the study.  

Facies of the Paradox Fold and Fault Belt

Specifically, for the Paradox fold and fault belt, we exam-
ined cores from 11 wells to determine the general facies of 
the Leadville Limestone in the northern Paradox Basin. Four 
regional facies were recognized in these cores (figure 5.11): 

1.	 open-marine, moderate- to high-energy shoals or banks 
represented by crinoidal grainstones (figure 5.8);

2.	 restricted marine, high-energy shoals represented by 
cross-stratifed grainstones consisting of ooids, coated 
grains, and “hard” peloids; 

3.	 low-energy, below wave base (rarely at sea level), 
open-marine platform represented by peloidal and 
skeletal packstones and wackestone; and

4.	 low-energy, nearshore, often restricted marine (with 
some tidal-flat features and crypotalgal laminae) rep-
resented by “soft” peloidal mudstone which was fre-
quently converted by early dolomitization. 

Each core was described including carbonate fabrics, lithol-
ogy, bedding, constituent grains/texture, porosity, carbonate 
structures, diagenesis, and most importantly, facies (see ap-
pendix H). One of the four facies described above was as-

signed to each unit and plotted on the well logs for each well. 
A depositional facies profile was created for each well from 
the core descriptions with minor or thin facies eliminated (fig-
ure 5.11). We created a very generalized facies map of the 
Leadville Limestone in the Paradox fold and fault belt based 
on the inferred average depositional facies profiles identified 
in the cores of the study wells (figure 5.12).

The dominant Leadville facies is open-marine, moderate- to 
high-energy crinoidal banks particularly in the southwestern 
half of the region. We infer two areas of ooid-peloid shoals in 
the northeastern part of the regions separated by open-marine 
crinoid bank facies. These areas of ooid-peloid shoals represent 
excellent targets for exploration whereas the extensive areas 
dominated by open-marine, moderate to high-energy crinoidal 
bank facies require diagenetic overprints (late dolomitization, 
hydrofracturing, etc.), similar to those at Lisbon and likely most 
other Leadville fields on trend, to have hydrocarbon potential. 

The northwestern and southeastern areas are inferred to be 
low-energy, open-marine platform facies. The low-energy, 
nearshore, often restricted-marine facies does not dominate, 
although it is present in some cores. Like the open-marine, 
moderate to high-energy crinoidal banks, these facies also re-
quire dolomitization to create good reservoir rock.  
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Figure 5.12. Very generalized facies map of the Leadville Limestone, northern Paradox Basin, based on inferred average depositional 
profiles shown on figure 5.11.   

HYDROCARBON TRAPS

Structural Setting

High-angle, basement-involved faults and other structural fea-
tures in the Paradox Basin initially formed in the Proterozoic, 
around 1700 to 1600 Ma (Stevenson and Baars, 1986, 1987). 
Minor fault movement and related topography may have be-
gun in the Mississippian with the reactivation of these ancient 
faults. Additional faulting within the basin began in the Mid-
dle Pennsylvanian and was associated with the development 
of the Uncompahgre Highlands and Ancestral Rocky Moun-
tains, although in areas of greatest paleorelief the Leadville is 
completely missing as a result of nondeposition or subsequent 
erosion (Baars, 1966).  

Periodic movement along “blind,” northwest-trending, base-
ment-involved faults affected deposition of the Leadville 
Limestone. Ahr (1989) and Wilson (1975) presented evidence 
that structure may have influenced deposition of the Waulsor-
tian mound facies in the Leadville (figure 3.2). Crinoid banks 
accumulated in shallow-water environments on upthrown 
fault blocks or other paleotopographic highs.  

Trapping Mechanisms

Most oil and gas produced from the Leadville Limestone is 
in basement-involved, northwest-trending structural traps with 
closure on both anticlines and faults (figure 1.4). Lisbon (de-
scribed in detail in Chapters 2 through 4), Big Indian, Little 
Valley, and Lisbon Southeast fields (figure 5.2) are on sharply 
folded anticlines that close against the Lisbon fault zone. Salt 
Wash and Big Flat fields (figure 5.2), northwest of the Lisbon 
area, are on unfaulted, east-west- and north-south-trending 
anticlines, respectively. The unfaulted structures probably de-
veloped from movement on deep, basement-involved faults 
that do not extend upward to the level of the Leadville. These 
and other faults affecting the Leadville probably reflect the re-
activation of pre-existing, Precambrian-age faults during the 
Laramide orogeny or later.  

Big Flat field, Grand County, Utah (figure 5.2), was the first 
Mississippian Leadville discovery (1957) in the Paradox Ba-
sin. The trap is a doubly plunging anticline with 276 feet (84 
m) of structural closure (figure 5.13) that produced 83,469 
bbls of oil and 5.2 million cubic feet of gas from Leadville 
limestone and dolomite (Stowe, 1972; Smith, 1978). The 
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Figure 5.13. Top of structure of the Leadville Limestone, Big Flat 
field, Grand County, Utah. Contour interval = 100 feet (30 m), 
datum = mean sea level. Modified from Smith (1978).     

net reservoir thickness is 30 feet (10 m), which extends over 
a 480-acre (190 ha) area. The field now produces oil from 
horizontal wells in the Cane Creek shale zone of the Paradox 
Formation on a separate structure north of the original, aban-
doned Leadville feature.  

Stratigraphic oil accumulations may exist to the west and 
southwest of the fold and fault belt. Traps may be formed 
by porous Waulsortian mounds or other carbonate buildups 
where porosity is further enhanced by early dolomitization. 
Traps may also be developed in the regolith deposits in both 
the upper and lower members of the Leadville. Diagenetic 
traps formed from late, possibly hydrothermal dolomite may 
be present especially along major fault trends (figure 1.1).  

Hydrocarbon Source and Seals

As described in detail in Chapter 2, hydrocarbons in Leadville 
Limestone reservoirs were likely generated from source rocks 
in the Pennsylvanian Paradox Formation (figures 1.2 and 5.1). 
Organic-rich units are the source for oil and gas produced 
from the Paradox Formation itself (Hite and others, 1984; Nu-
ccio and Condon, 1996). Hydrocarbon generation in the Para-
dox Formation occurred during maximum burial in the Late 
Cretaceous and early Tertiary. Hydrocarbons subsequently 
migrated, primarily along fault planes, into carrier beds or 
Leadville structures. Fracture systems developed along fault 
systems may have provided secondary migration routes. Oil 
generated from non-Pennsylvanian source rocks requires 
long-distance migration.  

The seals for the Leadville producing zones are the overlying 
clastic beds of the Pennsylvanian Molas Formation (figures 
1.2 and 5.1). Hydrocarbons in the Leadville are further sealed 
by evaporite (salt and anhydrite) beds within the overlying 
Pennsylvanian Paradox Formation.  

Hydrocarbon Potential

The Leadville Limestone has produced over 53 million bbls 
of oil/condensate and 830 BCFG from the seven fields in the 
northern Paradox Basin of Utah and Colorado (Utah Division 
of Oil, Gas and Mining, 2020; Colorado Oil and Gas Conser-
vation Commission records, 2020). However, much of the gas 
included in the production figures is cycled gas used in the 
past for pressure maintenance at Lisbon field, Utah. The 7500-
mi2 (19,400 km2) play area is relatively unexplored (Morgan, 
1993; Chidsey and Eby, 2016); only about 100 wells penetrate 
the Leadville (less than one well per township), thus the po-
tential for new discoveries remains great.  

The production and most of the drilling oil shows have been 
from wells in the northwest-trending Paradox fold and fault 
belt. Buried fault blocks have been the most common target 
for exploration of hydrocarbons in the Leadville because they 
have a proven history of success and fault blocks can be iden-
tified on gravity, aeromagnetic, and seismic geophysical data. 

Subtle stratigraphic and diagenetic traps are difficult to iden-
tify in the Paradox Basin and, therefore, have not been sig-
nificant exploration targets. Surface geochemical surveys and 
high-resolution 3D seismic may improve the ability of explo-
rationists to identify these traps.  
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CHAPTER 6: 
POTENTIAL OIL-PRONE AREAS IN THE PARADOX FOLD AND 

FAULT BELT, UTAH, BASED ON SHOWS IN DRILL CUTTINGS USING 
EPIFLUORESCENCE MICROSCOPY TECHNIQUES

INTRODUCTION

Potential oil-prone areas for the Mississippian Leadville 
Limestone were identified in the northern Paradox Basin 
(Paradox fold and fault belt), Utah, based on hydrocarbon 
shows using low-cost epifluorescence (EF) techniques. The 
trapping mechanisms for Leadville producing fields in this 
region are usually anticlines bounded by large, basement-
involved normal faults. Epifluorescence microscopy is a 
technique used to provide information on diagenesis, pore 
types, and organic matter (including “live” hydrocarbons) 
within sedimentary rocks (Chidsey and Eby, 2017). EF is 
a rapid, non-destructive procedure that uses a petrographic 
microscope equipped with reflected-light capabilities, a 
Hg-vapor light, and appropriate filtering. For an overview 
of EF principles, previous work, and methodology, refer to 
Chapter 4.

SAMPLING COMPILATION, 
EXAMINATION, AND EVALUATION

Wells penetrating the Leadville Limestone in the Utah part of 
the Paradox fold and fault belt were plotted and all Leadville 
well cuttings available from the collection at the UCRC were 
compiled. Cuttings were examined under a binocular micro-
scope and porous samples of dolomite and some limestone 
were selected from various zones within the Leadville section 
(figure 6.1): generally, four to ten samples per depth interval 
from each well. The cuttings were placed on Petrologs™, a 
small plastic, self-adhesive compartmentalized cutting stor-
age unit, for EF examination (figure 6.2). (All Petrologs™ 
containing Leadville cuttings from the project are stored at the 
UCRC and are available to the public.) Thus, sample prepara-
tion is inexpensive and rapid.  

Approximately 900 cutting samples were selected from 32 
wells penetrating the Leadville Limestone (6 producing 
gas, condensate, and oil wells, as well as 26 non-produc-
tive wells) throughout the region (table 6.1; see appendix 
F for detailed descriptions, binocular microscope images 
of selected cuttings, and thin section photomicrographs). 
These cuttings display mainly intercrystalline porosity, oc-
casional small vugs or molds, and other pore types (figure 
6.3). Oil staining, bitumen, and stylolites are also observed 
(figure 6.3).  

Examination of cuttings included photo-documentation under 
EF and plane-polarized light at the same magnification. Pho-
tomicrography of the compositional, textural, and pore struc-
ture attributes was done using high-speed film (ISO 800 and 
1600) with some bracketing of exposures as camera metering 
systems do not always reliably read these high-contrast im-
ages in the yellow and green light spectrum. Since the image 
brightness is directly proportional to magnification, the best 
images are obtained at relatively high magnifications (such as 
greater than 100X). Low-power fluorescence is often too dim 
to effectively record on film.  

Epifluorescence petrography makes it possible to clearly 
identify hydrocarbon shows in Leadville cuttings selected for 
study. A qualitative visual rating scale (a range and average) 
based on EF evaluation was applied to the group of cuttings 
from each depth in each well (table 6.2 and figure 6.4). Using 
the qualitative visual rating scale, the highest maximum and 
highest average EF reading from each well were plotted and 
mapped (figures 6.5 and 6.6).  

DISCUSSION

Epifluorescence allows one to observe the presence of any 
soluble hydrocarbons. Samples displaying fluorescence rep-
resent areas where hydrocarbons may have migrated or ac-
cumulated. The best fluorescence in this study, when present, 
was gold and occurred in high-porosity (figure 6.4A), low-
permeability dolomites (thus the major reason the collection 
effort concentrated on porous dolomites). Pale-yellow fluores-
cence indicated possible high-gravity oil (figure 6.4B). If no 
fluorescence was observed in porous dolomites, the samples 
were also good representatives of areas where hydrocarbons 
had not migrated or accumulated. Bitumen (pyrobitumen), 
which has no activity within the hydrocarbon molecules and 
therefore does not fluoresce (figure 6.4D), was common in 
many samples.   

As expected, productive Leadville wells (in fields such as Lis-
bon and Salt Wash) have cuttings distinguished by generally 
higher EF readings (figures 6.5 and 6.6). However, a regional 
southeast-northwest trend of relatively high EF from Leadville 
cuttings parallels the southwestern part of the Paradox fold 
and fault belt from Lisbon field to west of the town of Green 
River. A visual reading of 2.0 to 3.0 for the highest maximum 
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A.

C.

B.

D.

Figure 6.1. Examples of cuttings selected from various Leadville zones as observed with a binocular microscope. (A) Overview of 
dolomite cuttings (16X) from 9410 to 9420 feet (2868–2871 m) containing porosity and bitumen in the Spiller Canyon State No. 1 
well (SW1/4SW1/4 section 16, T. 30 S., R. 25 E., SLBL&M, San Juan County). (B) Overview of dolomite cuttings (13X) from 7800 to 
7810 feet (2377–2380 m) containing porosity and stylolites in the Hatch Mesa No. 1 well (SE1/4SW1/4 section 22, T. 28 S., R. 21 E., 
SLBL&M, San Juan County). (C) Overview of dolomite cuttings (12X) from 10,020 to 10,023 feet (3054–3055 m) containing porosity 
and bitumen in the USA Big Indian No. 1 well (SE1/4SE1/4 section 33, T. 29 S., R. 24 E., SLBL&M, San Juan County). (D) Single white 
dolomite cutting (14X) with good intercrystalline porosity from 7790 to 7800 feet (2374–2871 m) containing porosity and stylolites in 
the Hatch Mesa No. 1 well.    

EF (figure 6.5) and 2.0 to 2.5 for the highest average EF occur 
in this trend, even though these values come from dry holes in 
this large but sparsely drilled region (figure 6.6). The north-
eastern part of the fold and fault belt shows a regional trend 
of low EF including a large area of essentially no EF (a visual 
reading of less than 0.4 for the maximum highest average EF) 
centered around the town of Moab (figure 6.6).  

These EF maps imply hydrocarbon migration and dolomiti-
zation was associated with regional northwest-trending faults 
and fracture zones, which created potential oil-prone areas 
along the southwest trend as shown by high visual EF read-
ings in the scattered dry holes (figures 6.5 and 6.6). Hydro-
carbons may have migrated from organic-rich shales in the 
Pennsylvanian Paradox Formation where they are in contact 
with the Leadville Limestone along faults. Hydrothermal al-

teration associated with these faults and related fracture zones 
may have generated late, porous dolomite and thus produced 
diagenetic traps indicated by EF. 

Alternative interpretations for the lack of significant EF in 
the northeast trend is the possibility that (1) most hydrocar-
bons may have been flushed out to the southwest by hydro-
dynamic processes, and (2) the northeastern part of the Para-
dox fold and fault belt has passed the oil window and gone 
into the dry gas/post-oil window stage maturation. A final 
explanation is that these EF trends could be related to fa-
cies or karst development in the Leadville Limestone. At any 
rate, the mapping of hydrocarbon shows based on EF indi-
cates exploration efforts should be concentrated in suggested 
oil-prone areas along the southwestern part of the Paradox 
fold and fault belt.  
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Figure 6.2. Example of cuttings selected from various Leadville zones between 6875 to 7075 feet (2096–2156 m), Mineral Point No. 1 well 
(section 7, T. 26 S., R. 18 E., SLBL&M, Grand County), placed on Petrologs™ for epifluorescence examination.    
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Map # Well Name Location County Interval (ft) N
Visual EF Rating

Highest  
Maximum

Highest  
Average

1 Woodside 1 SESE 12 19S 13E Emery 6580–6750 23 1.5 1.2

2 Hatch Sphinx Unit 1-A SWNW 35 19S 14E Emery 8670–8715 45 1.0 0.8

3 Denison Mines 5-1 5 21S 14E Emery 5830–5870 23 2.5 1.5

4 Salt Wash 22-34 34 22S 17E Grand 10,070–10,085 16 0.3 0.1

5 Government Smoot 1 CSENE 17 23S 17E Grand 8732–8737 16 2.5 2.0

6 Chaffin 1 NENW 21 23S 15E Emery 7460–7540 26 1.5 1.2

7 Federal Hatt 1 SESE 19 23S 14 E Emery 5905–6020 33 3.0 2.3

8 Gov 45-5 5 24S 15E Emery 6899–6935 5 0.5 0.2

9 State 12-11 SWNW 11 24S 20E Grand 11,810–11,850 50 1.0 0.7

10 Federal 31 NWSE 31 24S 23E Grand 10,450–10,760 27 1.5 0.3

11 Gruvers Mesa 2 10 25S 16E Emery 6750–6910 32 2.2 1.8

12 McRae Fed 1 SWSW 10 25S 18E Grand 8485–8550 8 2.5 0.8

13 Bow Knot Unit 1 NESE 20 25S 17.5E Grand 6075–6400 31 2.5 2.0

14 Big Flat/Bartlett Flat 1 NENE 26 25S 19 E Grand 8560–8650 17 2.0 1.5

15 Lookout Point 1 SWSW 29 25S 16E Emery 6380–6520 22 3.0 2.5

16 Fed Bowknoll 1 NESE 30 25S 18 E Grand 7375–7390 12 2.5 1.8

17 Long Canyon 1 NENW 9 26S 20E Grand 7560–7630 44 1.5 0.4

18 Mineral Point 1 7 26S 18E Grand 6875–7075 65 2.5 2.0

19 Big Flat 3 NENE 23 26S 19E Grand 7714–7725 51 1.0 0.8

20 Federal Ornsby 1 NWNE 3 27S 19E Wayne 7740–7810 25 2.0 1.5

21 Gold Basin 1 NWNW 15 27S 24E San Juan 14,300–14,410 37 2.0 0.8

22 Putnam 1 SENE 15 27S 22 E San Juan 7410–7490 30 0.8 0.3

23 Unit 1 Bridger Sack Mesa SESE 17 27S 22 E San Juan 7030–7070 53 1.0 0.8

24 Muleshoe 1 2 28S 23E San Juan 10,240–10,280 9 2.0 0.2

25 Lockhard Fed 1 SW 22 28S 20E San Juan 5130–5050 37 2.5 2.0

26 Hatch Mesa 1 SESW 22 28S 21E San Juan 7780–7820 23 2.5 1.0

27 USA Big Indian 1 NWSESE 33 29S 24E San Juan 9960–10,090 55 1.5 1.0

28 State 1 32 29.5S 24E San Juan 9835–9852 16 3.0 2.5

29 NW Lisbon St. A 2 30S 24E San Juan 9710–9725 12 2.0 1.0

30 Lisbon Valley C-1 NENW 9 30S 24E San Juan 8765–8770 20 1.5 1.0

31 Lisbon 814-A CNWSW 14 30S 24E San Juan 8870–8930 80 3.0 2.0

32 Spiller Canyon State 1 SWSW 16 30S 25E San Juan 9080–9420 75 1.5 0.7

Table 6.1. Wells in the Paradox fold and fault belt, Utah, containing Leadville Limestone cuttings evaluated using epifluorescence techniques. 
N = number of samples.
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Table 6.2. Key to the epifluorescence qualitative visual “rating” scale.

Figure 6.3. Close-up views of petrographic characteristics of Leadville cuttings as observed with a binocular microscope. (A) Large, 
single sample of low-permeability, dolomite (24X) having widely spaced small vugs from 7780 to 7790 feet (2371–2374 m) in the Hatch 
Mesa No. 1 well (SE1/4SW1/4 section 22, T. 28 S., R. 21 E., SLBL&M, San Juan County). (B) Sample of white dolomite (45X) that has 
good intercrystalline porosity from 7790 to 7800 feet (2371–2871 m) contain porosity and bitumen in the Hatch Mesa No. 1 well; note 
possible sulfide replacement (opaque). (C) Sample (45X) showing stylolite overprinted with dolomite replacement from 7800 to 7810 
feet (2371–2380 m) in the Hatch Mesa No. 1 well; note possible sulfide replacement. (D) Sample showing dolomite (45X) containing 
small vugs and intercrystalline porosity lined with bitumen from 10,020 to 10,023 feet (3054–3055 m) in the USA Big Indian No. 1 well 
(SE1/4SE1/4 section 33, T. 29 S., R. 24 E., SLBL&M, San Juan County).    

A.

C.

B.

D.

Rating Generalized Interpretation
0–0.5 No Fluorescence: Not capable of oil production. May be wet, if not a gas-bearing zone.

1.0–1.5 Weak Fluorescence: An “oil” show. Indicative of oil in the system, but not necessarily capable of production. Some dull or weak 
fluorescence may exist in a wet zone (especially if there is “speckled” fluorescence) or in a mixed oil/water zone.

2.0–2.5 Moderate Fluorescence: A good indication of oil within this zone. Probably capable of some oil production if there is adequate 
porosity and permeability.

3.0–3.5 Bright Fluorescence: A very good to excellent indication of oil within this zone. Should be capable of some oil production if there is 
adequate porosity and permeability.

3.5–4.0 Very Bright, Intense Fluorescence: Also a very good to excellent indication of oil within this zone. However, some very bright 
fluorescence may indicate very low permeability, oil-bearing rocks or mature, oil-generating source rocks.
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Figure 6.4. Photomicrographs under moderate magnification showing examples of visually rated epifluorescence. (A) Bright fluorescence, 
rated 3.0, in medium crystalline dolomite with fair to good intercrystalline porosity from 5935 to 5945 feet (1809–1812 m) in the Federal 
Hatt No. 1 well (SE1/4SE1/4 section 19, T. 23 S., R. 14 E., SLBL&M, Emery County). (B) Moderate fluorescence, rated 2.0, fine- to medium-
crystalline dolomite from 10,240 to 10,250 feet (3121–3124 m) in the Muleshoe No. 1 well (section 2, T. 28 S., R. 23 E., SLBL&M, San 
Juan County). (C) Weak fluorescence, rated 1.0, medium- to coarse-crystalline dolomite with fairly good bitumen-lined, intercrystalline 
porosity from 9150 to 9160 feet (2789–2792 m) in the Spiller Canyon No. 1 well (SW1/4SW1/4 section 16, T. 30 S., R. 25 E., SLBL&M, San 
Juan County); note abundant iron distribution (red), bitumen is black. (D) No to very weak fluorescence, rated 0.2, medium- to coarse-
crystalline dolomite containing bitumen and iron from 10,020 to 10,023 feet (3054–3055 m) in the USA Big Indian No. 1 well (SE1/4SE1/4 
section 33, T. 29 S., R. 24 E., SLBL&M, San Juan County).   

A.

C.

B.

D.
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Figure 6.5. Map of the highest maximum epifluorescence based on visual rating of well cuttings, Paradox fold and fault belt, Utah.   
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Figure 6.6. Map of the highest average epifluorescence based on visual rating of well cuttings, Paradox fold and fault belt, Utah.    
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CHAPTER 7: 
DEVONIAN/MISSISSIPPIAN AND PENNSYLVANIAN BRINE  

CHEMISTRY AND TRENDS WITHIN THE PARADOX BASIN, UTAH

INTRODUCTION

The focus of this chapter is the chemistry and changes in 
chemistry of the brines found in the Devonian/Mississip-
pian and Pennsylvanian formations in the Paradox Basin. 
From analyses of this information inferences can be made 
as to the migration history, including possible pathways 
and direction, of hydrocarbons in the Leadville Limestone.  

Chemical data for Devonian/Mississippian and Pennsyl-
vanian oil-well brines from the Paradox Basin were ob-
tained from published literature; Utah Division of Oil, Gas 
and Mining files; oil companies; and various other sources 
(Breit, no date; Gwynn, 1995). These data include analyses 
from production, drill-stem, swab, and other types of well 
tests. Considerable effort was expended to ensure that the 
analyses from Gwynn (1995) were within a mole imbal-
ance of less than 5%. The mole imbalances of the samples 
from Breit (no date) were not determined. Data are dis-
played as (1) histograms to show the elevation intervals 
of the samples, (2) Piper and Stiff diagrams to show the 
distribution of the major cations and anions, and (3) scatter 
plots overlain by best-fit lines to show the north-to-south 
variations of these ions within the Paradox Basin.  

Previous studies on the brine chemistry of the Paradox 
Basin include those of Hanshaw and Hill (1969), Huntoon 
(1979), Howells (1990), and Spangler and others (1996). 
Howells (1990) provides detailed information on the stra-
tigraphy within San Juan County, including the maximum 
reported strata thickness, lithology, and hydrologic charac-
teristics and significance of the various formations. Span-
gler and others (1996) provide information on the hydrol-
ogy, chemical quality, and salinity in the Jurassic Navajo 
Sandstone aquifer in the Greater Aneth field area in the 
southern Paradox Basin (figure 1.1), which is the largest 
oil field in Utah having produced over 496 million bbls of 
oil from the Pennsylvanian Paradox Formation (Utah Divi-
sion of Oil, Gas and Mining, 2020).  

BRINE CHEMISTRY

Devonian/Mississippian Brines

Most of the Devonian/Mississippian samples were taken from 
the northern part of the Paradox Basin within Grand, Emery, 
Wayne, and San Juan Counties (figure 7.1). A few samples are 

from the southern part of the Paradox Basin (the southeastern 
corner of San Juan County) in the Greater Aneth field area. 
The elevation of the “top of the sampled interval” for most 
of the samples lies within the -4000 (subsea) to 2000-foot 
(-1200–600 m) elevation interval (figure 7.2). This elevation 
range is much broader than for the Pennsylvanian samples, 
but the sampled intervals for the northern and southern areas 
are probably much different.  

The distribution of the chemical composition of the Devo-
nian/Mississippian brine samples is shown in the Piper and 
Stiff diagrams for the Devonian, Mississippian, and com-
bined Devonian and Mississippian samples (figures 7.3 and 
7.4). The cation components of the brines are predominantly 
sodium (Na) with minor amounts of calcium (Ca) and mag-
nesium (Mg). The anion components in the brine are domi-
nantly chloride (Cl) and a small number of brine samples 
have relatively high concentrations of sulfate (SO4). Bicar-
bonate (HCO3) is uniformly very low in these brines. Brines 
departing from the general trends occur mainly in San Juan 
and Wayne Counties.  

Scatter plots (figures 7.5 and 7.6) show the elevation of the 
top of the sample interval, the chemistry of the samples (as 
individual ions), and total dissolved solids (TDS) versus their 
UTM northing positions (from 4,325,000 on the north to 
4,075,000 on the south). Fifth-degree polynomial best-fit lines 
indicate data trends from north (left) to south (right) through 
the length of the Paradox Basin. However, the plotted data 
shows considerable spread away from the best-fit lines, espe-
cially for (1) Na from north to south through the basin (figure 
7.5B), (2) Mg and Cl in northern San Juan County (figures 
7.5C and 7.6A, respectively), and (3) Ca in southern San Juan 
County (figure 7.5D).  

Pennsylvanian Brines

Most of the Pennsylvanian brine samples were collected 
from the southern part of the Paradox Basin (the southeast-
ern corner of San Juan County), in and around the Greater 
Aneth and Bug fields (figure 7.7). A few scattered samples 
are also from within or near the central and northern parts 
of the basin. The top of the sampled interval for most of 
the samples lies at about zero to 1000 feet (0–300 m) above 
mean sea level (figure 7.8).  

The distribution of the chemical composition of the Pennsyl-
vanian brine samples is shown on Piper and Stiff diagrams 
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Figure 7.1. Wells used for Devonian/Mississippian brine analyses and oil and gas fields in the Paradox Basin and vicinity, Utah.  
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Figure 7.2. Elevation (feet) of the top of the sampled interval for the Devonian/Mississippian brine samples. msl = mean sea level. 

(figures 7.9 and 7.10). The cations in most brine samples are 
Na-rich with a few samples containing greater percentages of 
Ca and to a lesser extent Mg. The anion components in the brine 
are Cl dominated and a smaller number of samples contain rela-
tively high concentrations of SO4. Bicarbonate is very low in 
these brines. Brines departing from the general trends are found 
mainly in San Juan and Wayne Counties. The high salinity of 
Pennsylvanian brines is probably due to their association with 
the bedded salts in the Paradox Formation (figures 1.2 and 5.1).

Based on scatter plots (figures 7.11 and 7.12), the few Penn-
sylvanian samples present in the northern part of the Paradox 
Basin suggest lower concentrations of Na, Mg, Ca, Cl, TDS, 
and higher SO4 as compared to brine samples from the Bug 
and Greater Aneth field areas. The elevation of the top of the 
sampled interval in the northern part of the basin is somewhat 
lower than it is in the vicinity of Bug field, but higher than in 
the Greater Aneth field area. However, like that of the Devo-
nian/Mississippian brines shown on figures 7.5 and 7.6, the 
plotted Pennsylvanian brine data shows considerable spread 
away from the best-fit lines. 

Sodium, Mg, Ca, Cl, and TDS concentrations approach a max-
imum value in the area of Bug field, and then show decreasing 
concentration southward through the Greater Aneth field area. 
Bicarbonate and SO4 concentrations both reach minimum val-
ues between Bug field and the Greater Aneth field area, but 
then rise southward toward T. 43 S., SLBL&M.

DIRECTION OF BRINE MOVEMENT

Hanshaw and Hill (1969) provided a detailed discussion of 
the geochemistry and hydrodynamics of the Paradox Basin 
region and included potentiometric maps of the Mississip-
pian Leadville Limestone; the Pennsylvanian Pinkerton 
Trail, Paradox, and Honaker Trail Formations of the Her-
mosa Group; and the Permian formations.  In their discus-
sion, they summarized the areas of recharge and movement 
of groundwater as follows:

The principal areas of recharge to aquifers in the Para-
dox Basin are the west flank of the San Juan Mountains 
and the west flank of the Uncompahgre uplift. The di-
rection of groundwater movement in each unit studied 
[Mississippian rocks, Pinkerton Trail Limestone, Para-
dox Member of the Hermosa Formation, Honaker Trail 
Formation, and the Permian formations] is principally 
southwestward toward the topographically low outcrop 
areas along the Colorado River in Arizona. However, at 
any point in the basin, flow may be in some other direc-
tion owing to the influence of intrabasin recharge areas 
or local obstructions to flow, such as faults or dikes. 
Many structurally and topographically high areas with-
in the basin are above the regional potentiometric sur-
face; recharge in these areas will drain rapidly off the 
highs and adjust to the regional water level.
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Figure 7.3. Piper diagrams showing the composition of (A) Devonian brines, (B) Mississippian brines, and (C) Devonian and Mississippian 
brines combined, in the Paradox Basin and vicinity, Utah.  

A.

C.

B.
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Figure 7.4. Stiff diagrams for Devonian and Mississippian (Dev/Miss) brines combined by county (SJ = San Juan County) and township 
interval within the range indicated above the diagram.   

SUMMARY

Table 7.1 gives averaged values for ground elevation, top and 
bottom elevation of the sampled interval, TDS, and ions for in-
dividual counties, and for township intervals within San Juan 
County. Based on the data in table 7.1, the following can be said:

1.	For Devonian/Mississippian brines, the samples from 
Grand County have the highest average TDS values, 
followed by San Juan, Emery, and Garfield. For Penn-
sylvanian brines, the samples from Grand County also 
have the highest average TDS of all the counties in the 
study area, followed by San Juan, Emery, and Wayne. 

2.	The Na, Mg, Ca, and Cl contents of the Pennsylva-
nian brines are consistently higher, in a given county 
or township interval (for instance T. 40 S., SLBL&M, 
in San Juan County), than the Devonian/Mississippian 
brines in the same interval, whereas the average values 
for SO4 and HCO3 are lower.  

3.	Piper and Stiff diagrams (figures 7.3A, 7.3B, 7.4, 7.9, and 
7.10) show that the brines in both the Devonian/Missis-
sippian and Pennsylvanian systems are mainly NaCl in 
nature, with end-member samples whose cations contain 

about 70% Ca and 30% Mg, and whose anion makeup 
approaches a high-SO4 brine. Scatter plots (figures 7.5, 
7.6, 7.11, and 7.12) show that these end-member brines 
are found south of the Greater Aneth field area.

A comparison of the various average chemistries in table 7.1 is 
difficult to visualize because of the varied salt concentrations 
of the samples. Table 7.2 gives these data on a dry-weight 
basis. Based on these data, the following conclusions can be 
drawn regarding the Devonian/Mississippian and Pennsylva-
nian brine chemistries in the various counties:  

1.	The Devonian/Mississippian brines from Grand, Em-
ery, and San Juan Counties are very similar, even 
though the TDS concentration of the Grand County 
brines is considerably higher than either Emery or San 
Juan County. Garfield County brines, like the Wayne 
County brines, are totally dissimilar.

2.	The Pennsylvanian brines from Grand and San Juan 
Counties are very similar, even though the TDS con-
centration of the Grand County brines is considerably 
higher. The brines from Emery and Wayne Counties are 
not similar to the brines of the other two counties, and 
the brines from Wayne County are totally dissimilar.
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Figure 7.5. Scatter plots showing the elevation of the top of the sample interval (A), and sodium (B), magnesium (C), and calcium (D) 
concentrations versus geographic location (UTM-northing) for the Devonian/Mississippian samples. Fifth-degree polynomial best-fit 
lines indicate data trends from north (left) to south (right) through the length of the Paradox Basin. The general Greater Aneth and Moab 
areas are shown, as well as the Grand-San Juan County line.   

A.

B.
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Figure 7.5 continued. Scatter plots showing the elevation of the top of the sample interval (A), and sodium (B), magnesium (C), and 
calcium (D) concentrations versus geographic location (UTM-northing) for the Devonian/Mississippian samples. Fifth-degree polynomial 
best-fit lines indicate data trends from north (left) to south (right) through the length of the Paradox Basin. The general Greater Aneth and 
Moab areas are shown, as well as the Grand-San Juan County line.   

C.

D.
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Figure 7.6. Scatter plots of chloride (A), sulfate (B), bicarbonate (C), and total dissolved solids (D) concentrations versus geographic 
location (UTM-northing) for the Devonian/Mississippian samples. Fifth-degree polynomial best-fit lines indicate data trends from north 
(left) to south (right) through the length of the Paradox Basin. The general Greater Aneth and Moab areas are shown, as well as the 
Grand-San Juan County line.  

A.

B.
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Figure 7.6 continued. Scatter plots of chloride (A), sulfate (B), bicarbonate (C), and total dissolved solids (D) concentrations versus 
geographic location (UTM-northing) for the Devonian/Mississippian samples. Fifth-degree polynomial best-fit lines indicate data trends 
from north (left) to south (right) through the length of the Paradox Basin. The general Greater Aneth and Moab areas are shown, as well 
as the Grand-San Juan County line.  

C.

D.
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Figure 7.7. Wells used for Pennsylvanian brine analyses and oil and gas fields in the Paradox Basin and vicinity, Utah.
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Figure 7.8. Elevation (feet) of the top of sampled interval for Pennsylvanian brine samples. msl = mean sea level.   

Figure 7.9. Piper diagram showing the chemical composition of the Pennsylvanian brines in the Paradox Basin by county.  
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Figure 7.10. Stiff diagrams for Pennsylvanian (Penn) brines by county (SJ = San Juan County) and township interval within the range 
indicated above the diagram.  
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Figure 7.11. Scatter plots showing the elevation of the top of the sample interval (A), and sodium (B), magnesium (C), and calcium (D) 
concentrations versus geographic location (UTM northing) for the Pennsylvanian samples. Fifth-degree polynomial best-fit lines indicate 
data trends from north (left) to south (right) through the length of the Paradox Basin. The general areas of the Greater Aneth and Bug 
fields are shown, as well as the Grand-San Juan County line.  

A.

B.
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C.

D.

Figure 7.11 continued. Scatter plots showing the elevation of the top of the sample interval (A), and sodium (B), magnesium (C), and 
calcium (D) concentrations versus geographic location (UTM northing) for the Pennsylvanian samples. Fifth-degree polynomial best-fit 
lines indicate data trends from north (left) to south (right) through the length of the Paradox Basin. The general areas of the Greater Aneth 
and Bug fields are shown, as well as the Grand-San Juan County line.  
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Figure 7.12. Scatter plots of chloride (A), sulfate (B), bicarbonate (C), and total dissolved solids (D) concentrations versus geographic 
location (UTM northing) for the Pennsylvanian samples. Fifth-degree polynomial best-fit lines indicate data trends from north (left) to 
south (right) through the length of the Paradox Basin. The general areas of the Greater Aneth and Bug fields are shown, as well as the 
Grand-San Juan County line.   

A.

B.
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C.

D.

Figure 7.12 continued. Scatter plots of chloride (A), sulfate (B), bicarbonate (C), and total dissolved solids (D) concentrations versus 
geographic location (UTM northing) for the Pennsylvanian samples. Fifth-degree polynomial best-fit lines indicate data trends from north 
(left) to south (right) through the length of the Paradox Basin. The general areas of the Greater Aneth and Bug fields are shown, as well 
as the Grand-San Juan County line.   
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COUNTY AGE TWP- 
INTERVAL

ELEV  
(ft)

TOP-ELEV  
(ft)

BOT-ELEV  
(ft) TDS Na Mg Ca CI SO4 HCO3

Emery Dev/Miss Emery 4852 -2116 -2250 81,229 27,407 741 2906 46,963 2432 710

Garfield Dev/Miss Garfield 5936 -1268 -1322 7472 1595 164 650 1848 2018 1197

Grand Dev/Miss Grand 4561 -4089 -4116 156,376 54,959 876 4481 92,829 2578 651

San Juan Dev/Miss SJ 27-29S 5630 -798 -893 141,402 55,153 1643 2191 77,243 4546 719

San Juan Dev/Miss SJ 30-35S 6320 -2300 -2422 84,321 24,886 1651 5004 50,137 1637 966

San Juan Dev/Miss SJ 37-39S 5617 1090 1001 52,048 18,284 349 997 27,727 3266 1426

San Juan Dev/Miss SJ 40S 4608 -2594 -2718 95,537 33,750 474 2234 54,115 2463 2501

San Juan Dev/Miss SJ 41S 4848 -1759 -1872 109,684 36,913 996 3742 63,057 3269 1707

San Juan Dev/Miss SJ 42-43S 5070 -873 -946 66,618 18,705 1071 5033 38,828 1869 1113

SJ Average 5349 -1206 -1308 91,602 31,282 1031 3200 51,851 2842 1405

Grand Penn Grand 4518 -321 -385 214,249 59,288 2550 19,198 131,066 1772 375

Emery Penn Emery 5160 172 92 64,339 20,317 1690 3084 35,399 3206 645

Wayne Penn Wayne 4892 -1976 -2056 34,699 11,815 246 788 16,763 4510 577

San Juan Penn SJ 30-36S 6319 953 1004 177,196 45,717 3102 17,185 109,702 1228 262

San Juan Penn SJ 37-39S 5226 503 434 115,110 30,044 2003 10,679 71,006 878 501

San Juan Penn SJ 40S 4781 -825 -888 190,857 53,925 3611 14,187 117,895 1050 189

San Juan Penn SJ 41S 4721 -800 -868 148,979 41,502 2997 11,241 91,442 1627 172

San Juan Penn SJ 42S 4987 -170 -314 71,723 20,231 1511 4775 41,637 2675 894

San Juan Penn SJ 43S 5202 -199 -257 79,159 22,916 1692 5379 46,398 2332 739

SJ Average 5206 -90 -148 130,504 35,723 2486 10,574 79,680 1632 460

Table 7.1. Brine sample location, averaged ground elevation, top and bottom elevation of the sampled interval, TDS, and ions for individual 
counties, and for township intervals within San Juan County.   

Table 7.2. Total dissolved solids (mg/L) and ions on a dry-weight-percent basis for brines from the Paradox Basin, Utah, by county.   

TWP-interval = township interval. A single county name means the average of all samples within that county. 
SJ = San Juan County.
ELEV = Average ground elevation of all sampling sites.
TOP-ELEV, BOT-ELEV = Average elevations of the top and bottom of the sampled intervals. 
TDS = Total dissolved solids, reported in mg/L.
Individual ion values are reported in mg/L.

Devonian/Mississippian Brine

Area TDS Na Mg Ca Cl SO4 HCO3

Grand Co. 156,376 35 1 3 59 2 <1

Emery Co. 81,229 34 1 4 58 3 1

Garfield Co. 7472 21 2 9 25 27 16

All of San Juan Co. 91,602 34 1 3 57 3 2

Pennsylvanian Brine

Area TDS Na Mg Ca Cl SO4 HCO3

Grand Co. 214,249 28 1 9 61 1 <1

Emery Co. 64,339 32 3 5 55 5 1

Wayne Co. 34,699 34 1 2 48 13 2

All of San Juan Co. 130,504 28 2 8 62 1 <1
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CHAPTER 8: 
REGIONAL MIDDLE PALEOZOIC HYDRODYNAMIC PRESSURE 
REGIME OF THE PARADOX BASIN, UTAH AND COLORADO 

INTRODUCTION

Although most oil in the Paradox Basin has been found in car-
bonate buildups (algal mounds and ooid shoals) of the Penn-
sylvanian (Chidsey and others, 2016, and references therein), 
the northwest-trending fold and fault belt near the northern 
margin of the basin contains several Mississippian oil and gas 
fields, the largest being Lisbon, Utah (figures 1.1 and 1.3), de-
scribed in detail in Chapters 2 through 4. McElmo Dome field 
(figures 1.1 and 1.3), southwest Colorado, near the southeast-
ern margin of the basin is a major producer of carbon dioxide 
(CO2) from the Mississippian Leadville Limestone (Gerling, 
1983; Tremain, 1993). Two minor oil fields (abandoned) oc-
cur near the southern margin of the basin, close to the Utah-
Arizona state line.  

One factor providing insight into recent secondary or tertiary 
migration of oil within the Mississippian is the present hy-
drodynamic condition. A horizontal pressure gradient within 
relatively permeable reservoir rock may indicate significant 
water movement that displaces trapped oil, whereas abnor-
mally high pressures could indicate hydrocarbon generation 
and accumulation in relatively low-permeability rocks.  

Previous Work

The only prior systematic compilation of pressure trends with-
in the Mississippian system of the Paradox Basin appears to 
be by Hanshaw and Hill (1969). They studied the potentio-
metric trends in seven “aquifers” ranging in age between the 
Cambrian through Devonian and the Permian. Their potentio-
metric map for the Mississippian (reproduced as figure 8.1) 
shows a head gradient of about 2400 feet (730 m) between the 
Utah-Colorado state line and eastern margin of the Paradox 
Basin adjacent to the San Juan Mountains (i.e., head increasing 
eastwards), which they interpreted as a major recharge area in 
the vicinity of the mountains. An area to the southwest of the 
Abajo Mountains near the northern end of the Monument up-
warp (figure 1.1) is shown as having more than 1000 feet (300 
m) of head above the surrounding region of southeastern Utah. 
We noted that hydrology here is complicated, with mixed evi-
dence of oil wells that were dry to at least the Mississippian, 
and other wells that indicated an elevated water column.  

The compilation by Hanshaw and Hill (1969) has several 
limitations, which were acknowledged by the authors at that 
time. Firstly, it is dependent on analysis of only about 600 
drill-stem tests (DSTs) supplied by oil companies from wells 

drilled through 1961. Of these, about 300 were usable, so the 
number of DSTs for a particular horizon’s potentiometric map 
is presumably a small fraction of these. Unfortunately, the 
maps do not show the data points used to constrain the con-
tours. Secondly, Hanshaw and Hill (1969) chose to present the 
pressure measurements in the form of a potentiometric surface 
obtained by converting the pressure to a freshwater column. 
Whereas the overall pressure trends should be reasonable, the 
local elevation of the column is less useful.  

Several thousand more wells have been drilled in the Paradox 
Basin since 1961, and many had DSTs performed on various 
formations. The purpose of this study was to review this data 
and compile a new map of pressure variations across the Mis-
sissippian strata of the basin. This study will improve the un-
derstanding of geological constraints on fluid flow within the 
largely carbonate units of the Paleozoic part of the geologic 
section. As described previously, Mississippian Leadville 
Limestone underlies much of the basin, and it is underlain 
by Devonian limestone of the Ouray and Elbert Formations 
(figures 2.1, 5.1, and 8.2). Some oil exploration reports from 
wells to the south of the basin refer to the Mississippian Red-
wall Limestone, and occasionally the name Madison Lime-
stone is used. The Leadville Limestone is overlain by a thin 
shale (Molas Formation, <150 feet [46 m] thick) at the base of 
the Pennsylvanian, which is overlain by the Hermosa Group 
containing the main oil-producing zones of the basin (Paradox 
Formation) (figures 2.1, 5.1, and 8.2). 

Depth to the Missippippian and  
General Structure

The Leadville Limestone does not crop out in the Paradox Ba-
sin, but it occurs at about 1000 feet (300 m) depth in the Cata-
ract Canyon section of the Colorado River, just downstream 
of the junction with the Green River (the oldest outcrops in 
Cataract Canyon are evaporites of the Paradox Formation). 
On the northeastern margin of the basin, the Leadville Lime-
stone is at more than 15,000 feet (4600 m) depth, close to 
where it is faulted against the Uncompahgre uplift. The car-
bonate deposition represents a time when there was a stable 
cratonic platform, prior to the development of a paleoforedeep 
structure that formed the Paradox Basin. Across much of the 
eastern half of the basin the Mississippian is overlain by 7000 
to 10,000 feet (2100–3000 m) of mostly Pennsylvanian and 
Permian strata (figure 8.2). These cover rocks include low-
permeability units of shale, anhydrite, and salt of the Paradox 
Formation, so there is the potential for significant overpres-
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Figure 8.1. Potentiometric map for the Mississippian stratigraphic section derived from oil and gas DST pressure data through 1961. 
Modified from Hanshaw and Hall (1969).   

sure in the underlying Mississippian over the eastern half of 
the basin, and therefore potential for significant lateral varia-
tions in fluid pressure there.  

Simplified maps of the depth to Leadville Limestone (figure 
8.3) and structural contours on the top of the Leadville Lime-
stone (figure 8.4) show the gross trends of the Laramide uplifts 
and the regional erosion patterns across the Paradox Basin. The 
contours on both maps are based only on picks of the top of the 
Leadville in oil exploration wells, and local incision in can-
yons or local faulting and folding is not accounted for. East of 
the Colorado River in the Monument upwarp, and west of the 
Green River in the San Rafael Swell, the top of the Leadville 
rises to 5000 feet (1500 m) above sea level (ft asl [m asl]). This 
elevation is 1000 feet (300 m) above the level of these sections 
of the Colorado River and the Green River (3800 to 4000 feet 
asl [1160–1200 m asl]), which are presumably controlling at 
least the near-surface hydrology in these areas.

DATA SOURCE AND METHODOLOGY

About 5000 DST reports compiled by PI/Dwights Plus-IHS 
Energy/Well Data (2008) were used for this pressure compila-
tion. The “shut-in” pressure values included with this report 
have been used without further correction for recovery to 
equilibrium. This dataset is very noisy, so criteria were ap-
plied to screen out obviously inaccurate data. The most com-
mon source of error is incomplete pressure recovery because 
of low permeability, either due to local mud-cake problems 
or inherently low permeability in the formation (Bredehoeft, 
1965; Nelson, 2002). If the shut-in time was less than 30 min-
utes, or no shut-in time recorded, the shut-in pressure was dis-
carded. The 30-minute threshold sometimes appeared to indi-
cate reliable data for the most permeable formations such as 
the Leadville Limestone, but was far too short for low-perme-
ability rocks. Even after 240 to 300 minutes, pressures in all 
reported “salt” formations and some “shale” formations were 
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Figure 8.2. Stratigraphic section for the central Paradox Basin 
near Monticello, Utah. After Hintze and Kowallis (2009).   

still clearly far from equilibrium. Most DSTs reported an “ini-
tial” and a “final” shut-in pressure, and in such cases the larger 
of the two values was chosen. The topographically lowest part 
of the Paradox Basin is the Colorado River, which should con-
trol the minimum pressure in the basin. Any pressure values 
less than about 70% of hydrostatic pressure beneath the Colo-
rado River were therefore eliminated. Any DSTs that did not 
identify the formation being tested, or had incomplete depth 
information, were also eliminated.  

As a result of this screening process, between 50% and 75% 
of the pressure data were removed from further study. To 
allow further averaging of the pressure data, the Paradox Ba-
sin was subdivided into six, one-degree quadrangles (figure 
8.5), and the pressure data were plotted at the elevation of 
the DST (midpoint of the open interval). This resulted in as 
few as 27 data points for the Mississippian in the Glen Can-
yon quadrangle, which has no producing fields, and 614 data 
points in the Aneth quadrangle. In all, 1529 pressure points 
were spread over the six quadrangles. To investigate the ver-
tical pressure trends in each quadrangle, the data were subdi-
vided based on geological time. The Paleozoic was split into 
the periods Mississippian and older, Pennsylvanian, Perm-
ian, and where appropriate, a Mesozoic era was included. 
The total number of Mississippian and older pressure values 
is 395, representing less than 10% of the initial DST dataset 
for the Paradox Basin. 

PRESSURE TRENDS BY QUADRANGLE

Figures 8.6 through 8.11 show the vertical pressure trends for 
each quadrangle, and a map of the well locations where the 
DSTs were made. Sometimes more than one DST is from the 
same well, and within oil and gas fields, wells are close to-
gether and occasionally obscure other well locations. To facil-
itate comparison between the quadrangles, each graph has the 
same reference line superimposed on it based on a composite 
pressure trend for the Mississippian and older strata discussed 
in a later section. This composite trend line has a slope of 0.47 
pounds per square inch/foot (psi/ft [10.6 kPa/m]), which is al-
most 10% above the hydrostatic gradient for fresh water. The 
composite trend line is equivalent to a static pressure gradient 
in a column of water with a salinity of 100,000 to 150,000 
milligrams per kilogram (mg/kg) (J.W. Gwynn, UGS, verbal 
communication, June 2008), which is reasonable for the Pa-
leozoic section of the Paradox Basin. Shallow groundwater in 
the Paradox Valley, Colorado, has an average dissolved solids 
concentration of 250,000 mg/kg (Chafin, 2002). However, the 
springs and geysers near the town of Green River in the north-
ern part of the basin have concentrations of 11,000 to about 
20,000 mg/kg (Baer and Rigby, 1978; Shipton and others, 
2004), so there is probably a gradient in salinity across the ba-
sin. Note that the main source of error with DST shut-in pres-
sures is failure to completely come to equilibrium during the 
test, and for the pressure to be less than actual pressure. These 
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Figure 8.3. Depth to top of the Mississippian Leadville Limestone derived from oil and gas exploration wells. Note that the contours do 
not consider local topographic relief between the wells, such as the Colorado River canyon and mountains. Black dots indicates wells 
penetrating the Leadville. Contour interval is 1000 feet (300 m).   

uncertainties are such that the inferred pressure gradient of 
0.47 psi/ft (10.6 kPa/m) has an estimated 10% uncertainty.  

Glen Canyon Quadrangle

The DST pressure data from the Mississippian and older strata 
are sparse for the Glen Canyon quadrangle (figure 8.6A), but 
consistent with a hydrostatic trend when compared with data 
from the surrounding quadrangles. Although it is possible 
that the deeper pressures (i.e., below sea level) may be less 
than the composite Mississippian regional trend shown on 
the graph (figure 8.6B), this is considered unlikely since this 
area is in the hydrologically lowest part of the Paradox Basin 
(Colorado River at 3800 ft asl [1160 m]). Pennsylvanian and 
Permian formations are largely consistent with the one hy-
drostatic trend extending from nearsurface to at least -4000 ft 
asl (-1200 m asl). Two Pennsylvanian pressure values at shal-

low depth suggest a locally perched water table near the sur-
face (head at close to 5000 ft asl [1520 m asl]). Both pressure 
points are from wells on the eastern boundary of the quadran-
gle and are consistent with a nearsurface pressure trend that 
is more strongly identified on the adjacent quadrangle (An-
eth). Hanshaw and Hall (1969) reported that several explora-
tion wells drilled east of Cataract Canyon on the northern end 
of the Monument upwarp encountered dry conditions down 
into the Mississippian, which as figure 8.4 shows, suggests 
the deep head is at an elevation of less than 4000 to 5000 ft asl 
(1200–1500 m asl), and consistent with the trend in figure 8.6.  

West Green River Quadrangle

The DST pressure data for the West Green River quadrangle 
(figure 8.7A) indicate one linear trend from a shallow water 
table elevation of about 4000 ft asl (1200 m asl) in the Trias-
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Figure 8.4. Structural contours on the top of the Leadville Limestone derived from oil and gas exploration wells. Note that the contours 
do not consider fault offsets and folding between the wells. Black dots indicates wells penetrating the Leadville. The contour interval is 
1000 feet (300 m) (relative to sea level). The structural highs correspond to Laramide uplifts.   

sic to the deepest Mississippian at -6000 ft asl (-1800 m asl) 
(figure 8.7B). The slope is 0.47 psi/ft (10.6 kPa/m), consistent 
with saline water. The pressure trend likely is 100 to 200 psi 
(690–1380 kPa) higher than the composite trend shown on 
the graph because of the tendency for DST shut-in pressure to 
be less than the actual pressure. In addition, in the northeast-
ern corner of the quadrangle immediately east of the Green 
River, saline water and CO2 flow to the surface in the form of 
springs and geyser activity in abandoned wells. These fluids 
are interpreted to originate from deep within the Paradox Ba-
sin (Heath, 2004; Shipton and others, 2004; Allis and others, 
2005). The elevation of the springs and overflowing wells is 
4050 ft asl (1230 m asl), implying a hydrostatic trend at least 
250 feet (75 m) (about 100 psi [690 pKa]) higher than the 
composite trend on the graph. There may be locally higher 
pressures within the Pennsylvanian section, with a few pres-
sure points 500 psi (3450 kPa) higher than the regional trend.

Aneth Quadrangle

A relatively large amount of data from the Pennsylvanian 
exists in the Aneth quadrangle (figure 8.8A) because of the 
intensive drilling that has occurred in Greater Aneth and 
other oil fields in the Blanding sub-basin (figure 1.1). The 
Mississippian data are split into two sets: those below sea 
level (typically > 5000 feet [1500 m] depth) and those above 
sea level (1000 to 3500 ft asl [300–1100 m asl]). The for-
mer are in the eastern half of the quadrangle, the latter are 
mostly in the western half (Monument upwarp). Both sets 
of data are consistent with a regionally extensive pressure 
trend with a head at 3800 ft asl (1160 m asl), the average 
elevation of the Colorado River in the adjacent Glen Canyon 
quadrangle. The Pennsylvanian data show more scatter, with 
most data clustering close to the underlying Mississippian 
pressure trend (figure 8.8B). However, there is also clear evi-



Utah Geological Survey158

Figure 8.5. Subdivision of the Paradox Basin into six, 1° by 1° quadrangles, for which DST pressure data are consolidated. Black dots 
indicate the distribution of wells which had DST measurements within the Mississippian or older formations. Names assigned to the 
quadrangles are for this report only and do not correspond to U.S. Geological Survey quadrangles.    

dence of overpressures of up to 2000 psi (13,790 kPa) rela-
tive to the Mississippian trend and is likely related to locally 
lower permeability and hydrocarbon generation within the 
Pennsylvanian section. The Permian pressure data suggest a 
hydrostatic gradient with control by surface recharge from a 
ground elevation of 4500 to 5000 ft asl (1400–1500 m asl). 
The elevation of the San Juan River near Aneth field is 4400 
ft asl (1340 m asl). The Mississippian pressure trend in parts 
of the quadrangle where it is situated above sea level (mostly 
western half) is between 500 and 1000 psi (3450–6900 kPa) 
lower than where the Permian section occurs at a similar el-
evation (mostly eastern half).  

Note that the pressure trends in the higher elevation areas 
in the north part of the quadrangle (Abajo Mountains) are 
unknown. However, Kirby (2008) reported that groundwater 
levels in the vicinity of the city of Blanding (10 to 15 miles 
[16–24 km] south of the Abajo Mountains) range between 
6400 ft asl (1950 m asl) in the north to 5300 ft asl (1600 
m asl) near Blanding. The groundwater is “perched” within 

the Dakota and Burro Canyon Formations (Cretaceous) on 
top of the underlying Morrison Formation (Upper Juras-
sic) (figure 8.2). Groundwater wells drilled into the Navajo 
Sandstone (Lower Jurassic) near Blanding have water levels 
close to 5400 ft asl (1800 m asl), and encountered good qual-
ity drinking water (Bill Loughlin, Loughlin Water Associ-
ates, verbal communication, 2008). Both Mesozoic aquifers 
appear to be perched relative to water in Permian and under-
lying formations.      

Lisbon Quadrangle

The Lisbon quadrangle contains more Mississippian pres-
sure data (figure 8.9A) than the others because of the Missis-
sippian oil and gas fields in the Paradox fold and fault belt 
(figure 1.3). The pressure trend (figure 8.9B) is consistent 
with, and largely controls (because of the amount of data), 
the composite pressure trend for the basin. Pennsylvanian 
pressure data are very scattered, but as in the Aneth quad-
rangle, there is evidence of local overpressuring by up to 
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Figure 8.6. Glen Canyon quadrangle. (A) Location of wells (orange dots) within the quadrangle for which DST measurements from the 
Mississippian (and older) strata have been used in the pressure trend graph in (B). Sometimes more than one DST is available from a well. 
(B) Trend of DST shut-in pressures in the quadrangle. The dashed line is derived from a composite pressure plot discussed later and shown 
on figure 8.12. Note that the pressures from DSTs tend to be minimums because of possible lack of full equilibrium at the end of the test.     
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Figure 8.7. West Green River quadrangle. (A) Location of wells (open circles) within the quadrangle for which DST measurements from the 
Mississippian (and older) strata have been used in the pressure trend graph in (B). Sometimes more than one DST is available from a well. 
(B) Trend of DST shut-in pressures in the quadrangle. The dashed line is derived from a composite pressure plot discussed later and shown 
on figure 8.12. Note that the pressures from DSTs tend to be minimums because of possible lack of full equilibrium at the end of the test. 
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Figure 8.8. Aneth quadrangle. (A) Location of wells (Xs) within the quadrangle for which DST measurements from the Mississippian (and 
older) strata have been used in the pressure trend graph in (B). Sometimes more than one DST is available from a well. (B) Trend of DST 
shut-in pressures in the quadrangle. The dashed line is derived from a composite pressure plot discussed later and shown on figure 8.12. 
Note that the pressures from DSTs tend to be minimums because of possible lack of full equilibrium at the end of the test.      
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Figure 8.9. Lisbon quadrangle. (A) Location of wells (yellow triangles) within the quadrangle for which DST measurements from the 
Mississippian (and older) strata have been used in the pressure trend graph in (B). Sometimes more than one DST is available from a well. 
(B) Trend of DST shut-in pressures in the quadrangle. The dashed line is derived from a composite pressure plot discussed later and shown 
on figure 8.12. Note that the pressures from DSTs tend to be minimums because of possible lack of full equilibrium at the end of the test.    
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Figure 8.10. Dolores quadrangle. (A) Location of wells (blue diamonds) within the quadrangle for which DST measurements from the 
Mississippian (and older) strata have been used in the pressure trend graph in (B). Sometimes more than one DST is available from a well. 
(B) Trend of DST shut-in pressures in the quadrangle. The dashed line is derived from a composite pressure plot discussed later and shown 
on figure 8.12. Note that the pressures from DSTs tend to be minimums because of possible lack of full equilibrium at the end of the test. 
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Figure 8.11. Cortez quadrangle. (A) Location of wells (purple squares) within the quadrangle for which DST measurements from the 
Mississippian (and older) strata have been used in the pressure trend graph in (B). Sometimes more than one DST is available from a well. 
(B) Trend of DST shut-in pressures in the quadrangle. The dashed line is derived from a composite pressure plot discussed later and shown 
on figure 8.12. Note that the pressures from DSTs tend to be minimums because of possible lack of full equilibrium at the end of the test. 
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about 1000 psi (6900 kPa). The Permian and Mesozoic pres-
sures suggest a trend that is systematically higher than the 
Mississippian trend, but due to poor data quality, it is unclear 
whether there is one aquifer trend or locally varying pressure 
trends with zero-pressure intercepts between 4500 and about 
6000 ft asl (1370–1800 m).  

Dolores Quadrangle

In the Dolores quadrangle (figure 8.10), most data lie at 
higher pressures (figure 8.10B), although some Missis-
sippian DST pressure data (figure 8.10A) lie close to the 
composite pressure trend. The same higher-pressure pat-
tern occurs in the Permian-Pennsylvanian and the Mesozoic 
sections. The scatter in the Mesozoic section appears to be 
smaller than that in the underlying sections, and these data 
suggest zero-pressure head elevations of between 4000 and 
7000 ft asl (1220–2130 m asl). The northeastern part of the 
quadrangle has higher ground elevations associated with the 
western flank of the San Juan Mountains, which range up to 
14,000 ft asl (4260 m asl) to the east of the quadrangle. The 
deeper trends (Permian and below) are up to about 2000 psi 
(13,790 kPa) above the composite pressure trend. The well 
locations for most of these higher-pressure DSTs are situ-
ated in the northeastern part of the quadrangle, suggesting 
the area is affected by recharge from the San Juan Moun-
tains to the east.  

Cortez Quadrangle

The DST pressure data are scattered in the Cortez quad-
rangle, although the deep Mississippian pressures are con-
strained by data from injection wells drilled by the U.S. 
Bureau of Reclamation near the Dolores River in the Par-
adox Valley, western Colorado (figure 8.11A). The three 
DSTs on figure 8.11B imply a pressure of 6300 psi (43,400 
kPa) at an elevation of -9500 ft asl (-2900 m) which is in 
agreement with the undisturbed pressures quoted by Ake 
and others (2005) of 6235 psi (43,000 kPa) at 9200 feet 
(2800 m) below sea level for the deep wells in the Paradox 
Valley. The pressure confirms that the Mississippian near 
the western edge of this quadrangle has pressures like the 
composite trend in the rest of the Paradox Basin farther 
west. However, there are other Mississippian pressure data 
up to about 1000 psi (7000 kPa) higher than the composite 
trend, and two points almost 2000 psi (13,900 kPa) higher. 
Inspection of the well locations of those DSTs shows them 
to be in the eastern half of the quadrangle. The same pattern 
applies to the Pennsylvanian and Permian DSTs. A hydro-
static pressure trend that is an upper boundary to the DSTs 
would have a zero-pressure intercept of about 8000 ft asl 
(2400 m asl). The Uncompahgre uplift that diagonally tra-
verses the quadrangle rises to over 9000 ft asl (2700 m asl). 
Recharge on the uplift may be contributing to the higher 
pressures occurring in the quadrangle.

COMPOSITE MISSISSIPPIAN  
PRESSURE TREND

The Mississippian DST pressure data was compiled onto one 
graph, coded by quadrangle (figure 8.12). A linear trend is ap-
parent over an elevation range of 14,000 feet (4300 m), and 
has  a slope of 0.47 psi/ft (10.6 kPa/m) as discussed above. To 
clarify the pattern of a small amount of data plotting at signifi-
cantly higher pressures than this trend, figure 8.13 examines 
the amplitude of the pressure departure from the composite 
trend against the ground elevation of the well with the DST 
measurement. The plot indicates that a systematic pattern of 
increased pressure departure (i.e., higher pressures) with high-
er ground elevation occurs in the Cortez and Dolores quad-
rangles. Elsewhere, there is not a significant correlation.  

INTERPRETATION

For most of the Paradox Basin, an area of at least 100 by 100 
miles (260 x 260 km) including the Glen Canyon, West Green 
River, Aneth, and Lisbon quadrangles, the Mississippian pres-
sure regime is remarkably uniform, close to hydrostatic, and 
independent of laterally varying pressure in overlying forma-
tions. This pressure regime implies relatively high permeabil-
ity, presumably because of interconnected fractures throughout 
the section and development of karst topography at the top due 
to subaerial exposure at the end of the Mississippian (figures 
3.1A, 3.2, and 5.9). The zero-pressure head on this pressure re-
gime varies between 4000 ft asl (1200 m asl) in the north (West 
Green River quadrangle) and 3800 ft asl (1200 m asl) in the two 
southern quadrangles. This variability corresponds to the eleva-
tion of the adjacent sections of the Colorado and Green Rivers, 
which are acting as the pressure control for this entire region.  

In the West Green River quadrangle adjacent to the Green Riv-
er, saline water (11,000 to 20,000 mg/kg TDS) flows to the sur-
face at several localities, indicating a major discharge point for 
the basin. Presumably the stretch of the Colorado River south 
of the junction with the Green River (Cataract Canyon, possibly 
extending into Glen Canyon/Lake Powell) is also a zone of hy-
drological connection, and potentially major discharge, for the 
Mississippian. Any discharge is presumably obscured by the 
confined, high flow of the Colorado River within the canyon 
here. Large-scale intrusion of Paradox salt has deformed the 
canyon (Needles District of Canyonlands National Park), and 
faults link the northern Monument upwarp to Cataract Canyon 
(Lewis and Campbell, 1965). The top of the Mississippian sec-
tion is within about 1000 feet (300 m) of the river level here, 
when elevations from the wells (figure 8.3) are interpolated and 
compared to the river elevation. In the Monument upwarp, the 
top of the Mississippian section rises to 5000 ft asl (1500 m asl).  

Near the eastern margin of the Paradox Basin, the pressure in the 
Mississippian section increases compared to the regional trend 
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Figure 8.12. Compilation of DST pressure measurements from all six quadrangles for the Mississippian and older formations. Dashed 
line is referred to in the text as the “composite pressure trend.” 

Figure 8.13. Distribution of pressure differences between the actual DST pressure measurement and the pressure inferred from the 
composite line for that elevation. The pressure differences are plotted against the ground elevation for the well with the DST. This plot 
shows that most of the DSTs in the Dolores and Cortez quadrangles that plot at systematically higher pressures in figure 8.12 are also at 
higher ground elevations. They also are in the eastern parts of the two quadrangles, as shown in figure 8.14. 
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elsewhere by as much as 2000 psi (14,000 kPa) (figure 8.14). 
This rise in pressure occurs adjacent to the San Juan Mountains 
farther east, and presumably represents a major recharge area 
to the Mississippian and older section. There is no evidence of 
hydrological transition or boundary zones to the Mississippian 
section in the north or the west of the studied area. However, 
other recharge areas are likely northwest and west of the six 
quadrangles studied in this report, perhaps beyond the conven-
tional boundaries of the Paradox Basin as shown in figure 1.1. 
Around the northern and northeastern boundaries, the Missis-
sippian dips beneath the Uinta Basin and may also be faulted 
against the Uncompahgre uplift (Frahme and Vaughn, 1983), so 
significant recharge from this direction seems unlikely.  

The broad, uniform pressure regime within the Mississippian 
raises questions about how long it has existed and its implica-
tions for past oil and gas migration. Widespread permeability 
in the Mississippian strata suggests that it could have been a 
major fairway for hydrocarbon migration at various times in the 
past. The top of the Mississippian in the major anticlines in and 
adjacent to the Paradox Basin (figure 8.4) is situated above the 
zero-pressure intercept for the regional pressure trend discussed 
above. This means that if any fluids are still present, they are 
likely to be at a low pressure and possibly discontinuous. De-

Figure 8.14. Summary of the region of anomalous pressures (> 1000 psi) identified in figures 8.12 and 8.13 for Mississippian and older 
rocks of the Paradox Basin. Elsewhere, pressures are close to hydrostatic with a zero-pressure intercept of 3800 to 4000 feet asl (1160–
1220 m asl). Black dots indicate the distribution of wells which had DST measurements within the Mississippian or older formations.  
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pending on the vertical permeability of the overlying strata, the 
Mississippian could be air-filled (dry) as reported by Hanshaw 
and Hill (1969) for some wells on the Monument upwarp. How-
ever, this may not have been the case several million years ago. 
Downcutting by the Colorado River system has hydrologically 
intercepted the Mississippian section. Using the calculated inci-
sion rate near the center of the Colorado Plateau (Lee’s Ferry, 
Arizona) of about 14 inches per thousand years (35 cm/k.y.) 
(Pederson and others, 2013), several million years ago there 
would have been several thousand feet more of section overly-
ing and potentially sealing the Mississippian. Today’s relative 
underpressure of the Mississippian relative to the Pennsylva-
nian and Permian as seen in the Aneth quadrangle would not 
have been present, and the hydrodynamic gradient could have 
been in a different direction. That is, the large-scale fluid flow 
that is inferred to be occurring today towards the Colorado 
River would not have been occurring, and the Mississippian 
would have been fully saturated within the Paradox Basin and 
could have held significant quantities of oil and gas within the 
structural highs. Some of this volume of oil could be preserved 
as the tar sand deposits (Tar Sand Triangle, White Canyon, and 
Ten Mile Wash), found along the western margin of the Paradox 
Basin, that may have been a larger pool trapped in what is now 
partially breached Monument upwarp. 
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CHAPTER 9: 
MODERN RESERVOIR ANALOGS FOR THE LEADVILLE  

LIMESTONE—SOUTHERN FLORIDA AND THE BAHAMAS 

INTRODUCTION

The oil and gas reservoirs from the Mississippian Lead-
ville Limestone of the Paradox Basin represent a variety of 
warm, shallow-shelf, carbonate depositional environments as 
described in previous chapters. Deposition of the Leadville 
and other carbonate formations was widespread in Paleozoic 
and Mesozoic epeiric seas. However, there are relatively few 
places on Earth where shallow-marine carbonates are actively 
being deposited on a major scale and over millions of years. 
Platform-scale carbonate deposition today is restricted to the 
southern Florida-Bahamas region, the Yucatan, the Arabian 
Gulf, and Australia.  

Leadville environments have modern analogs in the southern 
Florida-Bahamas region—a world-class natural laboratory to 
study “tropical” carbonate depositional systems (figure 9.1). 
This region represents a time horizon from which one can ob-
serve carbonate deposition, the conditions (physical, biologi-
cal, and chemical) that create various carbonate sediments, 
and the processes by which the deposits change. Understand-
ing the facies types, distribution, geometry, and depositional 
patterns of these modern analogs helps to better (1) determine 
sediment source and accumulation, (2) estimate reservoir 
heterogeneity and capacity, (3) establish initial pore-space 
characteristics, and (4) identify areas regionally that have the 
greatest petroleum potential of the Leadville Limestone.  

BASIC PRINCIPLES OF CARBONATE 
DEPOSITION

Carbonate Factories and Platforms

Southern Florida and the Bahamas are carbonate “factories.” 
Carbonate production is at a maximum in the carbonate-facto-
ry areas (Pomar and Hallock, 2008; Michel and others, 2019). 
Noel P. James (1979), pre-eminent scholar in the processes 
that produce modern limestone, stated “Carbonates are born, 
not made.” That is, they result largely from biological and 
biochemical processes and carbonate mineral precipitation is 
mediated by microbes (cyanobacteria), plants, and animals. 
Some carbonate sediment is created by direct precipitation 
from seawater (Bosence and Wilson, 2005). Skeletal materials 
become particles and accumulations become limestone.  

Three basic rules control the nature (formation, distribution, 
and deposition) of carbonate depositional systems (Schlager, 

1992): (1) carbonate sediments are largely organic in origin, 
(2) carbonate systems can build wave-resistant structures, and 
(3) they undergo extensive diagenetic alteration. The rate at 
which organisms and plants produce carbonate sediment de-
pends on latitude, temperature, salinity, oxygen content, water 
depth, acidity (pH), sunlight intensity, turbidity, water circula-
tion, partial pressure of carbon dioxide (pCO2), and nutrient 
supply (Schlager, 2003, 2005).  

Most carbonates are produced close to where they are deposited 
as opposed to typical siliciclastic sediments. However, storms, 
tides, and currents transport large quantities of fine sediment 
into adjacent areas (including both shallow- and deep-water 
settings). Carbonate factories develop where clean, shallow 
(less than 300 feet [<100 m]) marine waters cover large plat-
forms; the highest sediment productivity occurs at water depth 
less than 30 feet (<10 m) (Schlager, 2003, 2005).    

Carbonate platforms are recent and ancient, thick, widespread 
deposits of carbonate rocks (Bosence and Wilson, 2005). Fac-
tors that influence differences in the platforms upon which 
warm-water carbonates are deposited include (1) climate, (2) 
platform morphology (such as ramp or rimmed attached plat-
forms or isolated unattached platforms), (3) lithology (carbon-
ate only, carbonate/siliciclastic, or carbonate/evaporate), (4) 
fauna, (5) subsidence, (6) siliciclastic source, and (7) eustacy 
(greenhouse, icehouse, or transitional) (Schlager, 2003, 2005; 
Michel and others, 2019).    

There are four main types of carbonate factories: (1) warm wa-
ter, (2) cool water, (3) microbial, and (4) pelagic (Schlager, 
2003; Bosence and Wilson, 2005). The southern Florida and 
Bahamas region is a warm-water carbonate factory. The Mis-
sissippian Leadville Limestone was deposited in a warm-water 
carbonate factory on an epeiric-attached platform (i.e., an ex-
tensive cratonic area covered by a shallow sea) (figures 3.1A, 
5.5, and 5.6). Warm-water carbonate factories are located gen-
erally between low latitudes (30° north and 30° south), both 
presently and in the geologic past. Shallow-marine tropical 
waters support rapidly calcifying communities of organisms 
that use photosynthesis for energy. Examples of these com-
munities include calcified green and red algae, and corals with 
symbiotic algae. Forams, mollusks, sponges, and echinoderms 
are also common members of such communities. These com-
munities build shallow-water coral reefs, shoals composed of 
skeletal grains, and other types of carbonate accumulations.  

The warm water is also often supersaturated with respect to 
calcium carbonate, which can be precipitated to form carbon-
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Figure 9.1. Satellite image of southern Florida and the Bahama Islands. Annotated NASA Landsat image.   

ate grains such as ooids, peloids, grapestone, and carbon-
ate mud. Shallow warm-water carbonate accumulation rates 
range from about 0.6 to 24 feet (0.2–8 m) per 1000 years and 
can keep pace with a rise in sea level when the rate of sedi-
ment production is highest (Bosence and Wilson, 2005).  

Taphonomic Processes

Another key aspect of studying modern carbonate analogs to 
better interpret the lithofacies of the Leadville Limestone is 
using tropical taphonomy to go from biofacies (biotic commu-
nities) to lithofacies (carbonate sediments). Early taphonomic 
processes (biostratinomy) take place after an organism dies 
but before its final burial. These processes are largely destruc-
tive (bioerosion) and include physical, biological, and chemi-
cal effects. As a result, much of the information about the 
biotic community is lost, but the gain is a depositional envi-

ronment with information “encoded.” Thus, the sedimentary 
lithofacies mimic the former biological communities (Purdy, 
1963; Harris and others, 2015).  

Physical processes consist of reorientation, transport, break-
age, disarticulation, and exhumation. Biological processes 
consist of decay, scavenging, bioturbation, boring, and en-
crustation. Chemical processes consist of corrosion, disso-
lution, and recrystallization. The roles of organisms in these 
processes may be ecological, sedimentological, or diagenetic. 
Ecologic roles of organisms are that of a primary producer, 
grazer, predator, or filter feeder. Sedimentological organism 
roles include sand makers, mud makers, sediment binders, 
sediment bafflers, frame builders, sediment eaters, burrowers, 
borers, and encrusters. Diagenetic roles consist of produc-
ing aragonite versus calcite, micritization, and grain boring 
(Bathurst, 1972; Moore and Wade, 2013).  
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Warm-Water Biologic Communities

Although the organisms in warm-water carbonate settings to-
day are different from those of the past, due to organic evolu-
tion, the roles of sediment producer, modifier, etc., have re-
mained largely unchanged through time. According to Enos 
(1977), “for modern ecology to have maximum applicability 
to ancient limestone, consideration should be given to evo-
lutionary replacement. Replacement is the adaptation of an 
organism or groups to approximately duplicate the way of life 
of an earlier group. Replacement may result from successful 
competition with the earlier group or from simply filling an 
available ecological niche, long since vacated by the earlier 
group.”  Examples include Paleozoic tabulate corals and mod-
ern scleractinian corals, or the Pennsylvanian green algae Iva-
novia and the modern green algae Halimeda. Southern Florida 
and the Bahamas teem with a wide variety of life to fill the 
ecological, sedimentological, and diagenetic roles (described 
above), which have counterparts in the Leadville Limestone.  

Cyanobacteria

Cyanobacteria are a phylum of free-living bacteria (formerly 
called blue-green algae) that produce and release oxygen as a 
byproduct of photosynthesis. Cyanobacteria are prokaryotes 
having cells that are very small and contain only a cell wall, 
which encases undifferentiated cytoplasm inside a membrane 
with only vague, poorly organized structures known as nucle-
oids, ribosomes, and plasmids. Microbialites form as a result 
of cyanobacteria (microbial) activities and represent deposits 
that have accreted as a result of a benthic microbial community 
trapping and binding detrital sediment and/or forming the locus 
of carbonate mineral precipitation (Burne and Moore, 1987). 
Cyanobacteria commonly form carbonate mats in supratidal en-
vironments in Florida Bay and the Bahamas (figure 9.2). 

Protozoans

Protozoans are mainly foraminifera. Most of the shelf fora-
minifera belong to two families: Miliolidae and Peneroplidae. 
They are mobile benthonic forms that live on grass (figure 
9.3) and in or on sediment (Enos, 1977). The regional dis-
tribution of foraminifera is controlled by a range of environ-
mental factors, indicating that foraminifera are sensitive to 
the environment and diagnostic of past depositional settings 
(Bock and others, 1971).

Plants

Plants include algae and vascular plants. Calcareous algae 
are classified based on pigmentation, composition, and habit. 
They consist of two phyla: (1) Rhodophyta (red algae), and 
(2) Chlorophyta (green algae). The red algae make up about 
10% of the calcareous algae whereas the bulk of the volume 
of sediment produced from calcareous algae comes from the 
green algae (figures 9.4 and 9.5). The segmented green algae 
Halimeda (figure 9.5) is a sand maker found in relatively high-

energy environments. Multiple generations grow each year. 
Halimeda is a major producer of carbonate sediment—esti-
mated to be as much as 22,000 grains per year per 11 square 
feet (1 m2) or 65% of the sediment in some areas (Neumann 
and Land, 1975). Mud-making green algae include Penicil-
lus, Udotea, and Rhipocephalus (figures 9.4 and 9.6). Penicil-
lus and Udotea produce needles of aragonite when they die. 
Penicillus (“shaving brush”) is the major contributor of fine 
aragonite mud; the similarity of Holocene muds and many 
ancient lime muds (textures, structures, and fossils) implies 
that these plants have been a significant source of fine-grained 
sediment in the geologic past (Stockman and others, 1967), 
including possibly Leadville Limestone. The most common 
red algae is Neogoniolithon typically found on shelf margins. 
It can be flat, saucer-shaped crusts to erect, branching plants 
(figure 9.7) (Enos, 1977).

Vascular plants include sea grasses (angiosperms) and man-
groves. The most widespread sea grass is Thalassia testu-
dinium (turtle grass) (figure 9.8), which requires adequate 
sunlight and stable, thick sediment for its root system. Turtle 
grass plays an important role as a baffle and sediment trap 
(Enos, 1977). Mangroves, which are classified as red (Rhi-
zopora mangle) with roots going down (figure 9.9) and black 
(Avecinnia) with roots going up (figure 9.10), form around the 
edges of islands, lagoons, and marshes. These plants can ulti-
mately form peat.

Invertebrates

Invertebrates include the phylums Porifera (sponges), Cni-
daria, and Mollusca. Sponges generally require a hard surface 
for attachment. The larger sponges contain siliceous spicules. 
The overall contribution of sponge spicules as a sediment con-
stituent is low. Phylum Cnidaria represents the most important 
invertebrates in warm-water carbonate platforms—the corals. 
The three main classes are Hydrozoa (fire corals), Scyphozoa 
(jellyfish), and Anthozoa, which includes the order Scleractin-
ia (Triassic through modern corals). Hydrozoans are common 
but only the fire coral Millepora secretes a calcareous skeleton 
(figure 9.11) (Enos, 1977). They may be branching or bladed 
requiring a firm substrate in high-energy environments. Alcyo-
naria (also known as Octocroallia because they have eight-fold 
symmetry) is a subclass of Anthozoa. They include sea fans, 
sea whips (figure 9.12), sea pens, sea feathers, and soft corals. 
Alcyonarians grow on dead coral or rubble in outer reefs and 
patch reefs around living coral where the water is shallow and 
has strong wave action. When they die, many species disag-
gregate and become sediment consisting of little rods.  

The spectacular reefs of the southern Florida-Bahamas region 
are primarily built by scleractinian corals (hard corals) (Lidz 
and others, 1991). These corals are zoned and grow in a va-
riety of sub-environments. The chief framework builder of 
the outer reefs is the massive, branching Acropora palmata 
(moosehorn coral) occurring where there is maximum wave 
action and water circulation on the reef crest (figure 9.13A). 
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Figure 9.2. Microbial mats (cyanobacteria) in a supratidal environment on Cotton Key, one of many islands in Florida Bay.    
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Figure 9.3. Foraminifera attached to sea grass, Florida Bay.     

Figure 9.4. Green algae Halimeda and Penicillus growing on the sandy bottom of Florida Bay.     
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Figure 9.5. Close-up of Halimeda (A) and the sand grains (B) derived from its disintegration.      

Figure 9.6. Mud-making green algae (from left to right) Penicillus, Udotea, and Rhipocephalus.       

A.

B.
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Figure 9.7. Branching red algae Neogoniolithon near Rodriquez Bank, Florida.        

Figure 9.8. Turtle grass (Thalassia) illustrating its ability to act as a sediment trap, Florida Bay.   
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Figure 9.9. Red mangrove (Rhizopora mangle), Florida Bay area.  

Acropora cervicornis (elkhorn coral) (figure 9.13A) and 
Porites porites (finger coral) (figure 9.13B) are found in qui-
eter waters of the outer reef and back reef areas. The branches 
of elkhorn and moosehorn corals often break off, especially 
due to storms or when they die, forming rubble zones in the 
back reef, reef front, and forereef areas. Porites also occurs 
on patch reefs in the back reef and lagoonal areas where it is 
well rooted or attached. Massive head corals are the dominant 
forms in patch reefs but can also grow in sheltered parts of 
outer reefs. The most abundant head coral in patch reefs is 
the large, massive Montastrea annularis (star coral) (figure 
9.13C). Other common patch reef corals are Diploria (brain 
coral) (figure 9.13D) and Siderastrea (golfball coral) (fig-
ure 9.13E). Some patch reef corals, such as Siderastrea and 
Porites, also occur in semi-restricted environments where 
they may be widely distributed but populations are sparse and 
their size small. In addition, small Porites and Siderastrea 
are very abundant around muddy shoals (main mud mounds) 
or tidal channels (Enos, 1977). Some corals are mud toler-
ant such as Manicina (rose coral) (figure 9.13F), which are 
comparable to Paleozoic horn (rugose) corals common in the 
Leadville Limestone (figure 3.5).  

Members of the phylum Mollusca, particularly gastropods 
(snails) and bivalves (clams and oysters), are significant con-

tributors of sand-size skeletal grains. Whereas skeletal grains 
from crinoids may have been prevalent to create shoals in 
the Mississippian, gastropods, for example, are a major con-
tributor now (figure 9.14). Molluscs are varied, abundant, and 
good ecological guides (Enos, 1977).  

Of the arthropods, the crustaceans are the most significant. 
They live in all marine environments in the carbonate plat-
form. They contribute huge amounts of fecal pellets to the 
carbonate system and are major burrowers, particularly the 
shrimp Callianassa (figure 9.15). Ostracods are common in 
restricted inner shelf areas.  

Echinoderms are also common in all marine environments and 
include echinoids (sea urchins and sand dollars), holothurians 
(sea cucumbers), ophiuroids (brittle stars), and asterozoans 
(star fishes). Yet, in comparison to Paleozoic environments, 
their modern contribution is relatively minor. Sand-size cal-
cite plates from sand dollars (figure 9.16) can yield significant 
quantities of carbonate sand in some areas. 

Annelid worms affect carbonate deposits of platforms by bur-
rowing, pelleting, and boring (Enos, 1977). Bryozoans, so 
common in the Paleozoic fossil record, play a relatively minor 
role in modern carbonate environments.  
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Figure 9.10. Black mangrove (Avecinnia), Florida Bay area.   
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Figure 9.11. Branching fire coral Millepora.   

Figure 9.12. Alcyonarian sea fans (A) and sea whips (B). 

A. B.
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Figure 9.13. Various scleractinian corals: (A) moosehorn (Acropora palmata) and elkhorn (Acropora cervicornis) corals, (B) finger coral 
(Porites), (C) star coral (Montastrea annularis), (D) brain coral (Diploria), (E) golfball coral (Siderastrea), and (F) rose coral (Manicina).  

A. B.

C. D.

E. F.
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Figure 9.14. Large concentration of small, high spiral gastropods, which feed on the microbial mats of the intertidal zone in the carbonate tidal 
flats, northwestern side of Andros Island, Bahamas. This deposit would ultimately yield a skeletal packstone to wackestone in the rock record.   

Figure 9.15. Numerous mounds made by the burrowing shrimp Callianassa (inset), Bahamas.   
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Figure 9.16. Typical grain-making sand dollar echinoid. 

SOUTHERN FLORIDA – FLORIDA BAY TO 
THE OUTER REEF

Southern Florida provides an opportunity to examine trans-
gressive depositional conditions and sediments across several 
facies belts ranging from the Everglades to shelf-edge barrier 
reefs, including supratidal microbial flats, restricted marine 
mudbanks and “lakes,” tidal channels, and outer shelf sand 
bodies (Ball, 1967; Enos, 1977; Enos and Perkins, 1979). 
Here one can observe two complementary facets of each envi-
ronment: (1) the influence of physical and biological process-
es on the distribution of marine plants and animals, and (2) 
the relationship between the organisms that inhabit the area 
and the type of sediment and sedimentary textures produced 
in each environment.  

Southern Florida is an attached, rimmed carbonate platform 
(figures 9.17 and 9.18). This shallow shelf, warm-water car-
bonate factory lies on the late Pleistocene Key Largo Lime-
stone. The Key Largo Limestone reef forms the present-day 
Florida Keys, the islands that separate the modern arcuate reef 
tract from Florida Bay. From northwest to southeast, the plat-
form consists of mangrove swamps and supratidal flats (Ev-
erglades), an inner shelf (Florida Bay), inner and outer shelf 

margins, and a shallow slope into the Straits of Florida (fig-
ures 9.17 and 9.18) (Enos, 1977).  

Southern Florida has a semi-humid to sub-tropical climate (40 
to 45 inches [100–114 cm] of rain per year) with a wet season 
from July to December (Bosence and Wilson, 2005). Southeast 
trade winds during the summer swing to the northeast during 
the winter generating bottom currents of 1.5 feet (0.5 m) per 
second. The region is within the microtidal range (2 feet [0.7 
m]) and tidal currents only affect channels and flood-tidal deltas 
except during storms (Missimer, 1984). The platform hinter-
land (Everglades) is large with an abundance of fresh water.  

Florida Bay

Florida Bay is triangular shaped due to barriers that restrict 
circulation (figure 9.17) (Enos and Perkins, 1979). Water 
depths range from 0 to 10 feet (0–3 m) and maximum local 
relief is 12 feet (4 m). Water circulation is restricted with peri-
odic tides only on the margins. The surface water temperature 
ranges from 59° to 104°F (15°–40C°) and the salinity varies 
from 10 to 70 parts per thousand (‰) (Fourquean and Rob-
blee, 1999). Plankton and nutrient availability are low, and the 
turbidity is generally high.  
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Figure 9.17. Features of the southern Florida attached, rimmed carbonate platform including bathymetry, the Florida Keys (Pleistocene 
reefs of the Key Largo Limestone), major depositional environments, and modern reefs (modified from Ginsburg, 1956). Cross section 
A–A' shown on figure 9.18. Map projected from regional Landsat image below.     
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There are four hydrological influences on the environmental 
characteristics of Florida Bay: (1) the Gulf of Mexico, (2) the 
reef tract, (3) the Everglades, and (4) the bay itself. Waters and 
biota in the bay are derived from the Gulf of Mexico to the 
west, the Atlantic Ocean (Straits of Florida) through breaks 
in the exposed Pleistocene reef tract (the Florida Keys) to the 
south and east, and the Everglades to the north. The Gulf of 
Mexico has the greatest effect although broad carbonate mud 
banks restrict tidal action. Tidal channels through the Keys into 
the bay represent high-energy environments that support a high 
diversity of larger organisms (gastropods, clams, and corals) in 
deposits of Halimeda-produced sand that are relatively free of 
mud (which has been winnowed out by currents) (figures 9.4 
and 9.5). In the Everglades, fresh water accumulates during the 
rainy season then flows southward into the northern part of the 
bay during the winter, thus significantly lowering the salinity to 
as little as 10‰ from a summer high of 50‰. Such a wide range 
limits the biota of the bay (Fourquean and Robblee, 1999). The 
honeycomb nature of the mud-bank distribution within the bay 
(figure 9.17) further restricts currents, salinity, tides, etc.  

A variety of sedimentary environments are represented in 
Florida Bay as part of a transgressive record: (1) fresh-water 
pond, (2) coastal mangrove swamp, (3) broad, shallow bay 
basins (“lake”), (4) mud bank, and (5) island. From our work 
on the Leadville Limestone, we recognize the shallow bay ba-
sins and mud banks (mounds) as modern analogs, which are 
described in the following sections.  

Shallow Bay Basins (“Lakes”)

Broad shallow bay basins, locally known as “lakes,” occupy 
about 90% of the total area of Florida Bay (Stockman and oth-
ers, 1967). In the eastern part of the bay, these shallow basins 
are polygonal (figures 9.19 and 9.20) due to the honeycomb na-
ture of the surrounding mud mounds and cover an area typically 
of 2 to 8 square miles (5–21 km2). They are 3 to 7 feet (1–2 
m) deep with an average sediment thickness of only 6 inches 
(15 cm) composed of shelly sediment on Pleistocene bedrock 
(Stockman and others, 1967; Enos and Perkins, 1979). Limited 
wave action and currents are strong enough to winnow out fine 
material, which is deposited on the leeward side of mud mounds. 
Over 70% of the sand-size sediment consists of molluscan skel-
etal fragments (figure 9.21) (Ginsburg, 1956). This environment 
does not support a large and diverse biotic community. Sea 
grasses are lacking but the sediment is completely burrowed by 
worms and crustaceans. The mud that is present is pelleted by 
these organisms (Shinn, 1968; Enos and Perkins, 1979).  

The shallow bay basins in the western part of Florida Bay 
receive a strong influence from the Gulf of Mexico. Sediment 
is thicker and contains up to 3 feet (1 m) of mud, which sup-
ports turtle grass (further trapping mud) and a larger, diverse 
fauna. The deposits within the shallow bay basins of Florida 
Bay would produce skeletal-peloidal packstone, wackestone, 
and mudstone like those found in the Leadville Limestone 
(see figures 3.2 and 3.9).  F
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Figure 9.19. Oblique aerial view of Florida Bay shallow bay basins (“lakes”), mud mounds, and islands.     

Figure 9.20. Typical view of Florida Bay from sea level of a shallow bay basin and islands (Keys).       
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Mud Mounds (Mud Banks)

Mud mounds (or mud banks as they are often referred to in 
the literature) are prominent features in Florida Bay. They rep-
resent localized accumulations of muddy biogenic carbonate 
sediments built up by winter storm winds from the northeast 
(figure 9.22). The windward sides are steeper and covered 
by a thin skeletal lag. The muddy leeward sides slope more 
gently and are stabilized with turtle grass (Enos and Perkins, 
1979). Mounds migrate slowly in the leeward direction (Bos-
ence, 1995; Bosence and Wilson, 2005). Mound tops are flat 
and awash at low tides. Some mounds build up to sea level 
to become islands colonized by mangroves. Saline ponds and 
microbial mats are also common on the mud-mound islands 
(figure 9.2). Mud mound thicknesses range from 6 to 12 feet 
(2–4 m) (Enos and Perkins, 1979).  

The green algae Penicillus (figures 9.4 and 9.6) is responsi-
ble for the production of one-third of the aragonite mud in 
the mounds (Stockman and others, 1967). Other sedimentary 
particles include poorly sorted shell fragments and pellets. 
Mound sediments are completely burrowed, and the upper 
zones penetrated by roots and rhizomes of turtle grass (figure 
9.8) (Enos and Perkins, 1979).  

Mud mounds contain sedimentological, paleontological, and 
geochemical records of past conditions in Florida Bay (Rob-
ert B. Halley, U.S. Geological Survey, verbal communication, 
1998). Therefore, such records likely exist in Mississippian 
Waulsortian-type (mud mound) buildups. The deposits that 
make up Florida Bay mud mounds would produce skeletal/
pelletal wackestone and locally packstone or mudstone (see 
figures 3.2 and 3.6) as found in the Leadville Limestone.  

Figure 9.21. Sieved samples of coarse, shelly sediment from the shallow bay basin near Sign Bank, Florida Bay.     

Reef Tract

The southern Florida attached platform has a rimmed mar-
gin formed by the arcuate reef track band (figures 9.17 and 
9.18). Water depths range from 0 to 300 feet (0–100 m) and 
maximum local relief is 30 feet (10 m). Water circulation is 
open with semi-diurnal tide exchange with the Florida cur-
rent. The surface water temperature ranges from 59° to 91°F 
(15°–33°C) and the salinity varies from 32‰ to 38‰. Plank-
ton and nutrient availability are normal for the tropics and the 
turbidity is periodically high in the lagoonal part of the shelf 
margin (Multer, 1977; Shinn, 1988; Lidz and Shinn, 1991; 
Lidz and others, 1991).  

The reef track is 150 miles (240 km) long, averages 4 miles 
(6 km) in width, and coincides with the inner and outer shelf 
margins (figure 9.18). Sedimentary environments include the 
seaward forereef, discontinuous outer barrier reef (subdivided 
into a reef front, reef crest, and reef flat), and back reef con-
sisting of a sand apron and lagoon (containing patch reefs and 
sand shoals). The differences among these environments are 
due to water depth and circulation, which also is reflected in 
sediment types and biological communities. Areas of mud ac-
cumulation (mud mounds) are found in front of the Keys rep-
resenting a transition from open-marine conditions to those of 
Florida Bay.  

The Leadville Limestone has no known barrier reefs. How-
ever, from our work, we recognize the marine mud mounds, 
patch reefs, and sand shoals in the reef tract as modern ana-
logs, which are described in the following sections.  
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Mud Mounds  

Besides being a dominant feature of Florida Bay, mud mounds 
(or carbonate mud banks) have also formed in the inner shelf 
margin of the reef tract. They have similar characteristics to 
the mud mounds in Florida Bay. Examples include Rodriguez 
Key and Tavernier Key (figure 9.17). Rodriguez Key is a flat-
topped island, about 1.5 miles (2.4 km) long and 0.7 miles 
(1.1 km) wide, with the surface varying around mean sea lev-
el. The axis of the island is covered with black mangroves and 
the margins with red mangroves. Surrounding the windward 
side of Rodriguez Key are three biologic zones (figure 9.23): 
(1) an inner zone of turtle grass and green algae (Halimeda, 
Penicillus, Udotea, and Rhipocephalus [figures 9.5 and 9.6]) 
in the bank environment, (2) a middle zone of finger coral 
(Porites [9.13B]) and thickets of branching red algae (Neo-
goniolithon [9.7]) in the windward bank margin, and (3) and 
an outer zone of turtle grass and green algae in the off-bank 
environment (Turmel and Swanson, 1976; Bosence, 1985).  

The mound is composed of skeletal calcite mud produced 
principally by green algae (Turmel and Swanson, 1976). The 
maximum thickness of the sediments is 15 feet (5 m). The 
mound developed over a topographic low in the underlying 
Key Largo Limestone. This low filled with mud, which was 
probably stabilized by turtle grass resulting in eventual mound 
development—a possible key for predicting mud mounds in 
the Mississippian. The resulting sediments outward from the 

Figure 9.22. Generalized cross section through Cross Bank, a typical Florida Bay mud mound. The steeper northern, windward side is 
capped by a layer of shelly sediment that would produce a packstone. Modified from Enos and Perkins (1979).     

island are (1) mixtures of lime mud and skeletal sand, (2) skel-
etal sand and gravel, and (3) lime mud and skeletal sand.  

Patch Reefs 

Patch reefs are common in the inner shelf margin of the reef 
tract lagoon and back reef areas (figure 9.18). Though small 
in area, many are named such as Hens and Chicken reef, for 
example. They rise 10 or more feet (3 m+) above the sea floor 
to within 6 to 12 feet (2–4 m) of the surface. Patch reefs are 
circular to elliptical in plan view and can range up to several 
hundred feet in length. They develop over slight topographic 
highs, changes in slope, or on the rims of depressions (Enos, 
1977). Ecologically, patch reefs require similar conditions for 
development as barrier reefs except for lower wave energy.  

Patch reefs may include large and small corals of Montastrea 
annularis (star coral), Porites (finger coral), Siderastrea (golf-
ball coral), and Diploria (brain coral) (figures 9.13B through 
9.13E). Alcyonarians (sea fans and sea whips [figure 9.12]) 
grow on dead coral, which is often encrusted with coralline 
algae. Patch reefs are usually surrounded by an apron of rub-
ble and sand grains produced by physical erosion (currents 
and wave action) and bioerosion (from sponges, worms, par-
rot fish, echinoids, and molluscs). The bottom of the lagoon 
where patch reefs grow is usually skeletal containing 10% to 
60% lime mud produced by the green, mud-making algae and 
trapped by carpets of turtle grass.  
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Figure 9.23. Generalized map of sediments and environments of Rodriguez Key. Inset photograph of Neogoniolithon. Modified from 
Turmel and Swanson (1976).



Utah Geological Survey190

Carbonate Sand Shoals  

Calcareous sand shoals, such as White Bank (figures 9.17 and 
9.18), lie between the outer reef and the inner shelf margin. 
Sand deposits are thin, clean, and ripple marked (figure 9.24) 
(and probably cross-bedded), and the grain size is medium to 
coarse (figure 9.25). The ripples are usually oscillation types 
formed from normal current and tidal conditions (Enos, 1977). 
Water depths of the shoals are 12 feet (4 m) or less. Skeletal 
sand accumulates in depressions or on topographic highs. The 
sediment is derived from the outer reef and transported land-
ward (Enos, 1977), thus the size of the shoal is proportional 
to that of the nearby outer reef. However, some sediment is 
produced within the sand shoals from sand dollar echinoids 
(figure 9.16). Worms, crustaceans, and molluscs also inhabit 
carbonate sand shoals.  

White Bank is the largest carbonate sand shoal along the reef 
tract. It is 1 mile (1.6 km) wide and 20 miles (32 km) long. 
Large carbonate sand shoals, like White Bank, were common 
in the Leadville Limestone. Instead of skeletal grains of coral 
and mollusc fragments, the Leadville shoals consisted of cri-
noid columnals (see figures 3.2 and 3.5).  

Figure 9.24. Clean, rippled, calcareous sands of the White Bank sand shoal.  

Figure 9.25. Coarse, clean skeletal (primarily coral) sand grains 
from the White Bank sand shoal.
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GREAT BAHAMA BANK –  
ANDROS ISLAND AREA

The Great Bahama Bank, centered around Andros Island, 
provides another opportunity to examine classic examples 
of modern carbonate deposition in an unattached, isolated, 
rimmed carbonate platform (figure 9.26). These examples in-
clude the origin, sedimentary dynamics, and reservoir proper-
ties of ooid shoals, carbonate tidal flats, and the Earth’s third 
longest barrier reef.  

The Bahama platform is composed of Pleistocene limestone 
that lies above 19,000 feet (6000 m) of Tertiary and Creta-
ceous limestone and dolomite. Strata represent continuous 
carbonate deposition for nearly 135 million years on a base-
ment of oceanic (basaltic) crust. Holocene sediments reach a 
thickness of no more than 10 feet (3 m) (Bergman and others, 
2010). The platform is separated from other isolated platforms 
by wide, deep channels that are, in actuality, canyons that 
were maintained during platform deposition (the Dolomites in 
northern Italy are an ancient example).  

Like southern Florida, the Bahamas climate is semi-humid to 
subtropical. The Bahamas are within the northeasterly trade-
wind belt. The platform is in the microtidal range of 2.5 feet 
(0.8 m) and the water depths are 0 to 30 feet (0–10 m). The 
surface water temperature ranges from 72° to 88°F (22°–
31°C). Open-marine waters have an average salinity of 36‰.  

Basic Depositional Setting

From east to west, the Great Bahama Bank consists of the 
following features: (1) the barrier reef with a steep reef front 
dropping rapidly into the Tongue of the Ocean, which reaches 
a depth of 8000 feet (2500 m), (2) a narrow lagoon, (3) An-
dros Island composed of exposed Pleistocene limestone with 
modern carbonate tidal flats on the western side, (4) the shelf 
lagoon over 40 miles (60 km) wide, and (5) ooid shoals (figure 
9.27). The maximum storm wave energy and turbulence takes 
place at the barrier reef on the eastern side of the platform. 
Current velocity and wave action are low in the shelf lagoon, 
but still very important in depositional processes. Turbulence 
due to tidal currents, not waves, increases along the rimming 
ooid shoals (Multer, 1977; Bosence and Wilson, 2005; Berg-
man and others, 2010).  

The biological communities within the Great Bahama Bank 
vary according to water depth, temperature, salinity, wave 
and tidal energy, substrate, and other living organisms. When 
compared, the distribution of biotic communities (figure 9.28) 
has an obvious correlation and interdependency with facies 
(figure 9.27). In the case of the Great Bahama Bank, a direct 
relationship exists between biologic communities and two 
physical factors—wave action (turbulence) and substrate—
and therefore facies (Newell and others, 1959; Purdy, 1963; 
Harris and others, 2015).  

Platform Facies

The Great Bahama Bank has many of the same facies, with 
some differences, as the southern Florida platform reef tract. 
The barrier and patch reefs have similar biological communi-
ties and generate similar sediments. However, Bahamian car-
bonate sand shoals are distributed completely different than 
sand shoals of the Florida reef tract and their composition is 
almost entirely of ooids. Sand shoals rim the shelf lagoon, 
which is also very dissimilar to lagoons along the Florida reef 
tract (Newell and others, 1959; Purdy, 1963; Harris and others, 
2015). From our work on the Leadville Limestone, we recog-
nized ooid shoals and shelf lagoonal sedimentation as modern 
analogs, which are described in the following sections.  

Ooid Shoals  

The ooid shoals of the Great Bahama Bank (platform) are 
almost pure ooids. Ooids grow as concentric rings around a 
nucleus of a fecal pellet or shell fragment in water of elevated 
temperature and salinity. Wave action is not required for cal-
cite to precipitate as layers on the ooids as previously thought. 
Calcite precipitation forms ooids by a chemical reaction de-
pendent on pH and the calcium and bicarbonate concentra-
tions in seawater (Dave Tingey, Brigham Young University, 
verbal communication, 2008). Ooid shoals tend to initiate on 
topographic highs, but their facies distribution and geometry 
is due to syndepositional processes (Grammer and others, 
2001). Waves suspend the finer sediments and the tides sweep 
them off the platform (Milliman and others, 1993). Thus, a 
tide-dominated system yields a grain-dominated facies, such 
as the ooid shoals (Eugene Rankey, Iowa State University, 
verbal communication, 2009). Currents and wave action dis-
tribute and build ooids into shoals that follow the leeward 
margins of the platform (figures 9.26 and 9.27; also see figure 
3.2) in shallow water where there are no reefs.  

Joulter’s Cay off the north end of Andros Island (figures 
9.26, 9.27, 9.29, and 9.30A) is a world-class geosite to ex-
amine modern ooid shoals and their characteristics. The ooid 
shoals display flat-topped, bi-directional current ripples due 
to shallow tidal currents (figures 9.30A and 9.30B). Megar-
ipples are also present in deeper water shoals. Ripple orienta-
tion is random as one traverses from area to area across the 
shoals. Small tidal pools (figure 9.30C) display small-scale 
tidal deltas and tidal channels. Shoals are cross-bedded and 
often show a slight variation in ooid size from very fine (figure 
9.30A inset) to coarse in different parts of the shoal complex. 
There are some thin zones of shell hash and coated grains. The 
shoal complex is active and thickens to the east. Bioturbation 
is intermittent, perhaps occurring every 30 feet (10 m), main-
ly by the rapidly burrowing bivalve Tivela abaconia (figure 
9.30D). Only a few large starfish can be found grazing in the 
shallow water of the shoals.  

Prolonged subaerial exposure leads to the establishment of 
stable grain flats (figure 9.30E). They generally thicken west 
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Figure 9.26. Satellite image of the Great Bahama Bank and the Bahama Islands. Annotated NASA Landsat image.  
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Figure 9.27. Generalized facies map of the Great Bahama Bank. Modified from Newell and others (1959) and Purdy (1963).  
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Figure 9.28. Biological communities on the Great Bahama Bank. Modified from Newell and others (1959).  
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Figure 9.29. Satellite image of the Joulter’s Cay ooid shoal complex and the north end of Andros Island. NASA Landsat image.   
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Figure 9.30. Joulter’s Cay ooid shoal complex. (A) Ooid shoals (view to the north). Flat-topped current ripples due to flood-tidal currents. 
Inset is close-up of typical Joulter’s Cay ooids. (B) Slightly flooded ooid shoals forming bi-directional current ripples. (C) Shallow tidal 
pools and rippled, exposed shoals of ooids (cross-bedded). (D) Small burrow by the bivalve Tivela abaconia in rippled ooid sediments. (E) 
Stablized grain flats composed of ooids and peloids, colonized by red mangroves. Note numerous active Callianassa burrows. (F) Tidal 
channel that leads to northeasterly directed ebb-tidal delta.     

A.

B.

C.



197The Mississippian Leadville Limestone oil and gas play, Paradox Basin, southeastern Utah and southwestern Colorado

Figure 9.30 continued. Joulter’s Cay ooid shoal complex. (A) Ooid shoals (view to the north). Flat-topped current ripples due to flood-
tidal currents. Inset is close-up of typical Joulter’s Cay ooids. (B) Slightly flooded ooid shoals forming bi-directional current ripples. 
(C) Shallow tidal pools and rippled, exposed shoals of ooids (cross-bedded). (D) Small burrow by the bivalve Tivela abaconia in rippled 
ooid sediments. (E) Stablized grain flats composed of ooids and peloids, colonized by red mangroves. Note numerous active Callianassa 
burrows. (F) Tidal channel that leads to northeasterly directed ebb-tidal delta.     

D.

E.

F.
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at Joulter’s Cay and consist of very fine grained ooids and 
peloids. Red mangroves colonize the surface and Callianassa 
burrows are common along tidal channels (figure 9.15). A 
large tidal channel is located at the south end of the Joulter’s 
Cay shoal complex (figures 9.29 and 9.30F). Oncolites (algal 
balls) form within the channel. The dominant flow of currents 
in the channel is northeasterly toward the open sea where an 
ebb-tidal delta is built (figure 9.29).  

Shallow-Shelf Lagoon 

West of Andros Island, the semi-restricted, shallow-shelf 
lagoon of the Bahama platform covers an area of 3900 
square miles (10,000 km2) (figures 9.26, 9.27, and 9.31A). 
The water temperature and salinity are elevated compared 
to surrounding open-marine waters. Salinity increases up 
to 46‰ toward Andros Island. Currents decrease toward 
Andros Island and wave energy becomes negligible. There-
fore, ripples and cross-bedding are absent in the sediments. 
Carbonate (aragonite) muds are produced from direct pre-
cipitation in seawater (Bosence and Wilson, 2005). How-
ever, the “mud” is mainly composed of peloids (fecal pel-
lets) and grapestone (aggregates of shell fragments and 
peloids, coated and cemented by aragonite), which would 
produce grainstone and packstone in the rock record. These 
sediments are widely distributed across the shallow-shelf 
lagoon (figure 9.27).  

Mud and pellet mud facies dominate the lagoon directly west 
of Andros Island, whereas grapestone facies are found north 
to northwest and south to southwest of the island (figure 9.27) 
(Newell and others, 1959; Purdy, 1963; Harris annd others, 
2015). Tidal channels from tidal flats in northwestern Andros 
Island can produce small pellet shoals in the shallowest parts 
of the lagoon, in Red Bay for example (figure 9.31B). Ex-
posed sediments also may experience early marine dolomitza-
tion (figure 9.31C).  

In the lagoon, turtle grass is locally dense. Halimeda (9.5) and 
the mud-making Penicillus, Udotea, and Rhipocephalus green 
algae are significant contributors to the sediment mix (figure 
9.6). Fauna are sparse, limited to a few species of sponges, 
molluscs, echinoids, and rose coral (Manicina [figure 9.13F]). 
Burrowing by worms and Callianassa (figure 9.15) is mas-
sive and the presence of these organisms is responsible for 
the peloids that make up the major portion of the sediments 
in the lagoon.  

The sediments and facies observed in the Bahama platform 
shallow-shelf lagoon are very similar to those found in the 
Leadville Limestone (figure 3.2). They would produce car-
bonate fabrics ranging from peloidal grainstone to mudstone 
(see figures 3.7 through 3.8), all having reservoir potential.  

Carbonate Tidal Flats  

As with other facies on the Bahama platform, the carbon-
ate tidal flats on the northwestern part of Andros Island are 
spectacular features. They have been the subjects of numer-
ous studies such as those by Shinn and Lloyd (1969), Hardie 
and Shinn (1986), Reid and Browne (1991), Rankey (2002), 
Rankey and Morgan (2002), and Rankey and others (2004), to 
name just a few.  

The Andros Island carbonate tidal flats consist of three tidal 
zones: (1) subtidal, (2) intertidal, and (3) supratidal (Shinn 
and Lloyd, 1969). Sediment in the subtidal zone is deposit-
ed below low tide in channels (figure 9.32A) and the nearby 
lagoon. Sediment in tidal channels is mainly thin skeletal 
(shells) sand, and scours can reach Pleistocene bedrock. 
Channels contain thickets of turtle grass and Callianassa bur-
rows (figure 9.15). Sediment in the intertidal zone is deposited 
between normal low and normal high tide as soft peloid grains 
and laminated microbial mats (figure 9.32B). Mudcracks de-
velop on microbial mats during dry periods; they then provide 
“pastures” for grazing gastropods (figure 9.14). Sediment in 
the supratidal zone is deposited above normal high tide but 
within the range of spring and storm tides. The sediment 
forms channel levees (figure 9.32A), beach ridges, marshes, 
and ponds (figure 9.32C). Levee sediments are often heavily 
burrowed (figure 9.32D).  

Carbonate tidal flats are laterally extensive along strike and 
represent part of a shallowing upward cycle (Grammer and 
others, 2001). Paleotidal flat deposits are productive in Willis-
ton Basin fields and other carbonate reservoirs (Roehl, 1967). 
Recognizing the modern characteristics of carbonate tidal 
flats in the Leadville Limestone may provide additional target 
areas for drilling.  
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Figure 9.31. Great Bahama Bank shelf lagoon. (A) View to the west of the 40-mile-wide (60 km) lagoon where carbonate pellet-bearing 
muds are actively being deposited. (B) Red Bay part of the shelf lagoon and pellet shoals near the mouth of a tidal channel from a tidal flat 
along the northwestern coast of Andros Island (view to the southwest). (C) Exposed pellet-bearing muds from the shelf lagoon undergoing 
early marine dolomitization.      

A.

B.

C.



Utah Geological Survey200

Figure 9.32. Carbonate tidal flats, Three Creeks area on the northwestern side of Andros Island. (A) Tidal channel (subtidal zone) and 
levee (supratidal zone) composed of carbonate, pellet-bearing mud. (B) Microbial mats and laminated, soft peloid grains in the intertidal 
zone of the tidal flats. (C) Shallow ponds within the supratidal zone. (D) Burrowing on the tidal channel levee deposits.      
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C. D.
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CHAPTER 10: 
OUTCROP RESERVOIR ANALOGS FOR THE LEADVILLE  

LIMESTONE— SOUTHERN FLANK OF THE UINTA MOUNTAINS, UTAH 

INTRODUCTION

Utah is fortunate that representative outcrop analogs (depo-
sitional or diagenetic) for the Leadville Limestone play are 
present in the northern part of the state (figure 10.1). Produc-
tion-scale analogs provide an excellent view, often in 3D, of 
facies, geometry, distribution, diagenetic characteristics, and 
the nature of boundaries, all of which contribute to the overall 
heterogeneity of reservoir rocks in the Leadville. The specific 
objectives of this chapter are to (1) increase understanding of 
vertical and lateral facies variations and relationships within 
Leadville reservoirs, (2) describe the lithologic and diagenetic 
characteristics, (3) determine the morphology, internal geom-
etries, and possible permeability and porosity distributions, 
(4) identify potential impediments and barriers to fluid flow, 
and (5) determine the causes of brecciation features.  

An outcrop-analog model, combined with the details of in-
ternal lithofacies characteristics, can be used as a “template” 
for evaluating data from conventional core, geophysical and 
petrophysical logs, and seismic surveys. When combined with 
subsurface geological and production data, the analog model 
will improve development drilling and production strategies, 
reservoir-simulation models, reserve calculations, and design 
and implementation of secondary/tertiary oil recovery pro-
grams and other best practices used in the Leadville oil and 
gas fields of the Paradox Basin as well as similar fields in 
other basins.  

SOUTHERN FLANK OF THE UINTA 
MOUNTAINS, UTAH

The Leadville Limestone is not exposed in southeastern Utah; 
however, equivalent Mississippian crop out along the flanks of 
the east-west-trending Uinta Mountains in northern Utah (fig-
ure 10.1). Uplift of this range occurred during the Laramide 
orogeny from latest Cretaceous time (Maastrichtian, about 70 
Ma) through the Eocene (about 34 Ma). The Mississippian 
rock section along the southern flank of the Uinta Mountains 
is over 1600 feet (490 m) thick (Sprinkel, 2018) (figures 10.2 
and 10.3). Mississippian outcrops along the western end of the 
Uinta Mountains include the Madison, Humbug, and Dough-
nut Formations (Bryant, 1990; figures 10.2 and 10.3). How-
ever, Bryant’s (1990) Madison includes the Fitchville Forma-
tion (Upper Devonian-Lower Mississippian [385–340 Ma]). 
In addition, the Madison includes a phosphatic shale interval 
identified by Sandberg and Gutschick (1980) and mapped by 

Sprinkel (2018) as the Delle Phosphatic Member of the De-
seret Limestone. The Delle Phosphatic Member separates low-
er cliff-forming carbonate (Gardison Limestone) from upper 
cliff-forming carbonate (Deseret Limestone). Thus, the terms 
Gardison and Deseret Limestones are recommended for the 
western Uinta Mountains and are overlain by the Humbug and 
Doughnut Formations (figures 10.2 and 10.3). The Delle Phos-
phatic Member either pinches out or grades to mostly thin-
bedded carbonate rocks in the eastern Uinta Mountains. Where 
the Delle is not recognized and the Gardison and Deseret can-
not be easily separated, the term Madison Limestone is used 
(Sprinkel, 2006, 2007). For simplicity, the interval will be col-
lectively referred to as the Mississippian section in this study.  

The Madison, Deseret, and Humbug Formations have simi-
lar characteristics as the Leadville Limestone. They provide 
production-scale analogs of the facies and diagenetic charac-
teristics, geometry, distribution, and nature of boundaries con-
tributing to the overall heterogeneity of Leadville reservoirs. 

General Characteristics

The Mississippian section along the southern flank of the Uinta 
Mountains was deposited in a tropical, warm-water, shallow-
shelf, variable energy epicontinental sea that extensively cov-
ered a large part of the North American craton (figure 3.1A). 
The Mississippian formations are mostly light- to dark-gray, 
fine- to coarse-crystalline, cherty limestone (figures 10.4 and 
10.5A). Dolomitic units are gray to tan, sucrosic to crystal-
line, and medium bedded with occasional silty partings; both 
limestone and dolomite are the main reservoir lithologies for 
the Leadville Limestone. Chert is typically light gray, form-
ing lenses and nodules. In the Whiterocks Canyon area (figure 
10.1), the Deseret Limestone contains some thin-bedded, tan, 
calcareous, fine- to medium-grained sandstone (Kinney, 1955; 
Sprinkel, 2018). The most common carbonate fabrics of the 
Mississippian section include peloidal, skeletal, and oolitic 
grainstone, packstone, and wackestone; skeletal and intraclast 
rudstone and floatstone are also present. Cross-bedded grain-
stone fabrics of crinoid debris are referred to as encrinites. 
Mudstones appear as microcrystalline and cryptocrystalline 
limestone and dolomite. The Mississippian section is gener-
ally thick to massive and unevenly bedded, forming vertical 
cliffs and dip slopes.  

Marine fauna in the Mississippian section are corals, brachio-
pods, pelecypods, bryozoans, and crinoids; however, fossils 
are relatively rare in some areas. Other common biota includes 
ostracods, benthic foraminifera, and gastropods. Microbial-
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Figure 10.2. Lithologic column of a part of the Paleozoic section along the western end of the southern flank of the Uinta Mountains. 
Modified from Hintze and Kowallis (2009) and Sprinkel (2018).  

Figure 10.3. Lithologic column of a part of the Paleozoic section along the eastern end of the southern flank of the Uinta Mountains. 
Modified from Hintze and Kowallis (2009).    
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Figure 10.4. Mississippian Deseret Limestone forming a jagged, vertical cliff, North Fork of the Duchesne River, Duchesne County, Utah. 
Note the cavernous nature of the outcrop. See figure 10.1 for location of North Fork of the Duchesne River area.   

dominated rocks are present, but uncommon. Depositional en-
vironments include mud-rich tidal flats; burrowed peloid mud 
in subtidal settings; high-energy ooid shoals; crinoid banks 
with mud-rich intershoals; storm-dominated, outer shelf off-
shore open-marine; and offshore low-energy, open-marine 
settings below wave base.  

The contacts between the Fitchville, Gardison, Deseret, Madi-
son, Humbug, and Doughnut Formations are mostly conform-
able (Sadlick, 1955, 1957; Carey, 1973; Hintze and Kowallis, 
2009), whereas the Mississippian Leadville Limestone and 
overlying Pennsylvanian Molas Formation are separated by 
a major unconformity in southeastern Utah. This same un-
conformity is found at the top of the stratigraphically equiva-
lent Mississippian Redwall Limestone in the Grand Canyon 
(McKee, 1969), where subaerial exposure resulted in devel-
opment of karst topography with carbonate breccia-filled col-
lapse features (paleo-sinkholes) and terra rosa (cave fills) near 
the top of the formation; similar features are recognized in 
Leadville cores (see Chapter 4) (Chidsey and others, 2020).  

The upper Deseret Limestone has numerous “young,” actively 
forming caverns (figure 10.4), sinkholes, and springs. Con-
trols on these features are vertical joints, fractures, and select-
ed bedding planes rather than the unconformity at the top of 
the Mississippian (Hamblin and Rigby, 1968). Underground 
drainage is common and larger caves are related to sinking 

streams (White, 1979). In addition, high dolomite content can 
influence cave development (White, 1979). Many units dis-
play dissolution activity in the form of large and small vugs 
(figures 10.5B and 10.5C).  

The Mississippian section contains local zones or pipes of brec-
cia due to either natural hydrofracturing or collapse as identified 
in several Leadville cores throughout the northern Paradox Ba-
sin (Eby and others, 2009; Chidsey and others, 2020). A brec-
cia pipe is a cylindrical- or irregular-shaped mass of brecciated 
rock (figure 10.6) that forms when hydrothermal solutions have 
forced their way towards the surface through zones of weakness 
or fracture zones and naturally break up the rocks in the process 
(i.e., hydrofracturing); breccia pipes can also form by collapse. 
Brecciation caused by explosive natural hydrofracturing cre-
ated the same shattered-looking, pulverized rock also identified 
in Lisbon cores (see Chapter 4). Possible breccia pipes may be 
related to past hydrothermal activity. Breccia associated with 
sediment-filled collapsed cavities is relatively common is sev-
eral areas. These cavities may be related to paleokarstification 
during periods of exposure.  

Fractures are common in the Mississippian section. They are 
best expressed as closely spaced, vertical fractures throughout 
thin- to medium-thick beds or as swarms associated with large 
and small faults and collapse features. Stylolites and jointing 
are also present (figures 10.5A, 10.5B, and 10.5D).  
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Figure 10.5. Characteristics of the Mississippian Madison Limestone along the southern flank of the Uinta Mountains, Whiterocks 
Canyon, Uintah County, Utah. (A) Typical exposure of light- to dark-gray, medium-bedded, fine- to coarse-crystalline, limestone and 
dolomite containing fractures, stylolites, and crinoid hash. (B) Vugs and fractures in limestone and dolomitic units. (C) Close-up of open 
and calcite-filled vugs in limestone matrix. (D) Close-up of small-scale, calcite-filled rectilinear fractures in limestone matrix. See figure 
10.1 for location of Whiterocks Canyon.    

A. B.

C. D.

Study Sites

Three sites were selected for detailed outcrop studies (fig-
ure 10.1): (1) South Fork Provo River, (2) Dry Fork Canyon, 
and (3) Crouse Reservoir/Diamond Mountain Plateau. Each 
study site has a unique set of depositional lithofacies and post-
depositional characteristics in the Mississippian section that 
are identical or very similar to those observed in Leadville 
Limestone cores from Lisbon field in the Paradox Basin (fig-
ure 1.3). Samples were collected for slabbing and thin section 
analysis. Two short stratigraphic sections (less than 120 feet 
[40 m]) were measured, using a compass, tape, or Jacob staff, 
at study sites 2 and 3 (see appendix I) specifically targeting 
lithofacies. Dockal (1980) published 10 nearly complete mea-
sured sections of the Mississippian section from the canyons 
around the core of the Uinta Mountains and they serve as an 
excellent reference set for further comparison.  

Study Site 1 – South Fork Provo River

The South Fork Provo River study site is on the western end 
of the southern flank of the Uinta Mountains, Wasatch Coun-
ty (figure 10.1). The site is a series of roadcuts along the 
eastern side of State Highway 35, 11 miles (18 km) east of 
the town of Francis, and 25 miles (42 km) northwest of the 
town of Hanna, Utah (figure 10.6). The study site and sur-
rounding area was mapped by Eskelsen (1953), McDougald 
(1953), and Bryant (1990). Sprinkel (2018) mapped the ad-
jacent area along the southern flank of the Uinta Mountains 
and western Uinta Basin. A large breccia pipe in the Deseret 
Limestone is the most striking feature at study site 1 (figure 
10.7) (Chidsey and others, 2019, 2020).

The Deseret Limestone at study site 1 is dark- to light-gray 
limestone consisting of skeletal grainstone to packstone 
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Figure 10.6. Google Earth image (© 2018 Google) showing the location of study site 1, South Fork of the Provo River and the hydrothermal 
breccia pipe along the western end of the southern flank of the Uinta Mountains in Wasatch County, Utah. The Mississippian Deseret 
Limestone outcrops are best exposed in roadcuts within the elongated yellow oval; the red square is the location of the breccia pipe and 
red arrow is the location of possible paleokarst features.     
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Figure 10.7. Large breccia pipe penetrating the Deseret Limestone at study site 1. Note pulverized nature of the material that comprises 
the pipe, the sharp contact with the country rock and parallel, calcite-filled vertical fractures.       

(figure 10.8A). Skeletal grains are composed of disarticulated 
crinoids and rugose coral fragments representing a high-en-
ergy, open-marine environment. Some units contain in-place 
Syringopora corals and common burrows (figure 10.8B), indi-
cating a low-energy environment. Other units are dolomitized 
and include chert nodules (figure 10.8C). Vertical fractures are 
also common (figure 10.8D). The contact with the overlying 
Humbug Formation is difficult to recognize due to the poor 
nature of the outcrops and extensive slope cover. Eskelsen 
(1953), McDougald (1953), and Bryant (1990) mapped them 
together in the area as Deseret-Humbug undifferentiated.  

The breccia pipe is subvertical, 17 feet (5 m) wide at the base 
of the outcrop, and cuts vertically through about 30 feet (9 m) 
of Deseret Limestone. The interior of the pipe contains a poorly 
sorted breccia having small to large clasts surrounded by pul-
verized rock (figure 10.9A). Calcite veins, dolomitized zones, 
and vugs are widespread (figure 10.9B). The contacts of the 
pipe with the unaltered limestone country rock are sharp. Ver-
tical, commonly calcite-filled fractures are prevalent on both 
sides of the breccia pipe. Thin sections reveal the presence of 
mini-Herkimer (i.e., doubly terminated) quartz crystals (figure 
10.9C), which were also found in Leadville cores from Lisbon 
field. There, the mini-Herkimer crystals had high-temperature 
fluid inclusions (see Chapter 4). The presence of mini-Herkimer 
crystals suggests that a high-temperature event occurred at the 
study site, presumably emplacing the breccia pipe.  

In Deseret outcrops immediately southeast of the breccia 
pipe site, we recognized possible paleokarst features having 
some of the same characteristics found in Leadville cores 
(Chidsey and others, 2019, 2020) and the Redwall Limestone 
outcrops in the Grand Canyon. Stratiform polymictic brec-
ciation (collapse) is extensive (figures 10.10A and 10.10B) 
but without the calcite veins, dolomitization, and explosive 
characteristic of a breccia pipe. Red staining at the top of the 
Deseret Limestone, mapped as the Madison Limestone by 
Bryant (1990), is possible terra rosa (red earth) weathering 
(i.e., a reddish-colored clay-rich layer containing hematite 
that ranges in thickness from a few inches to several feet 
and can be found coating limestone in ancient and modern 
karst areas), but could be coming from the overlying Hum-
bug Formation (figure 10.10C). Karstification and formation 
of collapse breccias may have begun shortly after deposi-
tion of the Deseret, which would argue for an unconformity 
between the Deseret and Humbug; however, this has not 
been identified elsewhere in the region. Several sinkholes 
are mapped in undivided Deseret and Humbug outcrops, as 
well as the Gardison Limestone and Weber Sandstone (Penn-
sylvanian-Permian), in the area by Eskelsen (1953). These 
karst-related features likely postdate the Mississippian be-
ginning as early as late Eocene to Oligocene (Godfrey, 1985; 
Spangler, 2005). Mayo and others (2010) also suggested the 
cave system formed relatively recently (Pleistocene).
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Figure 10.8. Typical characteristics of the Deseret Limestone just northwest of the breccia pipe at study site 1 (within the yellow oval 
on figure 10.6). (A) Skeletal (crinoid and rugose coral) grainstone and packstone. (B) In-place Syringopora coral. (C) Chert nodules in 
dolomitized packstone. (D) Vertical fractures.      

A. B.

C. D.

Study Site 2 – Dry Fork Canyon

The Dry Fork Canyon study site is in the east-central part of 
the southern flank of the Uinta Mountains, Uintah County 
(figure 10.1), 20 miles (32 km) northwest of the town of Ver-
nal, Utah. The site includes a measured stratigraphic section 
(appendix I) and several noteworthy outcrops along the Red 
Cloud Loop Road where it forks and turns up Brownie Can-
yon (figure 10.11).  

The Dry Fork Canyon stratigraphic section demonstrates 
the heterogeneity as well as cyclicity (two shoaling upwards 
cycles) of the Madison Limestone depositional environments 
within a 40-foot-thick (12 m) outcrop (figure 10.12). The 
Madison at this site is predominately dolomite. The base of the 
section is oolitic/hard pellet grainstone with distinctive pock-
marked weathering and has well-defined, planar to low-angle 
cross-stratification; the upper 6 inches (15 cm) may contain 

beach rock and semi-lithified rip-up clasts (figure 10.13A). 
The depositional environment was a beach/foreshore. The next 
unit is a calcareous, peloidal/skeletal packstone to grainstone 
(figure 10.13B) with hard pellets, benthic forams, and other 
microfossils. Bedding is wavy to bioturbated and the top may 
be channelized. The depositional environment was a stable, 
shallow, subtidal bay. The section coarsens up to oolitic/hard 
pellet grainstone with small- to medium-scale cross-stratifica-
tion (figure 10.13C) representing an ooid shoal. Tidal-flat mud 
and deeper, subtidal, burrowed, pellet mud (figure 10.13D) 
overlies the ooid shoal consisting of soft pellet mudstone 
with crinkly continuous cryptalgal (microbial) laminates and 
skeletal microfossils (ostracods and benthic forams). These 
sediments are overlain by thin-bedded to bioturbated, pelloi-
dal/skeletal packstone to grainstone with endothyrid forams 
(figure 10.13E) and other microfossils indicating return to a 
stable, shallow, subtidal bay. The cycle continues to coarsen 
upward with low- to medium-angle cross-stratified oolitic 
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Figure 10.9. Characteristics of the explosive hydrothermal breccia pipe at study site 1. (A) Brecciated rock in shattered-looking, pulverized 
groundmass. (B) Close-up of sharp contact with unaltered limestone country rock.  Note vuggy dolomite and white calcite veins. (C) 
Photomicrograph (plane light) of dolomite containing a mini-Herkimer quartz crystal (center) suggesting a high-temperature event.     

A.

B.

C.
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Figure 10.10. Possible paleokarst features just southeast of the breccia pipe at study site 1 (see red arrow within the yellow oval on figure 10.6). 
(A) Extensive collapse polymictic breccia. (B) Close-up of limestone and chert breccia clasts. Note the lack of calcite veins and dolomite. (C) 
Red staining, possibly terra rosa weathering, at the top of the Deseret Limestone near the contact with the overlying Humbug Formation(?).

A.

B.

C.
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Figure 10.11. Google Earth image (© 2018 Google) showing the location of study site 2, Dry Fork Canyon (yellow circle). 
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Figure 10.12. Madison Limestone section at study site 2. (A) Stratigraphic column from the Madison Limestone 2 showing carbonate fabrics and 
textures, fossils, and depositional environments. (B) Outcrop of measured stratigraphic section.    
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Figure 10.13. Examples of Madison Limestone lithofacies from study site 2. (A) Oolitic/hard pellet grainstone with “beachrock” clasts. (B) 
Peloidal/skeletal packetone/grainstone of a stable, shallow subtidal bay. (C) Oolitic/hard pellet grainstone with small- to medium-scale cross-
beds. Note closely spaced swarms of vertical fractures. (D) Photomicrograph (plane light) of soft pellet mudstone (note dolomite-filled fracture 
across the image) containing organic material representing deeper-water subtidal mud. (E) Photomicrograph (plane light) of endothyrid forams 
in a peloidal/skeletal grainstone. (F) Oolitic grainstone with “cookie-chip-like” rip-up clasts. (G) Photomicrograph (plane light) of a highly 
dolomitized grainstone with relic ooids. (H) Photomicrograph (plane light) of dolomitic mudstone with cryptalgal (microbial) laminates.     

A.

B.

C.
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Figure 10.13 continued. Examples of Madison Limestone lithofacies from study site 2. (A) Oolitic/hard pellet grainstone with “beachrock” 
clasts. (B) Peloidal/skeletal packetone/grainstone of a stable, shallow subtidal bay. (C) Oolitic/hard pellet grainstone with small- to medium-
scale cross-beds. Note closely spaced swarms of vertical fractures. (D) Photomicrograph (plane light) of soft pellet mudstone (note dolomite-
filled fracture across the image) containing organic material representing deeper-water subtidal mud. (E) Photomicrograph (plane light) 
of endothyrid forams in a peloidal/skeletal grainstone. (F) Oolitic grainstone with “cookie-chip-like” rip-up clasts. (G) Photomicrograph 
(plane light) of a highly dolomitized grainstone with relic ooids. (H) Photomicrograph (plane light) of dolomitic mudstone with cryptalgal 
(microbial) laminates.     

H.G.

F.

E.D.
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grainstone of an ooid shoal (figures 10.13F and 10.13G). The 
upper surface of the oolitic grainstone appears to be rippled 
to channelized with “cookie-chip-like” muddy rip-up clasts 
and fossil fragments in the troughs. Local nodular calcite 
masses may be relic evaporite structures. The top of the Dry 
Fork Canyon section is mudstone with continuous cryptalgal 
laminates (microbial) (figure 10.13H), pellets, possible des-
iccation cracks and rip-up clasts, and no fossils, all features 
indicative of a peritidal tidal-flat mud.  

Several post-depositional features can also be found at study 
site 2 (Chidsey and others, 2020). A megabreccia is exposed 
at the western end of the Madison outcrop where the section 
was described (figure 10.14A). This breccia is a paleokarst 
collapse feature where limestone and dolomite clasts are 
set in a non-porous mud-rich matrix. In thin section (figure 
10.14B), this breccia appears similar to collapse breccia seen 
in core from Lisbon field (compare to figure 4.9). The coun-
try rock is cross-bedded, oolitic dolograinstone (ooid shoal) 
capped by low-angle, stratified dolograinstone (foreshore) 
(figure 10.14A). An outcrop along the road a short distance up 
Brownies Canyon from the measured section displays spec-
tacular, high-amplitude, bed-parallel stylolites in bioturbated 
mudstone (figure 10.15).  

Study Site 3 – Crouse Reservoir/Diamond  
Mountain Plateau  

The Crouse Reservoir/Diamond Mountain Plateau study site is 
in the eastern part of the southern flank of the Uinta Mountains, 
Uintah County (figure 10.1), 29 miles (47 km) northeast of Ver-
nal. The site also includes a measured stratigraphic section (ap-
pendix I) and a key outcrop of brecciation on the western side 
of the improved gravel road to Crouse Reservoir (figure 10.16).  

Unaltered units of entirely limestone, mapped as Madison 
Limestone, show cycles of three depositional environments 
within the 116-foot-thick (35 m) outcrop (figure 10.17): (1) 
storm-dominated, outer-shelf, crinoid shoals, (2) low-energy, 
open-marine, mud-rich intershoal (inner ramp or inner shelf), 
and (3) low-energy, open-marine, outer-shelf above storm 
wave base. Storm-dominated, outer-shelf, crinoid shoals con-
sist of well-sorted, coarse sand to granule size crinoid frag-
ments in wavy-thin to medium- or large-scale cross-bedded 
grainstone (encrinite) (figures 10.18A and 10.18B). The up-
per contact is often sharp with undulatory topography, pos-
sible small-scale interference ripples, and small rugose corals 
on top. Syntaxial cements are well developed. Low-energy, 
open-marine, muddy intershoal depositional environments are 
represented by burrowed, soft peloid/crinoid wackestone to 
packstone (figures 10.18C and 10.18D) containing some well-
preserved fenestrate bryozoans. Low-energy, open-marine, 
outer-shelf, above storm wave base depositional environments 
consists of skeletal wackestone to packstone with grainstone 
burrow infills of biogenetic skeletal material. Burrow fillings 
occur at several scales. The larger burrow networks are open 
burrows filled with coarse, stormed-pumped shells (tubular 
tempestites) (figures 10.18E and 10.18F). Within muds are 

well-preserved, articulated crinoid columnals and fenestrate 
bryozoans. Locally abundant nodular cherts probably follow 
burrow systems.  

A unique feature at study site 3 is a ridge with two topographic 
depressions (sags) dominated by intense breccia zones (pipes?) 
(figures 10.19 and 10.20), 75 to 100 feet (25–30 m) wide com-
posed of highly brecciated dolomitic matrix (Chidsey and oth-
ers, 2020). They are characterized by coarse calcite vein-like 
mineralization (figures 10.21 and 10.22A). Dolomitization and 
leaching of the matrix limestone has occurred throughout the 
zones (figure 10.22B). These distinctive elements imply a hy-
drothermal event rather than a paleokarst collapse origin for 
the breccia zones.   

Discussion

Similar depositional environments described from outcrops 
above are also observed in Leadville cores from Lisbon field 
(see Chapter 3). Carbonate buildups containing good porosity/
permeability are the best reservoir analog units, whereas low-
porosity/permeability, open-marine packstones and wacke-
stones represent less attractive reservoir analog units, unless 
they have experienced dolomitization in the subsurface that 
improved reservoir quality. Breccia pipes, paleokarst features, 
and fractures also enhance reservoir quality. The post-burial 
breccias associated with hydrothermal events, fracturing, and 
dissolution in the Leadville Limestone yield the best reser-
voirs at Lisbon field (see Chapter 4).  

The breccia pipes and zones discovered at study sites 1 and 3 
are likely the result of hydrothermal activity in the geologic 
past. The presence of the basal Cambrian Tintic Quartzite 
in the southern flank of the western Uinta Mountains (figure 
10.2) and the stratigraphically equivalent Lodore Formation 
in the eastern part of the range (figure 10.3) may serve as hy-
drothermal recharge aquifers and are important contributors to 
the hydrothermal story. The Tintic is a very coarse to granular, 
or pebble, sandstone with moderately sorted, subrounded to 
spherical, monocrystalline and polycrystalline quartz grains. 
It is thin to thick cross-bedded, moderately indurated, and 
contains a few shale partings, which have small amounts of 
mica and some biogenic feeding trails (Dockal, 1980). The 
contact of the Tintic with overlying Mississippian strata is 
fairly sharp. The Lodore is a very fine to medium-grained, 
well-sorted, very thinly bedded to cross-bedded (with undu-
latory surfaces) sandstone marked by argillaceous partings 
(figure 10.23). Quartz grains are subrounded to spherical. The 
Lodore can be calcareous and slightly ferruginous. The top 
appears to be eroded (Dockal, 1980). Both the Lodore and 
Tintic can have porous and permeable units. As aquifers, they 
likely supplied hot water to the former hydrothermal system 
(Chidsey and others, 2020).  

Three-dimensional numerical models of seafloor hydrother-
mal convection by Coumou and others (2008) demonstrated 
that convection cells organize themselves into pipe-like up-
flow zones surrounded by narrow zones of warm downflow. 
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Figure 10.14. Megabreccia at study site 2. (A) Small-scale ooid shoal and collapse breccia (outcrop is approximately 10 feet [3 m] high). (B) 
Photomicrograph (plane light) showing the contact between dolomitic grainstone (light gray, upper left) and the dolomitized karst cavity filling 
of small carbonate clasts.       

A.

B.
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Figure 10.15. High-amplitude, bed parallel stylolites in bioturbated mudstone (close-up of stylolites shown in inset).        
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Figure 10.16. Google Earth image (© 2018 Google) showing the location of study site 3, Crouse Reservoir/Diamond Mountain Plateau (key 
brecciated outcrop indicated with yellow circle).     
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Figure 10.17. Madison Limestone section at study site 3. (A) Stratigraphic column from the Madison Limestone at study site 3 showing carbonate 
fabrics and textures, fossils, and depositional environments. (B) Outcrop of measured stratigraphic section.       
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Figure 10.18. Examples of Madison Limestone lithofacies from study site 3. (A) Coarse-grained, skeletal/crinoidal grainstone (encrinite). 
(B) Photomicrograph (plane light) of a crinoid columnal within a typical limestone encrinite. Note some syntaxial cement overgrowths. (C) 
Typical burrowed soft peloid/crinoid packstone. (D) Photomicrograph (plane light) of a low-energy, open-marine peloidal wackestone. (E) 
Weathered out tubular tempestites in a skeletal packstone. (F) Photomicrograph (plane light) of a tubular tempestite containing skeletal debris.         

A.

D.

B.

E.

C.

F.
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Figure 10.19. Topographic depressions (sags) at the sites of major breccia zones (pipes?) along a ridge of Madison Limestone (view to 
the southeast).  

Figure 10.20. Slabbed specimen of highly brecciated rock typical of that present at study site 3.     
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Figure 10.21. Coarse calcite vein in a highly brecciated dolomitic matrix. Inset: close-up of large, representative, calcite crystals.   
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Figure 10.22. Photomicrographs (plane light) from breccia samples at study site 3. (A) Vein of coarse calcite in a low-permeability dolomitic 
matrix. (B) Unusual concentric dolomite cement (high temperature?) overgrowths in a dolomitic breccia matrix.    

A.

B.
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Figure 10.23. Basal Cambrian Lodore Formation. (A) Outcrop of thin-bedded Lodore Formation north of study site 3, southwest of Crouse 
Reservoir. (B) Lodore Formation hand sample of very fine grained, well-sorted, cross-bedded, slightly ferruginous sandstone. 

A.

B.

Recharge can occur over an extensive area or along faults as 
water migration pathways. The Tintic Quartzite is mapped 
on the western end of the Uinta Mountains whereas the Lo-
dore Formation is present on the eastern end. Through the 
central part of the southern flank of the Uinta Mountains, po-
rous Cambrian sandstone is absent and Mississippian strata 
lie unconformably on Precambrian (middle Neoproterozoic) 
Red Pine Shale and older formations of the Uinta Mountain 
Group (as observed in Whiterocks Canyon [figure 10.1]). No 
hydrothermal breccia zones or pipes are found in the central 
part of the southern flank, lending credence to the concept that 
aquifers in the Tintic and Lodore were a required condition 

for past hydrothermal activity to have occurred. After pressure 
builds up to a certain point, the hydrothermal fluids within the 
aquifer can very rapidly and explosively break through zones 
of weakness at the intersections of fractures or along faults; 
this can occur as a single event or over several stages. Thus, 
when targeting the Leadville Limestone in the Paradox Basin 
for potential hydrothermal dolomite and enhanced reservoir 
quality due to natural hydrofracturing, the presence of an un-
derlying aquifer, and fracture zones or faults may be neces-
sary ingredients, supported in part from what can be observed 
from the breccia zones at study sites 1 and 3.  
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CHAPTER 11: 
SUMMARY AND CONCLUSIONS 

The Mississippian (late Kinderhookian to early Meramecian) 
Leadville Limestone is a shallow, open-marine, carbonate-
shelf deposit. The Leadville has produced over 53 million 
barrels of oil/condensate and 830 BCFG (including cycled 
gas), from seven fields in the Paradox fold and fault belt of the 
Paradox Basin, Utah and Colorado. This environmentally sen-
sitive, 7500-square-mile (19,400 km2) area is relatively unex-
plored with only about 100 exploratory wells that penetrated 
the Leadville (less than one well per township), and thus the 
potential for new discoveries remains significant. There have 
been no significant new oil discoveries since the early 1960s 
and only independent producers continue to explore for Lead-
ville oil targets in the region, 85% of which is under the stew-
ardship of the federal government.  

The overall goals of this study were to (1) develop and dem-
onstrate techniques and exploration methods never tried on 
the Leadville Limestone, (2) target areas for exploration, 
(3) increase production from new and old Leadville fields 
through detailed reservoir characterization, (4) reduce explo-
ration costs and risk especially in environmentally sensitive 
areas, and (5) add new oil discoveries and reserves. 

LISBON FIELD, SAN JUAN COUNTY, 
UTAH—A CASE STUDY OF LEADVILLE 

LIMESTONE LITHOFACIES AND 
DIAGENETIC HISTORY 

Prior to this study, reservoir characterization of the Leadville 
Limestone was poorly defined and little pertinent information 
(core descriptions, permeability data, and diagenetic analy-
sis) had been published. Lisbon field, San Juan County, Utah, 
accounts for most of the Leadville oil and gas production in 
the Paradox Basin. Its reservoir characteristics, particularly 
diagenetic overprinting and history, and Leadville lithofa-
cies can be applied regionally to other fields and exploration 
trends in the basin. The Utah Geological Survey had a wealth 
of undescribed core and other raw data at the Utah Core Re-
search Center. Initial investigations indicated the possible 
presence of hydrothermal dolomite, a key component in the 
development of diagenetic hydrocarbon traps, which would 
imply a new potential for the Leadville in the Paradox Basin. 
Therefore, Lisbon field was selected as the case study for this 
Leadville Limestone project. The following sections summa-
rize the lithofacies, diagenesis (including scanning electron 
microscopy, epifluorescence, cathodoluminescence), fluid in-
clusion, isotopic, and burial history studies of Lisbon field, 
and provides conclusions and recommendations for exploring 
Leadville targets.  

Lithofacies

1.	 Leadville lithofacies include open marine (crinoidal banks 
or shoals and Waulsortian-type buildups), ooid and peloid 
shoals, and middle shelf.  

2.	 Rock units with open-marine and restricted-marine 
lithofacies constitute a significant reservoir potential, 
having both effective porosity and permeability when 
dissolution of skeletal grains followed by dolomitiza-
tion has occurred.  

Diagenetic History

1.	 Leadville reservoir quality at Lisbon field is greatly en-
hanced by dolomitization and dissolution of shallow-water 
limestone. There are two basic types of dolomite: (1) very 
fine, early dolomite, and (2) coarse, late dolomite. Early 
dolomitization preserves depositional fabrics and has lim-
ited porosity development, except for limited dissolution 
of fossils, and has very low permeabilities. Late dolomi-
tization has two morphologies: rhombic dolomites and 
saddle dolomites. Most reservoir rocks within Lisbon field 
appear to be associated with the second, late type of dolo-
mitization and associated leaching events.  

2.	 Pyrobitumen coats most intercrystalline dolomite as well 
as dissolution pores associated with the second type of 
dolomite. Fracturing and brecciation caused by hydrofrac-
turing are widespread within Lisbon field. Sediment-filled 
cavities, related to karstification of the previously exposed 
Leadville Limestone, are relatively common throughout the 
upper one-third of the formation in the field. Other diage-
netic products include syntaxial cement, sulfide minerals, 
anhydrite cement and replacement, and late macrocalcite.  

3.	 Late dolomitization, saddle dolomite, and dolomite ce-
ment precipitation, as well as sulfides and brecciation, may 
have developed from hydrothermal events that can greatly 
improve reservoir quality. The result can be the formation 
of large, diagenetic-type hydrocarbon traps.  

Scanning Electron Microscopy

Scanning electron microscopy (SEM) clearly identifies the 
various diagenetic events that affected reservoir quality at 
Lisbon and probably other Leadville fields.  

•	 Reservoir quality is greatly enhanced by late, coarse 
dolomitization and dissolution. Microporosity occurs 
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in the form of intercrystalline porosity. Dissolution has 
created moldic, vuggy, and channel porosity. 

•	 Pyrobitumen coats most intercrystalline dolomite in 
the Leadville as well as dissolution pores associated 
with the second type of dolomite resulting in reduced 
permeability. Fractures enhance the permeability in 
several intervals.   

•	 Minor euhedral quartz is present in several samples. 
Anhydrite (which often plugs pore throats) and sulfide 
mineral(s) are also present in moderate abundance.  

•	 The general diagenetic sequence for these samples, 
based on SEM analysis, is (1) dolomitization, (2) dis-
solution, (3) dolomite cementation, (4) fracturing, (5) 
quartz cementation, (6) calcite cementation, (7) clay 
precipitation, (8) anhydrite cementation, (9) pyrobitu-
men emplacement, and (10) sulfide precipitation.  

Epifluorescence 

Epifluorescence (EF) petrography makes it possible to clearly 
identify grain types and shapes, within both limestone and do-
lomite reservoir intervals in Leadville thin sections from cores 
used in the study. In particular, identification of peloids, skel-
etal grain types, and coated grains is easy in rocks where these 
grains have been poorly preserved, partially leached, or com-
pletely dolomitized. Depositional textures that are frequently 
hidden or poorly preserved can often be clearly distinguished 
using blue-light EF microscopy.  

•	 In many limestones and finely crystalline dolomites of 
the Leadville reservoir at Lisbon field, the differences 
between muddy and calcarenitic fabrics can only be 
clearly appreciated with fluorescence lighting.  

•	 Epifluorescence petrography clearly and rapidly im-
ages pore spaces that cannot otherwise be seen in stan-
dard viewing under transmitted polarized lighting. In 
addition, the cross-sectional size and shape of pores are 
easy to determine.

•	 Much of the Leadville porosity is very heterogeneous 
and poorly connected as viewed under EF. In par-
ticular, intercrystalline porosity within some of the 
reservoir in Lisbon field can be resolved much more 
clearly than with transmitted polarized lighting. The 
EF examination helps see the origin of most types of 
porosity. Transmitted polarized lighting does not im-
age intercrystalline porosity in carbonate samples very 
well, even though blue-dyed epoxy can be impregnated 
into even very small pores. In addition, opaque bitu-
men linings prevent light from passing through some 
of the pores to the observer. Without the aid of the EF 
view, the amount of visible open pore space would be 
underestimated in the plane-light image.

•	 Where dolomitization has occurred, EF petrography 
often shows the crystal size, shape, and zonation far 
better than transmitted plane or polarized lighting. This 
information is often very useful when considering the 
origin and timing of dolomitization as well as evaluat-
ing the quality of the pore system within the dolomite. 

•	 Permeability differences within dolomite and lime-
stone samples are also easy to image because of 
the differential oil saturations between the low-per-
meability areas and the more permeable lithologies. 
Low-permeability carbonates from this study area 
show bright yellow fluorescence due to trapped live 
oil that is retained within low-permeability parts of 
the reservoir system. More permeable rocks show red 
fluorescence due to the epoxy fluorescence where oil 
has almost completely drained from the better-quality 
parts of the reservoir.  

Cathodoluminescence

Cathodoluminescence (CL) imaging of samples nicely com-
plements the types of information derived from EF of carbon-
ate thin sections. Cathodoluminescence also displays original 
depositional textures and the outlines of original carbonate 
grains, and distinctly images pore spaces. This information is 
often very useful when considering the origin and timing of 
dolomitization as well as evaluating the quality of the pore 
system within the dolomite.  

•	 Cathodoluminescence shows a wide range of Leadville 
crystal size and growth habits within the dull red lumi-
nescing, matrix-replacing dolomite. Most of the dolo-
mite within areas of fabric-selective dolomitization is a 
deep or intense red color. Between many of the grains, 
a lighter red luminescence occurs where early cements 
have been dolomitized. Some of the coarser dolomite 
crystals appear to have an overgrowth of brighter red 
luminescent material.  

•	 The amount of open porosity under CL is considerably 
greater than that visible under plane-light microscopy. 
Between other grains are interparticle pores that are 
still open. In a few areas, these early pores have been 
solution-enlarged and lined with a later generation of 
coarse, rhombic dolomite.  

•	 Examination of saddle dolomites in the Leadville 
Limestone can provide more information about these 
late, elevated-temperature (often hydrothermal) min-
eral phases. For instance, saddle dolomites show nice 
growth banding. These saddle dolomites display dull, 
red luminescence in their core areas and slightly bright, 
orange-red luminescence toward their rim areas. In ad-
dition, CL makes it possible to see the growth bands in 
these coarse dolomite crystals due to slight lumines-
cence differences between each growth zone.  
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•	 Cathodoluminescence imaging shows that the contact 
between the transported material related to karstifica-
tion and the limestone country rock can be sharp, ir-
regular, and corroded.  

Fluid Inclusions

During crystal growth, imperfections may trap fluids present 
in the environment at that time. Later mineral precipitation 
and deformation, such as development of fractures, can cre-
ate additional crystal imperfections that may also trap fluids. 
Fluid inclusions provide pressure, volume, and temperature 
information about the conditions when the crystal precipitat-
ed. The fluids in the inclusion may be connate water, oil, or a 
sample of the mineralizing fluid.  

•	 The fluid inclusion and mineral relationships suggest 
the following diagenetic sequence of events for the 
Lisbon Leadville reservoir: (1) dolomite precipitation, 
(2) anhydrite deposition, (3) anhydrite dissolution and 
quartz precipitation, (4) dolomite dissolution and late 
calcite precipitation, (5) trapping of a mobile oil phase, 
and (6) formation of bitumen.  

•	 Aqueous fluid inclusions in early calcite, which typically 
forms coarse-grained crystals, display a range of liquid 
to vapor ratios suggesting they have necked. Primary oil 
inclusions studied in one calcite crystal from the Lisbon 
No. D-616 well, however, display consistent liquid to va-
por ratios. These oil inclusions yielded homogenization 
temperatures ranging from 48° to 70°C (118°–158°F). 
These temperatures represent the minimum tempera-
ture of oil formation, not of calcite deposition. The oil 
was generated in place by maturation of organic mate-
rial. Both the oil inclusions and the common presence 
of two-phase, necked aqueous inclusions imply trapping 
at elevated temperatures. Trapping likely occurred when 
the original calcite recrystallized during burial.  

•	 Fluid inclusions in dolomite have reequilibrated 
(stretched, necked, refilled) since trapping. The com-
mon presence of single-phase aqueous inclusions sug-
gests that the fine-grained dolomite and cores of saddle 
dolomite were deposited at temperatures less than 
about 50°C (122°F).  

•	 Coarse-grained quartz crystals containing solid inclu-
sions of anhydrite are found at a depth of 8356 feet 
(2550 m) in the Lisbon No. D-616 well. Homogeni-
zation temperatures of primary inclusions range from 
120° to 130°C (248°–266°F). The presence of gas-rich 
inclusions in the quartz suggests these temperatures are 
close to the true trapping temperatures and possibly 
maximum burial temperatures. 

•	 The low ice-melting temperatures of quartz and cal-
cite-hosted inclusions from the Lisbon No. D-616 well 

suggest chemically complex Ca-Mg-bearing brines as-
sociated with evaporite deposits were responsible for 
mineral deposition. Calcite from the Lisbon NW USA 
No. B-63 well trapped fluids with lower salinities.

•	 Oil trapped in early calcite as primary inclusions, as 
secondary inclusions in calcite of undetermined age, 
and as “primary” inclusions in recrystallized parts of 
saddle dolomite fluoresces with a bluish green color, 
suggesting an API gravity of 35° to 40°. Homogeniza-
tion temperatures of primary inclusions in early calcite 
and saddle dolomite are similar and range from 48° to 
70°C (118°–158°F). The oil inclusions trapped in the 
white, recrystallized and inclusion-poor saddle dolo-
mite indicate the temperature was at least 70°C (158°F) 
during oil deposition and recrystallization. Oil trapped 
in the saddle dolomite must represent oil that was mo-
bile at this time.  

•	 Oil deposited in healed fractures within late, pore-
filling calcite has similar fluorescence as the primary 
inclusions but lower homogenization temperatures of 
about 40°C (104°F). The lower temperatures of the 
secondary oil inclusions allow the possibility that the 
temperatures were decreasing, perhaps due to unroof-
ing, prior to bitumen formation.  

•	 Live oil was possibly preserved in the calcite and dolo-
mite, but not in the main fractures, which now contain 
bitumen because the oil was not degassed.  

Isotopic Analysis  

Stable isotope geochemistry provides insights into the chemi-
cal differences between preserved remnants of depositional 
components and the various diagenetic events in carbonate 
rocks, as recognized from core examination and thin section 
petrography. There are broad fields of carbon and oxygen iso-
tope compositions for various carbonate rock settings. Stron-
tium isotope analysis is used most frequently as an age-dating 
tool in marine carbonates.  

•	 Stable carbon and oxygen isotope data indicate that all 
Lisbon Leadville dolomites were likely associated with 
brines whose composition was enriched in 18O com-
pared with late Mississippian seawater (several per mil 
heavier than normal seawater).  

•	 Stable oxygen isotope analyses of the Leadville re-
placement dolomites indicate that temperatures of 
precipitation ranged from about 60° to 90°C (140°–
194°F). Saddle dolomite cements were precipitated at 
temperatures greater than 90°C (194°F).  

•	 High Sr isotopic ratios for late burial diagenetic min-
eral phases at Lisbon field indicate contributions by 
waters enriched in 87Sr that were derived from either 
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granitic Precambrian basement rocks or the Devonian 
McCracken Sandstone.  

Burial History and Possible Heat Sources  

We propose a model with thermal convection cells bounded 
by basement-rooted faults to transfer heat and fluids possibly 
from the crystalline basement, Pennsylvanian evaporites, and 
Oligocene igneous complexes.  

•	 Early Tertiary reactivation of basement-involved, high-
angle normal faults associated with Precambrian tec-
tonics may have allowed hot, deep-seated fluids from 
the granitic basement or the McCracken Sandstone to 
communicate upwards with the Leadville carbonate 
section. Brines from evaporites in the Pennsylvanian 
Paradox Formation may have also entered the Lead-
ville Limestone along the large fault bounding the 
northeastern flank of the field.  

•	 Burial history and temperature profiles for the Lead-
ville Limestone at Lisbon field provide some guidance 
as to when important diagenetic and porosity-forming 
events occurred. Porous replacement dolomites prob-
ably formed during the early and middle portions of the 
burial history at Lisbon field.  

•	 Inferred elevated temperature spikes during maximum 
burial, late Laramide faulting/uplift, and Oligocene ig-
neous activity may account for the high temperatures 
responsible for quartz precipitation, sulfide mineraliza-
tion, pyrobitumen formation, late dissolution of car-
bonates, and late saddle dolomite cements.

•	 We recommend that any future evaluation of a Lead-
ville Limestone prospect include stable carbon and 
oxygen isotope analysis of diagenetic components, 
strontium isotope analysis for tracing the origin of flu-
ids responsible for different diagenetic events, and cre-
ation of burial history and temperature profiles to help 
determine when the diagenetic events occurred.   

REGIONAL STUDIES OF THE 
MISSISSIPPIAN LEADVILLE LIMESTONE 

HYDROCARBON PLAY

Exploring the Leadville Limestone play has been high risk, 
with less than a 10% chance of success based on the drilling 
history of the region. New prospect definition often requires 
expensive, 3D seismic acquisition in environmentally sensi-
tive areas. These facts make exploring difficult for companies, 
usually small independents that have limited funds avail-
able, to try new, unproven techniques that might increase the 
chance of successfully discovering oil and gas. Using regional 

oil-show data to identify potential oil-prone areas and surface 
geochemical surveys (Seneshen and others, 2009, 2010) first 
will reduce the risk taken in looking for Leadville hydrocar-
bons. These techniques will help to recognize or eliminate 
areas and exploration targets prior to spending significant 
financial resources on seismic data acquisition and potential 
environmental litigation, and therefore increase the chance of 
successfully finding new economic accumulations of Lead-
ville oil and gas. The regional brine chemistries and hydro-
dynamic pressure regimes for the Paleozoic formations of the 
Paradox Basin provide clues to potential Leadville oil and gas 
migration directions.

General Regional Leadville Play Characteristics

1.	 Regional facies of the Leadville Limestone were deter-
mined by evaluating cores and correlating geophysical 
well logs throughout the Paradox Basin to target areas for 
exploration. Leadville facies include open marine (cri-
noidal banks or ooid shoals and Waulsortian-type build-
ups), middle shelf, and restricted marine (peloidal muds).  

2.	 The Leadville Limestone is more than 700 feet (200 m) to 
less than 200 feet (60 m) thick, and thins to the southeast 
across the Paradox Basin due to both depositional onlap 
and erosional wedging. The unit is bounded above and be-
low by unconformities within the basin.  

3.	 The Leadville is mostly pure limestone with some reflux 
dolomitization implying arid conditions on a shallow shelf.  

4.	 Subaerial erosion resulted in lateritic regolith formed over 
most of the Leadville Limestone in the Paradox Basin. 
Brecciation and sediment-filled cavities, related to karsti-
fication of the exposed Leadville, are relatively common 
throughout the upper one-third of the formation.

5.	 Regionally, an intraformational disconformity divides the 
Leadville Limestone into informal upper and lower members.  

6.	 Early movement on northwest-trending faults may have 
affected deposition of the Leadville Limestone. 

7.	 Hydrocarbon production and shows are primarily along 
the northwest-trending faults in the Paradox fold and 
fault belt. Stratigraphic traps developed by the erosion-
al regolith and Waulsortian mounds, or other carbonate 
buildups, may exist in the Leadville southwest of the fold 
and fault belt. Diagenetic traps resulting primarily from 
late (hydrothermal) dolomitization represent untapped 
but difficult to identify drilling targets in the fold and 
fault belt.

8.	 Hydrocarbons in Leadville Limestone reservoirs were 
likely generated from source rocks in the Pennsylvanian 
Paradox Formation.  
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Potential Oil-Prone Areas in the Paradox Fold 
and Fault Belt Based on Shows in Drill Cuttings 
Using Epifluorescence Microscopy Techniques

1.	 Epifluorescence petrography makes it possible to clearly 
identify hydrocarbon shows in Leadville cuttings selected 
for study. It is a non-destructive procedure that can be done 
using a petrographic microscope equipped with reflected 
light capabilities, mercury-vapor light, and appropriate fil-
tering. Sample preparation is inexpensive and rapid.  

2.	 Cuttings from 32 productive or dry exploratory wells pen-
etrating the Leadville Limestone in the Utah part of the 
Paradox fold and fault belt were examined under a binocu-
lar microscope. Over 900 samples of porous dolomite and 
some limestone were selected from various zones over the 
Leadville section for EF evaluation.  

3.	 Epifluorescence allows one to observe the presence or 
absence of any soluble hydrocarbons, especially in high-
porosity dolomite. Samples displaying fluorescence rep-
resent areas where hydrocarbons may have migrated or 
accumulated. If no fluorescence is observed in porous do-
lomites, the samples are also good representatives of areas 
where hydrocarbons have not migrated or accumulated.  

4.	 A qualitative visual “rating” scale (a range and average) 
based on EF evaluation was applied to the group of cut-
tings from each depth in each well. The highest maximum 
and highest average EF reading from each well were plot-
ted and mapped.  

5.	 The maps show a regional southeast-northwest trend 
of relatively high EF for Leadville cuttings parallels the 
southwestern part of the Paradox fold and fault belt from 
Lisbon field northwest to west of the town of Green River. 
The northeastern part of the fold and fault belt shows a re-
gional trend of low EF including a large area of essentially 
no EF centered around the town of Moab. As expected, 
productive Leadville wells have cuttings distinguished by 
generally higher EF ratings. An exception to these exam-
ples are several dry holes in the southeast-northwest trend 
that also have high EF ratings.  

6.	 Hydrocarbon migration and alteration dolomitization was 
associated with regional northwest-trending faults and 
fracture zones, which created potential oil-prone areas 
along the southwestern part of the fold and fault belt. Hy-
drocarbons may have migrated from organic-rich shales in 
the Pennsylvanian Paradox Formation where they are in 
contact with the Leadville Limestone along faults. Fluid 
inclusions indicate some hydrocarbons were generated in-
place. Hydrothermal alteration associated with these faults 
and related fracture zones may have generated late, porous 
dolomite and thus produced diagenetic traps. Hydrocar-
bons flushed to the southwest by hydrodynamic process-
es may also account for the lack of significant EF in the 

northeastern parts of the fold and fault belt. In addition, 
these EF trends could be related to facies or karst develop-
ment in the Leadville.  

7.	 Exploration efforts should be concentrated in suggested 
oil-prone areas along the southwestern part of the Paradox 
fold and fault belt.  

Devonian/Mississippian and Pennsylvanian  
Brine Chemistry and Trends within the  

Paradox Basin, Utah

1.	 The chemistry of both the Devonian/Mississippian and 
Pennsylvanian brine systems systematically changes from 
north to south through the Paradox Basin.  

2.	 The Pennsylvanian-system brines are more saline than 
the Devonian/Mississippian-system brines. Piper and 
Stiff diagrams show that the brines from both systems are 
predominantly sodium-rich in nature, with some samples 
containing greater percentages of calcium and to a lesser 
extent magnesium. The Piper and Stiff diagrams also show 
that both brine systems are high in chloride with some 
samples being high in sulfate content. Bicarbonate is very 
low in both brine systems.  

3.	 Based on brine chemistry, the direction of groundwater 
movement in the Devonian/Mississippian and Pennsylva-
nian systems is generally southwestward toward the topo-
graphically low outcrop areas along the Colorado River in 
Arizona.

Regional Middle Paleozoic Hydrodynamic 
Pressure Regime of the Paradox Basin,  

Utah and Colorado

1.	 Shut in drill-stem test (DST) pressure data from petroleum 
exploration and development wells in the Paradox Basin 
were used to establish the major hydrodynamic trends, es-
pecially within the Mississippian (395 DSTs).  

2.	 With the exception of the eastern edge of the basin (west-
ern flanks of the San Juan Mountains), there is a single 
pressure regime for the Mississippian, having a compos-
ite pressure gradient of 0.47 pounds per square inch/foot 
(10.6 kPa/m) over an elevation range of +4000 to -10,000 
ft asl (+1200 to -3000 m asl). This remarkably uniform 
pressure regime over an area of at least 100 by 100 miles 
(260 X 260 km) indicates relatively high permeability 
within the Mississippian.  

3.	 The pressure gradient is about 10% above hydrostatic for 
fresh water but is consistent with the density of relatively 
saline water having a TDS concentration of 100,000 to 
150,000 mg/kg. The head is between 3800 and 4000 ft asl 
(1160 and 1200 m asl) and coincides with the elevation of 
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the lower Green River and Cataract Canyon section of the 
Colorado River where they traverse the basin.  

4.	 The Mississippian and older reservoirs across most of the 
Paradox Basin are in good hydrological communication 
with the Colorado River system, perhaps because they are 
within about 1000 feet (~300 m) of the surface beneath 
Cataract Canyon. This large-scale hydrological connection 
between the surface and the Mississippian may be a geo-
logically recent occurrence.  

5.	 Consideration of the rate of incision by the Colorado River 
system suggests that the Mississippian could have been 
hydrologically isolated and fully saturated several million 
years ago and could have held significantly greater quanti-
ties of oil and gas. Some of this greater volume of oil could 
be preserved as the tar sand deposits (Tar Sand Triangle, 
White Canyon, and Ten Mile Wash) found along the west-
ern margin of the Paradox Basin, which may have been a 
larger pool trapped in what is now the partially breached 
Monument upwarp.

MODERN AND OUTCROP ANALOGS FOR 
LEADVILLE LIMESTONE RESERVOIRS

Facies and other characteristics of the Leadville Limestone 
identified in Lisbon field and regional Paradox Basin cores 
were compared to both modern and outcrop analogs. Environ-
ments of the Leadville have modern analogs in the southern 
Florida-Bahamas region—a worldclass natural laboratory to 
study “tropical” carbonate depositional systems. This region 
represents a time horizon where one can observe carbonate 
deposition, the conditions (physical, biological, and chemical) 
that create various carbonate sediments, and the processes by 
which the deposits change. 

Utah is fortunate that representative outcrop analogs (depo-
sitional or diagenetic) for the Leadville Limestone play are 
present along the southern flank of the Uinta Mountains. Pro-
duction-scale analogs provide an excellent view, often in 3D, 
of reservoir-facies characteristics, geometry, distribution, dia-
genetic characteristics, and nature of boundaries, all of which 
contribute to the overall heterogeneity of reservoir rocks.  

Modern Reservoir Analogs—Southern Florida 
and the Bahamas

1.	 The southern Florida-Bahamas region is a warm-water 
carbonate factory. The Leadville Limestone was most 
likely deposited in a similar warm-water carbonate factory 
during Mississippian time on an epeiric-attached platform 
(i.e., an extensive cratonic area covered by a shallow sea).

2.	 Although the organisms in warm-water carbonate settings 
today are different from those of the past due to organic 

evolution, the roles of sediment producer and modifier 
have remained largely unchanged through time. Warm 
marine water is also often supersaturated with respect to 
calcium carbonate, which can be precipitated to form car-
bonate grains such as ooids, peloids, grapestone, and car-
bonate mud.

3.	 Southern Florida is an attached, rimmed carbonate plat-
form. From northwest to southeast, the platform consists 
of mangrove swamps and supratidal flats (Everglades), an 
inner shelf (Florida Bay), inner and outer shelf margins, 
and a shallow slope into the Straits of Florida.  

4.	 Florida Bay is triangular shaped due to barriers that re-
strict circulation. A variety of sedimentary environments 
are represented in Florida Bay as part of a transgressive 
record: (1) fresh-water pond, (2) coastal mangrove swamp, 
(3) broad, shallow bay basins (“lake”), (4) mud mounds, 
and (5) island. From our work on the Leadville Limestone, 
we recognize the shallow bay basins and mud mounds.  

5.	 The southern Florida attached platform has a rimmed mar-
gin formed by the arcuate reef track band. Sedimentary 
environments include the seaward forereef, discontinuous 
outer barrier reef, and back reef consisting of a sand apron 
and lagoon (containing patch reefs and sand shoals). There 
are no barrier reefs known in the Leadville Limestone. 
However, from our work, we recognize the marine mud 
mounds, patch reefs, and sand shoals in the reef tract.  

6.	 The Great Bahama Bank is an unattached, isolated, 
rimmed carbonate platform. From east to west, the Great 
Bahama Bank consists of Earth’s third longest barrier 
reef, a narrow lagoon, Andros Island (exposed Pleistocene 
limestone) with modern carbonate tidal flats on the west-
ern side, the shelf lagoon, and ooid shoals. The carbonate 
tidal flats are laterally extensive along strike and repre-
sent part of a shallowing upward cycle. From our work 
on the Leadville Limestone, we recognize ooid shoals and 
shelf lagoonal sedimentation. Paleocarbonate tidal flats 
are productive in other carbonate reservoirs. Recognizing 
the modern characteristics of carbonate tidal flats in the 
Leadville Limestone may provide additional target areas 
for drilling.  

Outcrop Reservoir Analogs—Southern Flank of 
the Uinta Mountains, Utah

1.	 Although not exposed in southeastern Utah, Mississip-
pian rocks equivalent to the Leadville Limestone outcrop 
along the southern flank of the Uinta Mountains. These 
formations include the Madison, Gardison, Deseret, and 
Humbug Formations, and have similar characteristics as 
the Leadville. 

2.	 The Madison and equivalent formations were deposited in 
a shallow, warm-water, relatively high-energy, epeiric sea 
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that extensively covered a large part of the North Ameri-
can craton. Depositional environments include tidal-flat 
mud; deeper subtidal burrowed pellet muds; shallow sub-
tidal bay; beach/foreshore; ooid shoal; storm-dominated, 
outer-shelf, crinoid shoals; low-energy, open-marine, 
mud-rich intershoal; and low-energy, open-marine, outer 
shelf above storm wave base. All depositional environ-
ments in the Madison and Deseret Limestones of the Uinta 
Mountains are also observed in Leadville cores from Lis-
bon field.  

3.	 The Deseret and Madison Limestones contain local zones 
of breccia due to either collapse or natural hydrofracturing. 
Breccia associated with sediment-filled collapsed cavities 
is common. These cavities are related to paleokarstifica-
tion of the Deseret/Madison when subaerially exposed 
during Late Mississippian time. Brecciation caused by 
explosive natural hydrofracturing created the similar shat-
tered-looking, pulverized rock identified in Lisbon cores. 
Breccia pipes may be related to past hydrothermal activity.

4.	 The basal Cambrian Tintic Quartzite and Lodore Forma-
tion were important contributors to the hydrothermal story. 
They served as aquifers supplying hot water to the hydro-
thermal system. Through the central part of the southern 
flank of the Uinta Mountains, porous Cambrian sandstone 
units are absent, with Mississippian strata lying uncon-
formably on middle Neoproterozoic Red Pine Shale. No 
Mississippian hydrothermal breccia zones or pipes are 
found in the central part of the southern flank lending cre-
dence to the concept that aquifers below in the Tintic and 
Lodore may be a required condition for past hydrother-
mal activity to have occurred. Thus, targeting Leadville 
Limestone areas for potential hydrothermal dolomite and 
enhanced reservoir quality due to hydrofracturing may 
require an aquifer below (i.e., the Devonian McCracken 
Sandstone) as a necessary ingredient.
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APPENDIX A: 

FIELD MAPS AND CROSS SECTIONS, LISBON FIELD, SAN JUAN COUNTY, UTAH

Link to supplemental data download:  
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-a.zip

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-a.zip
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APPENDIX B: 

CORE DESCRIPTIONS, CORE PHOTOGRAPHS, AND CORE ANALYSIS,  
LISBON FIELD, SAN JUAN COUNTY, UTAH

Link to supplemental data download:  
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-b.zip

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-b.zip
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APPENDIX C: 

GEOPHYSICAL WELL LOGS TIED TO CORE DESCRIPTIONS, LISBON FIELD, 
SAN JUAN COUNTY, UTAH

Link to supplemental data download: 
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-c.pdf

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-c.pdf
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APPENDIX D: 

CATALOG OF LEADVILLE POROSITY TYPES AND DIAGENESIS, LISBON FIELD, 
SAN JUAN COUNTY, UTAH

Link to supplemental data download: 
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-d.pdf

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-d.pdf
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Link to supplemental data download: 
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-e.pdf

APPENDIX E: 

SCANNING ELECTRON MICROSCOPY, EPIFLUORESCENCE, 
CATHODOLUMINESCENCE, AND FLUID INCLUSIONS, LISBON FIELD,  

SAN JUAN COUNTY, UTAH

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-e.pdf
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APPENDIX F: 

EPIFLUORESCENCE ANALYSES AND DESCRIPTIONS OF WELLCUTTINGS FROM  
THE PARADOX FOLD AND FAULT BELT AREA, UTAH

Link to supplemental data download: 
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-f.pdf

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-f.pdf
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APPENDIX G: 

REGIONAL STRATIGAPHIC CROSS SECTIONS, PARADOX BASIN, UTAH

Link to supplemental data download:  
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-g.pdf

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-g.pdf
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APPENDIX H: 

REGIONAL LEADVILLE FACIES AND CORE DESCRIPTIONS FROM WELLS IN  
THE PARADOX AND FAULT BELT AREA, UTAH

Link to supplemental data download:  
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-h.pdf

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-h.pdf
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Link to supplemental data download: 
https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-i.pdf

APPENDIX I: 

MEASURED STRATIGRAPHIC SECTIONS, MISSISSIPPIAN MADISON LIMESTONE, 
SOUTHERN FLANK OF THE UINTA MOUNTAINS

https://ugspub.nr.utah.gov/publications/bulletins/b-139/b-139-i.pdf
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