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INTRODUCTION

The Mississippian Leadville Limestone has produced over 53 million barrels (bbls) (8.4
million m®) of oil from six fields in the northern Paradox Basin region, referred to as the
Paradox fold and fault belt, of Utah and Colorado. All of these fields are currently operated by
small, independent producers. There have been no new discoveries since the early 1960s, and
only independent producers continue to explore for Leadville oil targets in the region, 85
percent of which is under the stewardship of the federal government. This environmentally
sensitive, 7500-square-mile (19,400 km?) 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 great.

The overall goals of this study are to (1) develop and demonstrate techniques and
exploration methods never tried on the Leadville Limestone, (2) target areas for exploration, (3)
increase deliverability from new and old Leadville fields through detailed reservoir
characterization, (4) reduce exploration costs and risk especially in environmentally sensitive
areas, and (5) add new oil discoveries and reserves. These goals are designed to assist the
independent producers and explorers who have limited financial and personnel resources.

Exploring for the Leadville Limestone is high risk, with less than a 10 percent chance of
success based on the drilling history of the region. Prospect definition requires expensive,
three-dimensional (3D) seismic acquisition, often in environmentally sensitive areas. These
facts make exploring difficult for independents that have limited funds available to try new,
unproven techniques that might increase the chance of successfully discovering oil. We believe
that one or more of the project activities will reduce the risk taken by an independent producer
in looking for Leadville oil, not only in exploring but in trying new techniques.

Another problem in exploring for oil in the Leadville Limestone is the lack of published
or publicly available geologic and reservoir information, such as regional facies maps, complete
reservoir characterization studies, surface geochemical surveys, regional hydrodynamic
pressure regime maps, and oil show data and migration interpretations. Acquiring this
information or producing these studies would save funds and work effort which independents
simply do not possess or normally have available only for drilling. The technology, maps, and
studies generated from this project will help independents to identify or eliminate areas and
exploration targets prior to spending significant financial resources on seismic data acquisition
and environmental litigation, and therefore increase the chance of successfully finding new
accumulations of Leadville oil.

GEOLOGIC SETTING

Paradox Basin Overview

The Paradox Basin is located mainly in southeastern Utah and southwestern Colorado,
with a small portion in northeastern Arizona and northwestern New Mexico (figure 1). The
Paradox Basin is an elongate, northwest-southeast-trending, evaporitic basin that predominately
developed during the Pennsylvanian. 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
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Figure 1. Oil and gas fields in the Paradox Basin of Utah, Arizona, and Colorado.

Aneth platform in southeasternmost Utah (figure 1). The Mississippian Leadville Limestone is
one of two major oil and gas reservoirs in the Paradox Basin, the other being the Pennsylvanian
Paradox Formation (figure 2). Most Leadville production is from the Paradox fold and fault
belt (figure 3).

The most obvious structural features in the basin are the spectacular 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 Proterozoic, when movement initiated
on high-angle basement faults and fractures 1700 to 1600 Ma (Stevenson and Baars, 1987).
During Cambrian through Mississippian time, this region, as well as most of eastern Utah, was
the site of typical, thin, marine deposition on the craton while thick deposits accumulated in the
miogeocline to the west (Hintze, 1993). However, major changes occurred beginning in the
Pennsylvanian. A series of basins and fault-bounded uplifts developed from Utah to Oklahoma
as a result 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 uplift of the Ancestral Rockies in the western United States. The Uncompahgre Highlands



7z 2000-5000' XX Ea
Z Hermosa Paradox Fm : _i_'t_ -*—
(3 | Group [ Pinkerton Trail Fm 0-150' 1]

R Molas Formation 0-100' =209

2 Leadville Limestone 300-600 3
> QOuray Limestone 0-150" -

= Elbert Formation 100-2000 =4

A McCracken Ss Mbr 25-1000 | ®
G

¥ Oil and gas production

Figure 2. Stratigraphic column of a portion of the Paleozoic section
determined from subsurface well data in the Paradox fold and fault belt,
Grand and San Juan Counties, Utah (modified from Hintze, 1993).

in eastern Utah and western Colorado initially formed as the westernmost range of the
Ancestral Rockies during this ancient mountain-building period. The southwestern flank of the
Uncompahgre Highlands (uplift) is bounded by a large, basement-involved, high-angle, reverse
fault identified from seismic surveys and exploration drilling. As the highlands rose, an
accompanying depression, or foreland basin, formed to the southwest — the Paradox Basin.
Rapid subsidence, particularly during the Pennsylvanian and continuing into the Permian,
accommodated large volumes of evaporitic and marine sediments that intertongue with non-
marine arkosic material shed from the highland area to the northeast (Hintze, 1993).

The Paradox Basin is surrounded by other uplifts and basins, which formed during the
Late Cretaceous-early Tertiary Laramide orogeny (figure 1). The Paradox fold and fault belt
was created during the Tertiary and Quaternary by a combination of (1) reactivation of
basement normal faults, (2) salt flowage, dissolution and collapse, and (3) regional uplift
(Doelling, 2000).

Most oil and gas produced from the Leadville Limestone is found in basement-involved,
northwest-trending structural traps with closure on both anticlines and faults (figure 4). Lisbon,
Big Indian, Little Valley, and Lisbon Southeast fields (figure 3) are sharply folded anticlines
that close against the Lisbon fault zone. Salt Wash and Big Flat fields (figure 3), northwest of
the Lisbon area, are unfaulted, east-west- and north-south-trending anticlines, respectively.

Regional Leadville Facies

The Mississippian (late Kinderhookian through Osagean to early Meramecian time)
Leadville Limestone is a shallow, open-marine, carbonate-shelf deposit (figure 5). The western
part of the Paradox fold and fault belt includes a regional, reflux-dolomitized, interior bank
facies containing Waulsortian mounds (Welsh and Bissell, 1979). During Late Mississippian
time, the entire carbonate platform in southeastern Utah and southwestern Colorado was
subjected to subaerial erosion resulting in formation of a lateritic regolith (Welsh and Bissell,
1979). This regolith and associated carbonate dissolution is an important factor in Leadville
reservoir potential (figure 6). Solution breccia and karstified surfaces are common, including
possible local development of cavernous zones (Fouret, 1982, 1996).
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Figure 3. Location of fields that produce from the Mississippian
Leadville Limestone, Utah, Arizona, and Colorado. Thickness of the
Leadville is shown; contour interval is 100 feet (modified from
Parker and Roberts, 1963).

The Leadville Limestone thins from more than 700 feet (230 m) in the northwest corner
of the Paradox Basin to less than 200 feet (60 m) in the southeast corner (Morgan, 1993) (figure
3). Thinning is a result of both depositional onlap onto the Mississippian cratonic shelf and
erosion. The Leadville is overlain by the Pennsylvanian Molas Formation and underlain by the
Devonian Ouray Limestone (figure 2).

Periodic movement along northwest-trending faults affected deposition of the Leadville
Limestone. Crinoid banks or mounds, the primary reservoir facies (figure 5), accumulated 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).
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The Leadville Limestone is divided into two members separated by an intraformational
disconformity. The dolomitic lower member is composed of mudstone, wackestone, packstone,
and grainstone deposited in shallow-marine, subtidal, supratidal, and intertidal environments
(Fouret, 1982, 1996). Fossils include crinoids, fenestrate bryozoans, and brachiopods. Locally,
mud-supported boundstone creates buildups or mud mounds (Waulsortian facies), involving
growth of “algae” (Wilson, 1975; Ahr, 1989; Fouret, 1982, 1996). The upper member is
composed of mudstone, packstone, grainstones (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).

LISBON CASE STUDY FIELD, SAN JUAN COUNTY, UTAH

Introduction and Field Synopsis

Lisbon field, San Juan County, Utah (figure 3) accounts for most of the Leadville oil
production in the Paradox Basin. A wealth of Lisbon core, petrographic, and other data is
available to the UGS. The reservoir characteristics, particularly diagenetic overprinting and
history, and Leadville facies can be applied regionally to other fields and exploration trends in
the Paradox Basin. Therefore, we selected Lisbon as the major case-study field for the
Leadville Limestone project. This evaluation included data collection, plots of petrophysical
data (core-plug porosity and permeability), and geophysical well logs tied to core descriptions
as summarized in this report.

The Lisbon trap is an elongate, asymmetric, northwest-trending anticline, with nearly
2000 feet (600 m) of structural closure and bounded on the northeast flank by a major,



basement-involved normal fault with over 2500 feet (760 m) of displacement (Smith and
Prather, 1981) (figure 7). Several minor, northeast-trending normal faults divide the Lisbon
Leadville reservoir into segments.

Producing units in Lisbon field contain dolomitized crinoidal/skeletal grainstone,
packstone, and wackestone fabrics. Diagenesis includes fracturing, autobrecciation, karst
development, hydrothermal dolomite, and bitumen plugging. The net reservoir thickness is 225
feet (69 m) over a 5120-acre (2100 ha) area (Clark, 1978; Smouse, 1993). Reservoir quality is
greatly improved by natural fracture systems associated with the Paradox fold and fault belt.
Porosity averages 6 percent in intercrystalline and moldic networks enhanced by fractures;
permeability averages 22 millidarcies (mD). The drive mechanism is an expanding gas cap and
gravity drainage; water saturation is 39 percent (Clark, 1978; Smouse, 1993). The bottom-hole
temperature ranges from 133 to 189°F (56-87°C).

Lisbon field was discovered in 1960 with the completion of the Pure Oil Company No.
1 NW Lisbon USA well, NE1/4NW1/4 section 10, T. 30 S., R. 24 E., SLBL&M (figure 7), with
an initial flowing potential of 179 bbls of oil per day (BOPD) (28 m’) and 4376 thousand cubic
feet of gas per day (124 MCMPD). The original reservoir field pressure was 2982 pounds per
square inch (psi [20,560 kPa]) (Clark, 1978). There are currently 22 producing (or shut-in
wells), 11 abandoned producers, five injection wells (four gas injection wells and one water/gas
injection well), and four dry holes in the field. Cumulative production as of March 31, 2006,
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was 51,145,231 bbls of oil (8,132,092 m3), 785.4 billion cubic feet of gas (BCFG) (22.2
BCMG) (cycled gas), and 50,073,622 bbls of water (7,961,706 m®) (Utah Division of Oil, Gas
and Mining, 2006). Gas that was re-injected into the crest of the structure to control pressure
decline is now being produced.

Three factors create reservoir heterogeneity within productive 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.

Data Collection and Compilation

Geophysical well logs, cores and cuttings, reservoir data, various reservoir maps, and
other information from Lisbon field development wells were collected by the UGS. Well
locations, formation tops, production data, completion tests, basic core analysis, porosity and
permeability data, and other data were compiled and entered in a database developed by the
UGS. This database, INTEGRAL, is a geologic-information database that links a diverse set of
geologic data to records using MS Access'™. The database is designed so that geological
information, such as lithology, petrophysical analyses, or depositional environment, can be
exported to software programs to produce cross sections, strip logs, lithofacies maps, various
graphs, and other types of presentations. The database containing information on the geological
reservoir characterization case study as well as later regional correlations will be available at
the UGS’s Leadville Limestone project Web site at the conclusion of the project.

GEOPHYSICAL WELL LOGS TIED TO CORE DESCRIPTION

All available conventional cores from Lisbon field (figure 7) were photographed and
described (table 1). Special emphasis was placed on identifying the flow unit’s 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) carbonate structures, (5) carbonate textures in percentage,
(6) carbonate 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.

Table 1. List of well conventional slabbed core examined and described from the Leadville
Limestone, Lisbon field, San Juan County, Utah.*

Well Location API No. Core Interval (feet) | Thin Sections
Lisbon D-816 [NE SE 16, T.30S., R. 24 E. 43-037-16253 8417-8450 15
Lisbon D-616 |C NENE 16, T.30S.,R. 24 E. | 43-037-15049 8300-8702 13

NW Lisbon B-63|NE NW 3, T. 30 S., R. 24 E. 43-037-11339 9934-10,005 14
Lisbon B-816 [NESW 16, T.30S.,R. 24 E. 43-037-16244 8463-8697 22
Lisbon B-610 [NENW 10, T.30S.,R. 24 E. 43-037-16469 7590-8030 18

*Repository: Utah Core Research Center.




Geological characterization on a local scale focused on reservoir heterogeneity, quality,
and lateral continuity, as well as possible compartmentalization within Lisbon field. This
utilized 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 Lisbon field, as
determined from conventional core, was tied to its corresponding log response (plates 1 through
5). 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 identifying reservoir and non-reservoir rock, determining
potential untested units suitable for completion or possible horizontal drilling projects, and
comparing field to non-field areas.
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Restricted, low-energy inner shelf

7590-7601: Medium to dark grayish brown to medium to dark
brown dolomite with slightly limey intervals in two places. Generally
mudstone and barren, in places massive with several brittle
brecciated intervals at top, 7591.5, 7592.5-7595.5 and 7599.5
feet. No porosity associated with fractures, all fractures filled
with white calcite, most porosity is micro intercrystalline.

7601-7603.3: Light to medium gray dolomite, fossiliferious
packstone to wackestone with visible open moldic porosity and
swarms of open vertical fractures. Muddier at base with faint
laminae and possible early fractures.
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Low-energy, open-marine middle shelf

7603.3-7610: Medium to dark gray to brownish gray dolomite,
interbedded cryptalgal laminated mudstone and skeletal
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Restricted, low-energy inner shelf
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Low- to moderate-energy, open-marine
middle shelf

packstone/grainstone. Generally medium bedded with modest
skeletal moldic porosity in calcarenites and synsedy's breccia in
laminated mudstone. Note: 7606.5-7607.7 is all rubble and
unslabbed.

7610-7610.5: Light gray limestone with bitumen staining, crinoidal
and bryozoan grainstone with modest moldic and intercrystalline
porosity. Massive calcarenite dolomite solution front seen with
vertical contact.

7610.5-7611.0: Alternating dark to light gray dolomite and dolomitic
shale, thin bedded and delicately laminated. Dark areas may be
dolomitic mudstone. No burrows or fauna, stained with bitumen
along micro porosity.
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Fluctuating low- to high-energy, open-
marine middle shelf

7611-7616: Light to medium gray dolomite. Burrowed and churned
skeletal grainstone to wackestone with vague bedding. Fossils
include mostly lags of poorly sorted crinoids, fenestrate bryozoans.
Poor to no visible porosity, no fractures open, stylolites with
scattered black clasts in breccia (depositional).

7616-7623.5: Light gray to medium dark gray limestone, packstone
to wackestone, massive, probably due to bioturbation. Skeletal
components mostly crinoids and bryozoan fragments. Some
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Low-energy, open-marine middle shelf
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brecciation and fractures filled with gray shale.

7623.3-7626: Light gray dolomite, crinoidal and bryozoan
wackestone to packstone, heavily brecciated with black shale and
insoluable residue within cracks. No visible porosity, massive.
7626-7628.5: Limestone and dolomitic limestone, light gray to
dark gray, crinoidal wackestone to packstone, with black shale or
insoluable residue between crinoids.

7628.5-7633.5: Light gray to dark gray dolomite, fossiliferous
wackestone to packstone, with mostly crinoids "floating" in dark
colored lime muds.

7633.5-7636: Missing Interval.

()
(%)

dk GY

High-energy, open-marine middle shelf
crinoidal shoal

7636-7637.5: Limestone, wackestone with dark gray staining,
crinoidal grainstone to packstone. Massive with healed microfractures
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Low-energy, open-marine middle shelf

and stylofractures.

7637.5-7645: Light to medium gray dolomite with dark gray bitumen
staining. Medium bedded alternating mudstone with vague laminae
and skeletal with trace moldic porosity. Some local breccia with
dark colored insoluable residue.
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High-energy, open-marine middle shelf
crinoidal shoal

7645-7655.7: Light and dark gray limestone. Crinoidal/skeletal
packstone with some grainstone and wackestone. Some local
pockets of brecciation and cracks filled with gray clays. Local
patches of replacement chert especially at 7655 feet where calcite
sponges occur.

Low-energy. open-marine middle shelf

7655.7-7656.5: White to light gray dolomite, crinoidal wackestone,
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Fluctuating low- to moderate-energy,
open-marine middle shelf
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High-energy, open-marine middle shelf
crinoid/peloid shoals
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Low-energy, open-marine middle shelf
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Fluctuating low- to moderate-energy,
open-marine middle shelf
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Moderate to high-energy, open-marine
middle shelf crinoidal shoal
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Fluctuating low- to moderate-energy,
open-marine middle shelf
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Fluctuating low- to moderate-energy,
open-marine middle shelf

o
'

High-energy, open-marine middle shelf |

H ol

Sssmm

Fluctuating low- to moderate-energy,
open-marine middle shelf

=+

mit GY

High-energy, open-marine middle shelf
cr%oidal s?]){)alp

Tow-energy, open marine middle shelf
jth few high-energy storm hed

o
=

4 *—-D

Moderate-energy, open-marine middle shel

>

n n 0o 0o nonoonoonoonoonoonoonoonoonoon O800G GO

3333333333333833 puoonn®
333333333333333@Rwow
333333333333333[groow
3333333333333 33|[[geoew
3313 313 31303313 31 3 31 3 3| (F[eiolf
333333333333333PBlol3
333333333333333/[°gleepe?3
333333333333333pPg"*"3
333333333333333BB333(3

i

mit GY

Low-energy, restricted-marine inner shelf|
to peritidal setting
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Fluctuating high-energy and low-energ;
open-marine middle shelf
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Low-energy, restricted-marine inner
shelf
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High-energy,open-marine inner shelf
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Fluctuating high- and low-energy, open-
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High-energy, open-marine inner shelf

tight.

7656.5-7684.3: Dark gray to dark brownish gray limestone to
slightly dolomitic limestone. Crinoidal and fossiliferious wackestone
to some packstone. Very tight, no visible porosity, some vertical
fractures, generally healed.

7684.3-7693: Light to medium gray dolomite, skeletal hard pelletal
grainstone to packstone. Fair to good moldic and intercrystalline
porosity, massive, no apparent bedding, black bitumen staining.
Moldic crinoids, bryozoans and brachiopods. Core resembles
cinder blocks in terms of pores and weight. Short vertical fractures
and fracture swarms at 7689.5-7691 feet, medium to coarse
grained, dolomite rhombs lining pores, large elongate intraclasts
with orientation of 20-25 degrees to vertical at 7692 feet. Isolated
small rugose coral at 7687 feet. Few minor blebs of white
replacement chert. Bryozoans are probably fenestrate.
7693-7703: Dark to medium gray dolomite. Mudstone/wackestone
alternating with wackestone/packstone, thin interbeds. Several
thin intervals with good open fracture swarms(vertical). Some
patches of skeletal molds in addition to open fractures. Generally
very poor matrix permeability, only fracture permeability. In some
intervals the fracturing is so intense to form ‘tectonic’ breccias.
Fossils and fossil molds are mostly small to medium crinoids,
solitary coral in mud at 7702 feet.

7703-7706.5: Dark gray limestone and dolomitic limestone, thin
bedded mudstone and crinoidal packstone/wackestone. Low-
amplitude stylolites along bedding planes. Tension gash - style
fracture filled with white calcite. Mostly rubble or missing core,
depth may not be accurate.

7706.5-7710.5: Light to medium gray dolomite with abundant
black bitumen lining pores and fractures. Skeletal packstone to
wackestone, mostly crinoids. Open, short, vertical fractures and
stylofractures at 7710.5 feet. Scattered moldic porosity, tectonic
breccialfracture swarm at 7708-7709 feet.

7710.5-7711: Limestone, same as above, but no moldic porosity
and healed micro fractures.

7711-7719: Light to medium dark gray dolomite, mostly crinoidal
grainstone/packstone with patchy moldic porosity. A few vertical
hairline fractures; No large open megafractures. A few scattered
fenestrate bryozoans, white patches are tight over dolomitized
areas, post dating moldic phase, stylolite with thick insoluable
residue. Bitumen lining porosity.

7719-7720: Limestone to dolomitic limestone, mostly crinoidal
grainstone/packstone. Mostly fills in crinoid/fossil mold and vertical
fractures. Patches of moldic pores lined with bitumen.

7720-7731: Light gray to medium dark gray dolomite with bitumen.
Mostly crinoidal/skeletal fragments with calcite, patches of over
dolomitized rock (after moldic phase). Large rugose coral at 7727
feet, swarms of open vertical fractures at 7728-7729 feet.

7731-7732: Limestone, mostly secondary after dolomite and calcite
filling of molds. Crinoidal grainstone/packstone, high amplitude
stylolites, remnant molds (without calcite) filled with abundant
bitumen.

7732-7739.8: Dolomite, crinoidal wackestone/packstone, with small
bryozoans within mud. Brecciation due to fracture and tectonic
brecciation. Lower 1.5 feet is rubble.

7739.8-7744.5: No recovery.

7744.5-7745: Limestone, mostly crinoidal grainstone, originally
white, some fractures lined with black bitumen, but no matrix porosity,
slightly dolomitic.

7745-7747: Dolomite and argillaceous mudstone, wackestone and
packstone, mostly crinoidal. Highly fractured and stylofractured.
Two inches of gray shale or dolomitized shale at 7746 feet.
T7747-7748: Limestone, crinoidal grainstone/packstone, mostly
secondary limestone after dolomite and moldic porosity. Now tight,
except for fractures lined with bitumen.

7748-7750.5: Light to medium gray dolomite, grainstone/packstone,
crinoidal with occasional bryozoan fragments. Only scattered
moldic porosity, but intense fracturing with solution enlargement.
7750.5-7751.5: Medium gray brown dolomite, mudstone. Millimeter
and centimeter scale laminations with scattered grainstone/packstone
skeletal lenses. Moldic porosity in grains, small microfractures.
7751.5-7752.7: Light gray brown limestone and dolomitic limestone,
crinoidal packstone with intense microfractures, lined with black
bitumen.

7752.7-7777: Light to medium gray dolomite, almost entirely
mudstone, medium bedded with occasional laminae, but not much
cryptalgal laminae. Swarm brecciation throughout resembling karst,
but may be subcutaneous. Some fractures and space between
clasts filled with white calcite. Some of the clasts are black. No
matrix porosity exept for rare small fossil molds. Most fractures
healed or filled with clays and residue.

7777-7777.5: Dolomite, coarse grained, fossiliferous
grainstone/packstone to rudestone with lime mud intervals. Scattered
moldic porosity only in bryozoan and under skeletal molds.

7777.5-7795.5: Light medium gray to medium gray brown dolomite,
medium to thick bedded, alternations between packstone/grainstone
and mudstone/wackestone. Calcarenites are mostly
skeletal/intraclast composition with scattered moldic porosity,
including crinoid columnals and bryozoan molds. No moldic porosity
in mudstone/wackestone intervals; occasional open vertical
microfractures. Sparse to moderate fractures, white band of chert
at 7788.5 feet. Very little bioturbation at thin chert interval.

7795.5-7799: Medium gray to medium gray brown dolomite,
brecciated mudstone, becoming limy in lower 1 foot. Barren of
fossils, solid breccia under cover, vertical stylolites and stylofractures
lined with insoluable residue and white late calcite. White to light
gray chert (3 inches thick) just above limy interval at 7798 feet. All
fractures filled with white calcite.

7799-7812: Medium gray to medium brown gray dolomite, generally
thin to medium bedded alternating between grainstone/packstone
and laminated (cryptalgal) mudstone (rarely wackestone). Slightly
limy in calcarenites, some black staining (with bitumen). Vertical
and oblique fractures, mostly filled with white calcite. Small amount
of brecciation, with rare white chert replacement, except for solution
collapse breccia at 7806-7807 feet. Some 3-6 inch beds have
good visible WP, moldic and BP porosity, but may have vertical
porosity barriers due to interbedding with dolomitic muds.

7812-7833: Missing Interval.

7833-7848: White to light gray dolomite, brecciated extensively
with brittle soution collapse character. Angular clast within a grossly
bedded framework of alternating mudstone/wackestone and
packstone/grainstone layers on the order of 4 to 6 inches thick.
Extensive vertical fractures, mostly open and lined with bitumen.
Scattered moldic porosity.

7848-7848.5: Missing Interval.

7848.5-7852: Medium grayish brown dolomite, mostly mudstone
with sparse wackestone, some moldic porosity, mostly small crinoids.
Thin to medium bedding, sparse evidence of burrows. Tight with

healed fractures.

7852-7855: Medium grayish brown dolomite, grainstone/packstone
to rudestone with crude bedding and fair to good moldic porosity

lined with bitumen.

7855-7857.5: Medium gray dolomite, mostly massive
mudstone/wackestone with thin white chert band at 7855.3 feet.
7857.5-7880: Light to medium gray dolomite with some bitumen
staining around molds. Generally medium to coarse
grainstone/packstone with moldic porosity and mixed skeletal
grains, including crinoids and fenestrate bryozoans. Some
intraclasts, fragmented rugose coral at 7869.5 feet, crudely bedded.
Modest amount of vertical fractures, most of which are partially to
completely healed with white calcite. Mostly rubble between
7871.5-7875 feet.

7880-7882.5: Light brown gray to dark brown dolomite, brecciated
clasts of dolomitic grainstone/packstone and mudstone, with good
moldic micro porosity (hydrokarst?). Distinct dark-color due to
bitumen staining.

7882.5-7885: Light gray dolomite with black bitumen staining,
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coarse skeletal grainstone/packstone to rudstone.

7885-7886.5: Medium gray to medium brown gray dolomite,
mudstone, barren of fossils, cracked breccia with black shaley
fillings and white calcite cement between brittle clasts. No matrix
porosity.

7886.5-7891.5: White to light gray dolomite, except for black
bitumen staining. Coarse grainstone/packstone and rudstone with
some depositional clasts and skeletal molds, mostly crinoids and
bryozoans. Large scale cross-bedding, short segment open fractures.

7891.5-7905: Dark gray to dark grayish brown, appearance of
mudstone/wackestone, but may have been a very fine
grainstone/packstone in parts. Microporous dolomite, possible
hydrokarst (Wabaman), completely stained with bitumen.

7905-7940.5: Medium gray to medium to dark gray brown dolomite,
mostly laminated and bedded mudstone with depositional and
karstic brecciation, vertical stylolites. No matrix porosity, some
open fractures. Mostly a laminated to thin bedded tidal flat sequence
with some rip-up and mud crack breccias. Also some probable
tectonic breccias between 7912.5-7914 feet. Cross-bedded peloidal
and intraclast grainstone between 7930-7931 feet. Mud cracks at
7928 feet. Three inches of laminated black shale with angular rip-
ups of dolomite at base.

7940.5-7944: Medium gray dolomite, mudstone, laminated and
thin bedded with some rip-up breccia and calcite healed fractures.

7944-7951.2: White to light gray dolomite with some dark gray
bitumen in molds. Medium skeletal/peletal grainstone/packstone
with inclined bedding and cross-bedding. Well bedded, no burrows,
possible micro porosity, stylofractures, small moldic porosity.

7951.2-7955: Light and dark gray dolomite, alternating mudstone
(dark) and fine peletal/skeletal grainstone/packstone (light) with
minor small moldic porosity. Well bedded, thin to medium scale,
calcerenites have sharp bases, eroded at base. Swarm of fractures
with basal one foot.

7955-7957.8: Light to dark brown gray dolomite, laminated mudstone
with brecciation, both deposition rounded clasts in lower one foot
as well as crackle/tectonic in upper foot.

7957.8-7967.5: Light to medium gray dolomite, well bedded and
cross-bedded, large skeletal/peletal grainstone/packstone with
bedding defined by grain size. Abundant moldic porosity, some
open fracture swarms.

7967.5-7997: Light gray brown to medium gray dolomite, almost
entirely mudstone, with laminated (cryptalgal) intervals with some
thin peletal/skeletal grainstone/packstone. No significant burrows
or brecciation. Most vertical fractures are filled with white dolomite.

7997-8001.5: Light gray to dark gray dolomite, interbedded peletal
grainstone/packstone and mudstone. Bedded and laminated. No
visible matrix porosity, vertical fractures filled with dolomitic black
shale becoming limy in lowermost foot. Base is an eroded soil
zone, green shale with light colored dolomitic clasts.

8001.5-8004: Limy shale and siltstone, gray green with white to
light gray clasts. Residuum is soil zone of shalef/silt with light colored
limestone clasts. Weathered soil zone. Top of Ouray.

8004-8030: White to light gray limestone, mostly mudstone with
birdseye and fractures.
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Geophysical Logs

Core Plug Analysis

Conventional Core

Gamma Ray
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High-energy, open-marine shoal facies

8463-8465.4: Medium gray to brown gray dolomite; peloidal grainstone to packstone.
Some black bitumen within patches of micro-intercrystalline space. Burrowed with
coarser sediment fillings. Disseminated sulfies (mostly pyrite) within matrix as well as
fracture fillings.

8465.4-8470.5: Medium gray brown, dolomite, slightly calcareous. Massive, microporous
groundmass (mudstone?) without bitumen (water wet?), containing clasts of microporous
dark gray dolomite impregnated with bitumen. Displays a brecciated appearance, with
microfractures. Some of the clasts are bounded by white, pearly masses of baroque
dolomite.

8470.5-8483.0: Medium to dark gray and medium gray brown, dolomite; peloidal/skeletal

to packstone. Micro-inter-crystalline porosity with bitumen linings. Extensive
micro-fractures, some lined with calcite and bitumen. Minor chert replacement of matrix,
resulting in areas that resemble clasts, especially at 8473.3 feet. Possible disseminated
sulfide minerals. Possible bed-normal stylo-fractures.

8483.0-8489.3: Medium to dark gray dolomite; skeletal/peloidal grainstone to packstone,
with 3 inches of breccia at top of interval. Dolomite is microporous and impregnated with
black bitumen. Clasts in breccia at top also have microporosity lined with bitumen such
that the clasts appear black. Large coral (Syringipora) head at 8485.2 feet. Coral is
white, but completely dolomitized.

8489.3-8496.2: White limestone; crinoidal/skeletal packstone to wackestone, with some
brachiopods and bryozoans near top of unit. Abundant wispy seams and low-amplitude
stylolites. Some bed normal stylolites, and swarms of vertical fractures, most of which
are lined with bitumen. Scattered pockets and halos near fractures display leaching
with minor dolomite and bitumen.

8496.2-8497.0: Medium to dark gray dolomite, slightly calcareous, especially toward
base. Dense, microdolomitic (muddy) matrix with breccia - either subaerial exposure or
hydrothermal origin. Clasts are fractured dolomite, chert and limestone, generally angular
and poorly size-sorted.

8497.0-8502.0: White limestone; crinoidal grainstone to packstone. Massive to bedded
with low- to medium-amplitude stylolites. Some vertical (bed-normal) stylolites and
vertical fractures and stylo-fractures. Occasional wispy seam stylolites. No visible matrix
porosity.

8502.0-8512.3: White to black i ; Crinoi i to

with occasional rugose corals (two types). Highly altered by leaching and corrosion
of grains with bitumen impregnating pores. Some of the limestone is completely
altered to microporosity.

8512.3-8519.0: Light to medium gray limestone; crinoidal/skeletal grainstone to
packstone. Some brachiopods at 8518 feet. Generally unaltered, well preserved unit
with no visible matrix porosity. Some low- to medium-amplitude stylolites, vertical
(bed-normal) stylolites, and vertical fractures lined with bitumen.

8519.0-8523.0: Medium to dark gray dolomite, slightly calcareous. Peloidal/skeletal
e. Display: tensive micro-intercrystalline porosity lined with

bitumen. Most of the unit displays isolated molds of crinoids and other small fossils

surrounded by a micro-crystalline dolomite matrix. Some patches of late white calcite.

8523.0-8535.6: White to dark gray limestone, crinoidal/skeletal grainstone to packstone,
and occasional wackestone. Massive, and generally unaltered to only slightly altered.
Patches of dissolution, especially along vertical fractures which are lined with bitumen.
Low- to moderate-amplitude stylolites. Minor etched patches of limesotne matrix with
some bitumen staining.

8535.6-8576.4: White to dark gray limestone, crinoidal/skeletal grainstone to packstone,
with occasional small rugose corals and brachiopod shells. Burrowed in upper half;
cross-bedded (low- to medium-angle) in lower half. Highly altered by dissolution and
corrosion (late?), with black bitumen impregnation. Becomes slightly dolomitic in
lowermost two feet. Probable white kaolinite (dickite?) clay masses at 8553 and 8562
feet.

8576.4-8579.3: Dark gray to black dolomite, slightly calcareous; crinoidal/skeletal
packstone to grainstone, with small rugose corals. Highly altered due to dissolution
and corrosion, leading to microporosity impregnated with black bitumen. Some small
white patches of relatively unaltered crinoidal limestone. Mostly micro-intercrystalline
porosity throughout, with scattered small dissolution vugs. Minor moldic porosity near
base.

8579.3-8637.0: Missing Interval (Core #3).

8637.0-8642.7: Light brown gray and medium to dark gray limestone, pelodial/skeletal
packstone to wackestone, and rarely grainstone. Moderate alteration and leaching, with
bitumen plugging. Becomes lightly dolomitic in basal one foot. Very fine, micro-

intercrysalline porosity, with some fossil molds. Swarms of vertical fractures filled with
calcite. Early complete chert replacement at 8637.0-8637.3 feet (but highly brecciated),
and at 8641.0-8641.3 feet. Possible minor soil zone or exposure surface at 8639.5 feet.

8642.7-8648.0: Light to dark gray and black dolomite, occasionally cherty; peloidal/skeletal
packstone to wackestone and some mudstone with "soft" peloidal matrix. Crinoids and
sheet-like fenestrate bryozoans.

8648.0-8662.0: Light gray to black dolomite; skeletal/"soft" peloidal wackestone to
mudstone. In places laminated with small crinoids "floating" in the dolomitic mud matrix.
Some vertical fractures lined with bitumen and white calcite. Scattered crinoid molds.

8662.0-8674.5: White and medium to dark gray dolomite; crinoidal grainstone to
packstone, with some crinoidal wackestone. Variable degrees of alteration from massive
white dolmitic calcarenites, to moldic and corroded crinoidal calcarenites lined with
bitumen, to completely altered "false black shales" (which are microporous dolomites
impregnated with black bitumen). Low- to high-amplitude stylolites. Some molds
contain pearly white saddle dolomite, calcite and bitumen.

8674.5-8681.5: Medium to dark gray and dolomite, crinoi packstone
to grainstone, and wackestone. Highly altered, corroded and microcrystalline unit with
visible moldic and intercrystalline porosity that is extensively lined with bitumen. Vertical
fractures lined with white calcite. Several thin (1 inch) chert layers at 8675.8, 8676.7,
8680 feet and at base.

8681.5-8697.0: Medium to dark gray dolomite, calcareous in part; mostly crinoidal
grainstone to packstone with some horizontal stratification. Moderately to highly altered
by leaching and corrosion. Fine, micro-intercrystalline porosity lined with bitumen.
Some high-amplitude stylolites. Vertical fractures lined with bitumen and white calcite.
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md - Millidarcies

TD - Total Depth

GR - Gamma Ray

IPF - Initial Potential Flow

KB - Elevation of Kelly Bushing
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Core Plug Analysis Conventional Core
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/ SSppppppmMmM 830:()-8306: Medikjm brownishh grlay Iirp“es(}c;ne, peloidal mi%rofossil
r X . packstone to wackestone with calcite filled fractures, coated grains.
S-S EENUNUNENEREY MM Restricted, moderate-energy, inner shelf| Fenestral fabric and keystone vugs (filled) intertidal (beach?when
L SsSpPppPPPPPMM dessicated. Fractures filled with gray-green clay.
O O0OO0OO0OOCODpPPPM
I ~
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O0OO0OOOODpPPPM N apa—— . 8306-8315: Medium brownish gray limestone, peloidal micro
8310 L . e ay, restricted inner shelf | fosjl “grainstone, oolitic with wide fracture filling composed of
SRl O00O0O0O0OOCDpPDPPM ooy (DIl Ifight gray dolomite, some bitumen and sulfide minerals lining the
L OO0OO0OOOODpPPPM ractures.
OO0OO0OOOCODpPPPM
r OO0OO0OOOCODpPPPM <
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L 1tGY |High-energy, restricted inner shelf ight gray dolomite. Dolomite migration appears to cross-cut facies.
o . P P P M Bitumen impregnated dolomite along dolomite/limestone boundary.
L Oo0OO0OOOOpPPPM Qo High-energy, restricted inner shelf 8317-8319: Limestone, oolitic peloidal packstone/grainstone.
8319-8322: Medium gray to medium gray brown dolomite.
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d gy BR eloidal packstone/wackestone, no identifiable fossils, wispy micro
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‘ 9 9 o S SSSSSSSsSsm WH 8353-8363: White to light gray limestone, skeletal-crinoidal
High-energy, open-marine middle shelf/ | grainstone with well preserved brachiopods and crinoids with local
/ i S$S$§SS§SSsSsSssm = ItGy |crinoid shoal swarms of fractures lined with bitumen. Local patches of etched
limestone impregnated with bitumen so they resemble black shale
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L of original crinoidal grainstone fabric. Heavily corroded, leached
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S SSSSsSSsSSsSSsmMmMm
o ) or SSSSsSSsSsssmm
- S S S S SSsSSsSs mm
L S S S SSSsSSsSs mm
~
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8417-8418: Light to medium gray limestone; crinoidal packstone to grainstone.
Largely unaltered tight calcarenites with wispy to low-amplitude stylolites, and a small
number (2-3) microfractures lined with bitumen.

8419-8420: Light to dark gray, limestone with some dolomite; crinoidal packstone
to grainstone. Swarms of vertical microfractures and associated dolomitized alteration
zones consisting of (1) light gray coarse (saddle) dolomite that plugs some fractures
and replaces some matrix; and (2) micro-intercrystalline dolomite that is now impregnated
with black bitumen.

8421-8424: Light to dark gray limestone and dolomite; crinoidal grainstone to
packstone. Appears to have similar characteristics to the 8419-8420 foot core sample.
Some slickensides are present, indicating a possible fault. Possible sulfide minerals
disseminated throughout microcrystalline dolomite.

8425-8431: Light gray to black dolomite; originally a crinoidal/skeletal
packstone/grainstone. Visible porosity includes moldic and micro-intercrystalline types
that are lined with bitumen. There are also highly fractured and mineralized zones.

8433-8434: Medium to dark gray dolomite; crinoidal/skeletal packstone to grainstone.
Visible moldic and micro-intercrystalline porosity with bitumen linings and possible
sulfide minerals. Normal stylolites, and swarms of vertical fractures, most of which
are lined with bitumen. Scattered pockets and halos near fractures display leaching
with minor dolomite and bitumen.

8434-8435.5: Light gray to black, limestone and dolomite; crinoidal grainstone to
packstone. Ranges from unaltered to highly altered, with extensive fracturing and
partial matrix replacement by micro-crystalline dolomite that is heavily coated with
bitumen. Some fracture segments appear to be sheared.

8435.5-8439: Light gray to black, dolomite, slightly calcareous in places. Skeletal
wackestone to packstone. Visible porosity includes moldic, micro-intercrystalline,
small vuggy and fracture pores. Dolomite is highly altered to micro-crystalline and
saddle forms, heavily impregnated with bitumen. Medium- to high-amplitude stylolites
and stylo-fractures are present.

8439-8441: Dark gray, dolomite; peloidal(?) packstone to wackestone(?). Highly

altered to a micro-crystalline dolomite that is heavily coated with bitumen, and now
resembling a shale ("false shale"). Highly fractured with some fractures lined with

anhydrite, and possibly mineralized. Rubble.

8441-8442: Dark gray, dolomite; peloidal(?) packstone to wackestone(?). Highly
altered to a micro-crystalline dolomite that is heavily coated with bitumen, and now
resembling a shale ("false shale"). Highly fractured with solution vugs and molds
along fractures. Rubble.

8442-8443: Dark gray, dolomite; peloidal(?) packstone to wackestone(?). Highly
altered to a micro-crystalline dolomite that is heavily coated with bitumen, and now
resembling a shale ("false shale"). Very abundant moldic porosity and anhydrite along
some fractures. Rubble.

8443-8444: Medium to dark gray, dolomite: peloidal/skeletal packstone to wackestone.
Highly altered to a microcrystalline dolomite that is heavily coated with bitumen.
Some moldic porosity, but otherwise, generally tight (measured porosity=5%). Rubble.

8444-8446: Medium to dark gray, dolomite; peloidal/skeletal packstone to wackestone.
Highly altered to microcrystalline dolomite that is heavily coated with bitumen with
some patches of visible micro-intercyrstalline porosity that may be mineralized. There
is extensive saddle dolomite associated with the microporosity and mineralization.
Rubble.

8446-8449: Dark gray to black, dolomite; crinoidal/skeletal packstone to grainstone.
Highly altered to a microcrystalline dolomite that is heavily coated with bitumen with
some patches of visible moldic (or pseudo-moldic) porosity. Interval exhibits high
porosity (7-13%) amd permeability (6-59md). There is a distinctive vertical late diagenetic
alteration fabric, probably induced by fracturing. Rubble.

8449-8450: Dark gray to black, dolomite; crinoidal/skeletal packstone to
grainstone(?). Similar to overlying unit, but not as altered and visible tighter. Not
as much visible dolomitic microporosity and bitumen. Rubble.

Plate 5

Lisbon Pure D-816
NESE Section 16, T30S, R24E

KB 6108 feet

TD 8666 feet
IPF: 1782 BPD, no gas, no water
Completed: 11-1-1962

Paradox Salt
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Leadville Limestone
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