
T-3445

PALEOKARST AND OTHER DISSOLUTION FEATURES OF THE 
DEVONIAN DYER AND MISSISSIPPIAN LEADVILLE FORMATIONS

CENTRAL COLORADO

ByJohn F. Hall, Jr.



ProQuest Number: 10782946

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest
ProQuest 10782946

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106 -  1346



T-3445

A thesis submitted to the Faculty and Board of Trustees 
of the Colorado School of Mines in partial fulfillment of 
the requirements for the degree of Master of Science 
(Geology).

Golden, Colorado
Date >>// 7 /J -7

Signed:

Approved:
Richard H. De Voto 
Thesis Advisor

Golden, Colorado 
Date

^amuel s. Adams 
Department Head 
Department of Geology and 
Geological Engineering

ii



T-3445

ABSTRACT

The Devonian Dyer and Mississippian Leadville 
Formations host a large number of paleokarst and other 
solution features. Several episodes of dissolution have 
been recognized but the origin of the resulting dissolution 
features continues to be the subject of speculation. The 
Dyer and Leadville Formations were studied to determine the 
origin of these dissolution features and their relationship 
to the geology of central Colorado.

Field relationships, petrology, distribution patterns 
and timing of fluid movement indicate that there were five 
main episodes of dissolution. The first episode, following 
deposition of the Redcliff Member of the Leadville 
Formation, created a pronounced unconformity, brecciated the 
upper Redcliff strata, and created karst solution features 
in the shallow subsurface. The second and most intense 
episode of karstification followed deposition of the 
Leadville Formation when a eustatic drop in sea level 
exposed the Paleozoic carbonates. An irregular karst 
topography, dissected by channels, ridges and valleys, and 
punctated by sinkholes and towers, was incised into the 
Mississippian carbonates while cave systems formed in the 
subsurface. The third episode of dissolution occurred
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during deep burial of the Paleozoic carbonates and appears 
to be the result of either migrating basinal brines expelled 
from adjacent sedimentary basins during Pennsylvanian 
extensional tectonism, or convecting hydrothermal fluids 
during the Laramide. Solution-enlarged joints, breccias and 
abundant dolomite sand typify these post-Belden, 
pre-Tertiary dissolution features. The fourth episode 
appears to be mid-Tertiary in age with localized dolomite 
dissolution by convecting hydrothermal fluids. Dissolution 
features include solution-enlarged joints, sanded dolomite 
and collapse breccias. The fifth episode is karstification 
which began in the late Tertiary or early Quaternary and 
continues to the present. Karst features include a sinking 
stream, caves, sinkholes, and minor surface solution 
features.
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INTRODUCTION

Objectives and Purpose 
The Devonian Dyer and Mississippian Leadville 

Formations in central Colorado record a complex history of 
sedimentation, erosion, dissolution, diagenesis and 
tectonism. Included in this history are episodes of 
subaerial exposure resulting in the formation of karst 
features within these units. It has been well documented 
that a regional Late Mississippian unconformity was 
developed throughout much of the mid continent as a result 
of emergence and subaerial exposure (Sando, 1974 ; Maslyn, 
197 6; Rose, 1976; De Voto, 1985). Sinkholes, enlarged 
joints, caverns, breccia-rubble zones, and paleovalleys are 
some of the preserved karst features associated with this 
unconformity. On a more local scale, however, there is 
evidence of both earlier and later episodes of dissolution 
and karst formation.

Most previous geologic studies in this area have been 
limited to individual mines or mining districts and, prior 
to this study, no detailed comprehensive study of these 
dissolution features has been made. Although several types 
of dissolution features have been recognized in the study
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area, the origin of many of these features has not been 
determined with certainty.

This study was undertaken to observe and describe the 
variations in space and time of dissolution features in the 
Dyer and Leadville Formations in order to determine their 
origin and spacial and temporal relationships. The 
interpreted origins of the features were then synthesized 
with the overall geologic history of central Colorado.

Location and Geologic Setting 
The research was conducted in Eagle, Lake and Park 

Counties, Colorado. The study area includes a number of 
Upper Paleozoic carbonate outcrops within an area extending 
south from the town of Minturn along US 24 to the Leadville 
mining district, and across the northern part of the 
Mosquito Range from the town of Leadville to the Sacramento 
Mine area near Alma (Figure 1).

The Leadville and Dyer Formations crop out along the 
eastern flank of the northern Sawatch Range in the canyon of 
the Eagle River, at Mount Zion, Alps Gulch, and other areas 
within the Leadville Mining District (Figures 1 and 2). The 
Sawatch Range is a north-south elongate uplift consisting of 
a a core of Precambrian rocks overlaid by a thin mantle of 
Paleozoic and Mesozoic sedimentary rocks along its flanks
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Figure 1. Location map showing study area and vicinity.
Alps Gulch, A; Buckeye Gulch, BG; Elkhorn Mine,
E; Fourmile Creek, FC; Fryer Hill, FH; New York 
Cliffs Mining District, NY; Sherman Mine,S ; 
Sacramento Creek, SC; Sacramento Mine, SM; Spring Creek, SP.



T-3445 4

Mi n t u r n
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Figure 2. Generalized geologic map of the study area and 
vicinity. Modified from Tweto (1979).
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(Tweto and Lovering, 1977). In this study area these 
sedimentary rocks dip to the east with a fairly uniform dip 
of about 11 to 15 degrees. West of Leadville, across the 
northern Mosquito Range, a number of other exposures were 
studied in the vicinity of Fourmile Creek, Sacramento Gulch, 
and along the Mosquito Pass road in the New York Cliffs 
Mining District. Drill cuttings and cores were also 
available for parts of the study area, providing information 
in areas with poor or non-existent surface outcrops. The 
location of outcrops of Cambrian through Mississippian rocks 
in the study area are shown on Figure 2. More detailed 
geology and outcrop locations are shown on maps by Tweto 
(1956, 1974a, 1974b), Taranik (1974), and Tweto and others 
(1978).

The Sawatch Range, northern Mosquito Range and the 
intervening Arkansas River Valley (the northern extension of 
the Rio Grande rift system) are the major topographic 
features in the study area (Figure 1). Major faults include 
the northwest-trending Gore-Mosquito-Weston fault along the 
western flank of the Mosquito and Gore Ranges, the London 
fault in the northern Mosquito Range, and the northeast- 
trending Homestake shear zone (Figure 2). The majority of 
the field area is included within the Colorado Mineral Belt 
(Tweto and Lovering, 1977). This Belt is characterized by
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mineralized areas and by Late Cretaceous and Tertiary 
porphyritic intrusive rocks.

Previous Investigations 
The earliest comprehensive geologic study in this area 

was published by Emmons (1886) concerning the mining 
industry of the Leadville area. This was the first 
reference made to karst solution features as they relate to 
the development of ore bodies. Many subsequent workers have 
speculated on the relationship between ore bodies and 
dissolution features. These include work in the Gilman, Red 
Cliff, Leadville, Alma, and adjacent mining districts 
(Emmons and others, 1927 ; Behre, 1953 ; Radabaugh and others, 
1968 ; Tweto, 1968 ; Posada, 1973; Lovering and others, 1978; 
Johansing, 1982 ; De Voto, 1983, 1985, 1987 ; Thompson and 
others, 1983 ; Beaty and others, 1985, 1987; Thompson and 
others, 1985). Other works of related interest include 
stratigraphie, tectonic and diagenetic studies by Nadeau 
(1971), Dorward (1985), Banks (1967), De Voto (1980a,
1980b), Horton (1985), Smith (1987) and Tweto and Lovering 
(1977) .
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Methods of Study 
A detailed outcrop study was combined with core and 

pétrographie studies to evaluate the timing and mechanism 
of formation of the various dissolution features observed in 
the field area. Field relationships and breccia textures in 
outcrops and mine exposures were photographed and sketched. 
Hand samples were collected and polished slabs and thin 
sections were prepared to observe and describe textural 
features, mineralogy and cross-cutting relationships. Cores 
were made available by Noranda Exploration Inc. from Buckeye 
Gulch (Mount Zion) and the Silver Creek area. Drilling 
information from Canyon Resources Corporation in the 
Sacramento Mine area provided three-dimensional control in 
this area. Previous work by others has also been 
incorporated, including that based on observations from mine 
workings that are no longer accessible.
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GENERAL GEOLOGY

The geologic history of central Colorado can be divided 
into five parts : Precambrian events ; Paleozoic sedimentation 
and deformation; Mesozoic sedimentation; Laramide orogeny, 
intrusion of Laramide and mid-Tertiary igneous rocks; and 
later deformation relating to the Arkansas Valley formation 
and subsequent glaciation and erosion. The Pennsylvanian- 
Permian Maroon Formation and younger sedimentary rocks have 
been removed by post-Laramide erosion in the study area, but 
are preserved in adjacent areas. A general stratigraphie 
section for north-central Colorado is shown in Table 1.

Precambrian events include two periods of intense 
folding and deformation, three periods of batholithic 
intrusion and recurrent movements on major faults and shear 
zones (Tweto, 1980b). These early fault systems underwent 
movements in Phanerozoic time and affect patterns of 
sedimentation and erosion (Tweto, 1980a, Warner, 198 0; 
Weimer, 1980; Dorward, 1985; Smith, 1987).

Paleozoic sedimentation took place in a complex 
tectonic setting characterized by recurrent uplift and 
erosion resulting in varying stratigraphy throughout the 
field area (Figure 3). Lower and Middle Paleozoic strata 
consist of two major transgressive sequences deposited on a
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TABLE I
General Stratigraphie Section of North-Central Colorado

Age N am e Thicknetee. feet C h a rac te r

Holocene and late Pleistocene Alluvium and landslide 
deposits

0 -200?
(0 -90?)

Alluvium, terrace gravels, pond sediments, and 
landslide debris.

Pleistocene Glacial deposits 0 -300?
(0-90?)

Tills of Pinedale, Bull Lake, and pre-Bull Lake ages.

Pleistocene!?) and Pliocene Colluvium 0 -7 5
(0-23)

Sandstone blocks and supergene chert in d irt m atrix.

Miocene Volcanic rocks 0 -2 0 0
(0-61)

Tuff and basalt.

Miocene, Oligocenet?), and 
Late Cretaceous

Intrusive igneous rocks Quartz latite, dacite, and quartz basalt porphyries, in 
sills and dikes.

Early Cretaceous Dakota Sandstone 150-160
(46-49)

Medium-bedded to massive light-gray sandstone; is 
dark gray, thin bedded, and shaly a t top; locally 
conglomeratic a t base.

Late Jurassic Morrison Formation 250
(76)

Interbedded light-gray sandstone, green, gray, and 
purple shale, and gray limestone.

Entrada Sandstone 60
(18)

Massive, cross-bedded buff to orange sandstone.

Late Triassic Chinle Formation 70
(21)

Red and purple siltstone, mudstone, and fine-grained 
sandstone; G artra Member, a t base, is 10-25  ft 
(3 -7 .5  m) of coarse white sandstone and 
conglomerate.

Early Permian, Late 
and Middle 
Pennsylvanian

Maroon Formation 1,700-4,200
(518-1,281)

Red sandstone, siltstone, grit, and conglomerate.

Middle Pennsylvanian M inturn Formation 2,100-6,300
(640-1,921)

Grit, conglomerate, sandstone, and shale in lenticular 
bodies, and some intercalated limestone and dolomite 
in persistent beds; predominantly gray but red in 
upper part and in an irregular zone near base. Some 
of the limestones are named members; see figure 13 
for subdivisions.

Belden Formation 0 -2 0 0
(0-61)

Dark-gray to black shale, limestone, and minor 
sandstone, in thin beds.

Early Pennsylvanian Molas Formation 0 -1 0
(0-3)

Gray, yellow, and brown regolithic silt and clay 
containing abundant chert fragments.

Early Mississippian Leadville Limestone 
(or Dolomite)

0 -140
(0-43)

Dark gray limestone or dolomite; massive in upper part; 
medium bedded and cherty in lower part. Dolomite is 
extensively recrystallized.

Early Mississippian!?) 
and Late Devonian I Gilman

Sandstone
0 -5 0

(0-15)
Interbedded yellow-gray sandstone, sandy and cherty 

dolomite, and breccia.

Late Devonian C
S

Dyer Dolomite 0 -8 0
(0-24)

Thin-bedded gray dolomite.

S Parting
Formation

0 -6 5
(0-20)

Coarse-grained white to tan  quartzite  and 
conglomerate; subordinate interbedded green shale.

Middle Ordovician Harding Sandstone 0 -8 0 ?
(0-24?)

White, gray, and green sandstone and quartzite, and 
green shale.

Late Cambrian Peerless Formation 0 -7 0  
(0-21) '

Brown, red, green, and buff sandy dolomite, dolomitic 
sandstone, dolomite, and dolomitic shale; irregularly 
glauconitic and ferruginous.

Sawatch Quartzite 0 -2 2 0
(0-67)

Medium- to thick bedded, medium-grained white 
quartzite.

Precambrian X Cross Creek G ranite Coarse-grained, generally porphyritic gneissic to 
massive quartz monzonite or granodiorite.

Diorite Mainly biotite quartz diorite; gneissic to massive.

Gneisses Mainly migmatite; some biotite gneiss.

Tweto and Lovering (1977)



T-3445 10

Fi
gu
re
 

3. 
Re
st
or
ed
 

se
ct
io
n 

of 
the

 
Lo
we
r 

and
 

Mi
dd
le
 

Pa
le

oz
oi

c 
ro
ck
s 

be
tw
ee
n 

Mi
nt
ur
n 

and
 

Le
ad
vi
ll
e 

(T
we
to
, 

19
80
).



T-3445 11

gently sloping carbonate shelf with basal clastic sediments 
grading upwards to platform carbonates (Rose, 1976; Tweto 
and Lovering, 1977 ; Ross and Tweto, 1980).

The Devonian and Mississippian rocks represent the 
Kaskaskia sequence in central Colorado. This sequence 
includes the Devonian Parting Formation, Dyer Dolomite, 
Devonian and/or Mississippian Gilman Sandstone, and the 
Mississippian Leadville Formation (Figure 4).

Late Devonian sedimentation began with the deposition 
of the marginal marine and deltaic sand and shale of the 
Parting Quartzite (Rothrock, 1960) followed by the Dyer 
Dolomite deposited in hypersaline tidal-flat and shallow 
subtidal environments (Dorward, 1985). The Dyer Dolomite is 
conformable with the underlying Parting Formation. The 
upper contact with the Gilman Sandstone is generally 
conformable and commonly gradational, but locally the Gilman 
Sandstone fills channels scoured into the underlying 
dolomite (Tweto and Lovering, 1977). The Dyer Dolomite 
consists almost completely of dark gray to black, laminated 
fine-grained dolomite along with a few thin sandy and shaley 
beds.

Late Devonian to Early Mississippian sedimentation 
continued in a tidal-flat environment with the deposition of 
the Gilman Sandstone (Tweto and Lovering, 1977). Within the
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Belden Fm. Cof fman Mem. of 
Minturn Fm.

Molas Fm.

o>
Cas t l e  B u t t e  Mem.

pink b r e c c i a

Redcl i f f  Mem.

TJ
lower  R e d c l i f f  
b r e c c i a "

waxy _be_d
Gilman S a n d s t o n e-  ->

Dyer  Dolomi te

Figure 4. Generalized stratigraphie section of the
Leadville and Dyer Formations in the field area. 
Unconformities depicted by wavy contacts. 
Tertiary porphyry sills intruded at various 
horizons are not shown on drawing. Redcliff and 
Castle Butte Members as redefined by Beaty and 
others (in prep., U.S.G.S. Open-File Report).
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study area, the Gilman Sandstone is a persistent unit at the 
base of the Mississippian System. The upper, wavy contact 
with the Leadville Formation is unconformable throughout the 
field area but appears to be conformable farther to the 
northwest in the White River Plateau (Conley, 1972). The 
Gilman Sandstone generally thins away from the Sawatch 
uplift (Nadeau, 1971) and, in the field area, is typically 
15 to 30 ft thick. The Gilman Sandstone is varied in 
lithology. In the study area, a basal bed of sandstone, up 
to a few feet thick, is overlaid by interbedded dolomite and 
sandstone. Above this is a zone of intraformational breccia 
bodies (Banks, 1967; Nadeau, 1971; Tweto and Lovering, 1977) 
containing both dolomite and sandstone clasts, which is 
overlaid by bedded dolomite mudstone and sandstone.

The limestone and dolomite of the Leadville Formation 
are the Mississippian strata in central Colorado. The 
Mississippian Leadville Formation is divided into two 
informal members, the Kinderhookian and lower Osagean 
Redcliff Member and the Osagean Castle Butte Member as 
originally defined by Nadeau (1971) and modified by Beaty 
and others (USGS Open-File Report, in prep.). Lower 
Mississippian (Kinderhookian) sedimentation was interrupted 
by local tectonic uplift and subaerial exposure of the 
Redcliff Member in the early Osagean prior to the deposition
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of the upper, Castle Butte Member in a subtidal environment 
(De Voto, 1980).

The Redcliff Member consists of dark gray, laminated, 
stromatolitic dolomite mudstone and intraclast wackestone- 
packstone (Conley, 1972 ; De Voto, 1980a; Samsela, 1980).
The base of this unit is typically marked by a bed of 
crystalline dolomite referred to as the "waxy bed" by the 
mine geologists at Gilman (Tweto and Lovering, 1977).

Unconformably overlying the Redcliff Member is the 
Osagean Castle Butte Member of the Leadville Formation. The 
dolomite of the Castle Butte Member is composed predominant
ly of recrystallized dolomite grainstones and packstones, 
except for a small area near Minturn where it consists of 
lime grainstones and packstones (Nadeau, 1971; Dorward,
1985). The upper surface of the Castle Butte Member is 
marked by a regional unconformity characterized by karst- 
erosion features.

The Leadville Formation throughout most of the study 
area has been completely dolomitized, destroying most of the 
original texture. Earlier investigators, including Emmons 
(1927), Tweto (1968), Lovering and others (1978), and 
Radabaugh and others (1968), attributed dolomitization to 
Tertiary hydro-thermal events related to the emplacement of 
porphyries and other igneous bodies. However, a number of
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recent studies by De Vote (1983, 1985, 1987), Dorward (1985) 
and Horton (1985) indicate that dolomitization more likely 
occurred in a brackish water mixing zone during times of 
subaerial exposure in the Late Paleozoic.

At the end of the Osagean, a eustatic drop in sea level 
combined with local uplift once again caused the sea to 
retreat to the west, and by late Chesterian time, most of 
western Colorado, eastern Utah, Arizona, New Mexico, and 
parts of Wyoming were subaerially exposed (Rose, 1976). 
During this time, a karst topography developed on the 
exposed carbonates throughout much of central Colorado 
(Posada, 1973; Maslyn, 1976; Tweto and Lovering, 1977; De 
Voto, 1985 ; Tchauder and Landis, 1985).

The Molas Formation is a residuum or regolith of 
relatively insoluble material that developed during Late 
Mississippian chemical weathering of the Leadville Formation 
(Power, 1969). Observation of the Molas Formation in 
outcrop, cores and mine exposures revealed extreme 
variability in thickness, composition and color. In the 
study area, the Molas occurs as isolated pockets between the 
Leadville and Belden Formations and as a filling in caves 
and solution-enlarged joints. The Molas typically consists 
of either gray to green, much less commonly red and brown,
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silt, clay and very fine-grained sandstone, along with 
varying amounts of fragmental chert and dolomite clasts.

During the Pennsylvanian, vertical movement along zones 
of weakness formed the Ancestral Front Range, Uncompahgre 
uplift and the intervening central Colorado trough (De Voto, 
1980b; Tweto, 1980). Belden shales and sandstones were 
deposited in the Central Colorado Trough in shallow marine 
and deltaic-plain environments with alluvial channel 
sandstones and conglomerates of the Coffman Member of the 
Minturn Formation being locally deposited in the northern 
Mosquito Range (De Voto, 1972).

Subsidence of this trough accompanied by continued 
uplift of the Ancestral Front Range supplied coarse-grained 
sediments to the eastern side of the central Colorado 
Trough. These sediments comprise the Minturn Formation and 
consist of siliciclastic marginal marine and continental 
deposits with interbeds of shallow marine limestones (Tweto 
and Lovering, 1977). Conditions became increasingly arid 
from Pennsylvanian time into the Permian during the 
deposition of the Minturn and Maroon Formations.

Continental sedimentation prevailed throughout Late 
Paleozoic into the Mesozoic. The final marine incursion 
occurred during the Cretaceous along with the deposition of 
marine shales and marginal marine sandstones (Tweto and
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Levering, 1977). Sedimentary rocks younger than Permian in 
age have been removed from the field area by post-Laramide 
erosion.

The Laramide orogeny resulted in uplift, faulting and 
folding throughout the region (Tweto, 1980). During the 
Laramide and again in the mid-Tertiary, porphyrytic igneous 
rocks were
intruded into the Paleozoic rocks. These igneous intrusive 
rocks range in age from about 70 m. y . (Tweto, 1980) to 
about 40 m. y . (Bookstrom and others, 1987). The post- 
Laramide history of the area includes uplift and erosion, 
formation of the northern extension of the Rio Grande rift, 
glaciation and recent sedimentation along the flanks of the 
Sawatch uplift and the northern Mosquito Range (Tweto, 1968 ; 
Tweto and Levering, 1977).
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MID-LEADVILLE DISSOLUTION

Within the study area, the Redcliff and Castle Butte 
Members (as defined by Beaty and others (USGS Open-File 
Report, in prep.)) are separated by an unconformity marked 
locally by scour, solution features (both pre- and post- 
Castle Butte deposition in age) and carbonate breccias.
This is part of a regional intraformational unconformity 
evidently resulting from a combination of eustatic sea level 
change and local and regional tectonic movements (De Voto, 
1980a; Baars, 1966). Within the southern part of the study 
area, the top of the Redcliff Member has been described as a 
scoured surface marked by a discontinuous, black shale with 
occasional carbonate clasts (Dorward, 1985) and a "pothole 
karst" by Tschauder and Landis (1985). In the Gilman mining 
district a distinctive pink-colored breccia immediately 
overlying the Redcliff Member was interpreted by Lovering 
and others (1978) as having formed by erosion during a 
period of subaerial exposure in the mid-Mississippian and 
modified by post-Castle Butte dissolution.
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Dissolution Features

Pink Breccia
At Gilman and Red Cliff, the Redcliff/Castle Butte 

contact is commonly marked by a distinctive pink-colored 
breccia referred to by early mine geologists, and most later 
investigators, as the "pink breccia". The pink breccia was 
observed by the author in the Gilman area and in Silver 
Creek cores, and has been described by Beaty and others 
(1985) in the New Wyoming decline near the town of Red 
Cliff.

Typically, the pink breccia forms a single bed at the 
top of the Redcliff Member but locally bifurcates and 
cross-cuts both overlying and underlying beds. Both of 
these characteristics are well displayed in outcrops 
immediately south of the town of Gilman adjacent to the 
Eagle Mine workings. At this location the pink breccia 
occurs about 90 ft above the Gilman Sandstone.

In outcrops near the town of Gilman the pink breccia 
typically forms a single bed from 3 to 8 ft thick with a 
sharp, wavy lower contact scoured into the underlying 
Redcliff beds, and a sharp, planar upper contact with the 
Castle Butte strata (Figure 5). The breccia is unsorted, 
clast supported, and consists of irregular, somewhat
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Figure 5. Outcrop of "pink breccia" at Gilman showing the 
typical sharp, wavy, lower contact with the 
Redcliff Member and planar upper contact with the 
undisturbed overlying beds of the Castle Butte 
Member. Height of outcrop shown in photograph is 
approximately 60 ft. Castle Butte Member, CB; 
pink breccia, PB; Redcliff Member, RC; top of 
Redcliff Member as defined by Nadeau (1971), N.
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elongated, pink to gray sucrosic dolomite clasts with 
angular, irregular shapes. Most clasts range in size from 
about 1 to 4 in and are tightly packed or interlocking, 
apparently as the result of pressure solution at clast 
boundaries (Figure 6). The matrix comprises only a small 
percentage of the breccia and consists of pink, brown and 
gray shale with a lesser amount of pink dolomite sand and 
white to tan quartz sand. Dolomite sand is "disaggregated" 
dolomite host rock which has been redeposited in open 
cavities and is the product of partial dissolution along 
crystal boundaries.

This typical pink breccia changes laterally to much 
thicker breccia bodies with gradational upper contacts with 
brecciated and fractured Castle Butte strata, and sharp wavy 
lower contacts. In these areas where the pink breccia is 
anomalously thick, the overlying dolomite beds appear to 
have collapsed forming large, slightly rotated slabs 
(Figure 7).

The texture of the breccia also changes in the thicker 
areas. Incorporated within the thicker breccia are large 
blocks and slabs of medium to dark gray, coarsely 
crystalline dolomite. These large slabs are oriented 
sub-parallel to bedding and many of the larger fragments 
have pink or bleached rims. Matrix makes up a larger
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Figure 6. Detail of the pink breccia near Gilman showing 
typical texture of interlocking dolomite 
fragments resulting from pressure solution. 
Matrix exists mainly as thin seams between 
fragments.
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Figure 7. Outcrop of pink breccia at Gilman showing
collapse of the overlying Castle Butte beds as 
the result of subsequent dissolution (Late 
Mississippian) along the pink breccia zone. 
Maximum thickness of the pink breccia in the 
photograph is about 8 ft, total height of 
outcrop shown is approximately 25 ft. 
Orientation of Castle Butte bedding shown by 
solid lines. Castle Butte Member, CB; pink 
breccia, PB; Redcliff Member, RC.
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percentage of the total breccia volume and consists of gray, 
laminated shale and tan, pink and light gray, fine-grained 
quartz sand, and dolomite sand.

Sacramento Mine Area
Evidence for mid-Leadville subaerial exposure and 

dissolution is well preserved in the outcrops near the 
Sacramento Mine. Solution features include solution- 
enlarged joints, solution openings filled with marine 
carbonate sediments, and breccias overlying the upper 
Redcliff surface. Transgressive tidal flat to shallow 
subtidal facies of the basal Castle Butte Member overlie the 
irregular Redcliff surface and breccia. The upper Redcliff 
and lower Castle Butte strata are crosscut by a younger 
generation of solution features which are discussed under 
the heading of "Late Mississippian Paleokarst".

The irregular upper Redcliff surface and the overlying 
breccia are exposed in the Sacramento Mine workings (Figure 
8). The underlying, sucrosic to coarsely crystalline, dark 
gray dolomite of the Redcliff Member contrasts sharply with 
the overlying light gray to tan, dolomite mudstone and 
depositional breccias characteristic of the basal Castle 
Butte Member in this area. Locally overlying the Redcliff 
Member is a breccia containing angular to rounded clasts of
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Figure 8. Schematic upper Redcliff-lower Castle Butte
section as exposed in the Sacramento Mine Area. 
Only immature pre-Castle Butte karst features are 
preserved, possibly representing coastal exposure 
facies. Solution-enlarged joints have been 
filled with tidal-flat and open marine shelf 
carbonates of the Castle Butte Member.
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dark gray Redcliff dolomite (Figure 9). Tan to light gray 
dolomite mudstone and lithoclast wackestone surrounds the 
clasts and fills small fractures in the upper Redcliff 
strata.

The basal strata of the Castle Butte Member contain 
lithologies indicative of tidal-flat deposition in a 
transgressing marine environment. Lithologies change upward 
from locally burrowed, laminated, tan dolomite mudstones and 
wackestones to gray dolomite mudstone (Figure 8). Irregular 
lenses or beds of depositional breccias make up a large 
percentage of this sequence. The breccias are most abundant 
near the base of this unit and appear to fill channels 
scoured into the enclosing mudstones.

These breccias form a distinctive, laterally continuous 
marker bed recognized both in outcrop and in the subsurface 
as revealed by recent drilling by Canyon Resources 
Corporation (Kurisoo, personal communication, 1985). The 
breccia is characteristically light tan or gray, 
occasionally stained pink, with dolomite mudstone clasts in 
a dolomite mudstone matrix (Figure 10). Some mudstone 
fragments contain round grains and small, branching burrows 
or colonial organisms. The clasts are lithologically 
identical to the enclosing bedded mudstone. Clasts range in
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Figure 9. Breccia above the Redcliff/Castle Butte contact 
at the Sacramento Mine. Dark gray Redcliff 
dolomite fragments (R) are enclosed in the 
mudstone and depositional breccia of the basal 
Castle Butte sediments (C).
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Figure 10. Typical depositional breccia found near the 
base of the Castle Butte Member. Rounded 
dolomite mudstone lithoclasts are enclosed in a 
dolomite mudstone matrix. This breccia forms a 
distinctive marker bed in the Sacramento Mine 
area.
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size from sand size to cobbles up to about 6 in across and 
are roughly oblate.

The enclosing Castle Butte dolomite mudstone is tan to 
light gray towards the base becoming darker gray upwards.
The mudstone commonly contains thin beds with abundant, 
irregularly laminated round grains ranging in size up to 1 
in in diameter. Larger grains commonly consist of a cluster 
of smaller grains bound together by irregular laminations. 
The fabric of these round-grain beds varies from a 
packstone to wackestone. Similar but smaller and less 
distinct round grains, lacking internal structure, were 
found occasionally within the upper few feet of the Redcliff 
Member.

Solution features are found within the upper few feet 
of the Redcliff Member. Features include solution enlarged 
joints and small caves or vugs with sharp, distinct walls 
(Figures 11 and 12). Solution features are filled with a 
material lithologically similar to the basal Castle Butte 
beds, consisting of light gray pelletai, crinoidal dolomite 
wackestone and mudstone containing abundant small, rounded 
dolomite mudstone intraclasts. Indistinct, concave-upward 
laminations were rarely observed within the fill.
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Figure 11. Light gray, intraclast, pelletai, crinoidal
dolomite wackestone of the basal Castle Butte 
Member (light gray, behind hammer) filling 
solution-enlarged joints in the upper part of 
the Redcliff Member (Dark gray).
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Figure 12. Detail of Castle Butte depositional breccia
(white) filling solution-enlarged joints in the 
upper portion of the Redcliff Member (dark 
gray).
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Lower Redcliff Breccia
In addition to dissolution features that formed at or 

just below the top of the Redcliff Member, a laterally 
persistent breccia bed occurs near the base of the Redcliff 
Member (Figure 4). This breccia crops out at Mount Zion, 
Alps Gulch, and in the Sacramento Mine area. The breccia is 
part of a distinctive stratigraphie sequence, and is 
characterized by a sharp, slightly undulating lower contact, 
with the breccia grading upward into unbrecciated, massive, 
sucrosic dolomite.

The typical sequence, as exposed at Mount Zion begins 
at the Gilman Sandstone-Redcliff contact (Figures 13 and 
14). Overlying the sandstone is about four feet of light to 
medium gray sucrosic and microcrystalline dolomite followed 
by a distinctive marker bed of dark gray, sucrosic dolomite 
with wavy laminations and occasional zones of zebra dolomite 
in the upper part. Wavy laminations become increasingly 
distinct towards the top of this dark bed where there is a 
gradational change to a thin, light gray, wavy-laminated 
bed. The laminated sediments at the top of this bed are 
occasionally disrupted and broken into a thin layer of 
angular chips arranged sub-parallel to bedding. About four 
to six feet of breccia overlies the wavy bed. With the
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Figure 13. Typical stratigraphie section of the lower 
Redcliff Member in the southern part of the 
field area showing the areally extensive 
solution-collapse breccia bed. The sharp lower 
contact was always observed to be at a 
distinctive thin, wavy-laminated bed at the top 
of a dark gray marker bed. The dark gray marker 
bed and the wavy-laminated bed were observed 
throughout the field area.



T-344 5 34

Figure 14. Solution-collapse breccia bed near the base of 
the Redcliff Member in the southern part of the 
field area (see Figure 13 for generalized 
stratigraphie relationships). The lower dark- 
gray dolomite bed is at the bottom of the 
photograph and the wavy-laminated bed is at the 
head of the hammer. The breccia extends to the 
top of the photograph. Note the layered nature 
of the breccia.
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exception of the breccia, this same general stratigraphy is 
seen throughout the study area.

The breccia consists of angular, irregularly shaped, 
light- to dark-gray, finely crystalline, dolomite clasts in 
a gray, finely crystalline dolomite matrix. Clasts range in 
size from coarse-sand size to blocks greater than two feet 
across. No consistent size distribution pattern was 
noticed. Within the breccia there is some indication of 
slumping and plastic deformation of some of the clasts. In 
some areas there is a definite stratigraphy to the clast 
types as if different beds were brecciated but remained in 
their same relative vertical positions (Figure 14).

At Spring Creek this breccia consists of dark gray 
zebra dolomite clasts within a light gray, finely 
crystalline dolomite matrix. Zebra texture is oriented 
predominantly in a horizontal position, parallel to bedding, 
indicating that these clasts settled a short distance with 
only slight rotation. The white, dolomite spar zebra 
stripes are, almost without exception, confined to the 
interior of the clasts, with some clasts consisting of only 
a rind of dark dolomite surrounding white zebra dolomite 
(Figure 15). In rare instances thin stringers of white 
zebra spar extend outward into the matrix, as if filling
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Figure 15. Typical zebra dolomite clast in the lower 
Redcliff solution-collapse breccia near 
Sacramento Mine. Note that the layers of the 
zebra spar (white) pinch-out just inside the 
right margin of the clast and have not been 
truncated by brecciation, indicating formation 
of the zebra texture after brecciation.
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fractures (Figure 16). These relationships indicate that 
brecciation preceded zebra spar precipitation.

Discussion of Dissolution Features
The Redcliff/Castle Butte contact is an unconformity 

surface created during a relatively short period of 
subaerial exposure in the early Osagean (De Voto, 1980a). 
This unconformity is about 20 ft above the Redcliff/Castle 
Butte contact described by Nadeau (1971). Nadeau (1971) 
placed this contact at a change in lithology (from medium 
gray, finely crystalline dolomite to a light gray, medium 
crystalline dolomite) which he interpreted as a 
disconformity (Figure 5). Evidence from this study 
indicates continuous sedimentation across Nadeau's contact 
and that the Redcliff/Castle Butte contact should more 
logically be placed at the prominent unconformity marked by 
the pink breccia. Beaty and others (USGS Open-File Report, 
in prep.) have traced the unconformity marked by the 
pink breccia from Gilman to Mount Sherman.

Although a number of dissolution features occur in the 
vicinity of the Redcliff/Castle Butte contact, the evidence 
indicates that many features post-date Castle Butte 
deposition, and only a small number formed prior to Castle 
Butte deposition. Dorward (1985), and Tschauder and Landis
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Figure 16. Detail of the area to the left of the lens cap 
shown in Figure 15. Stringers of dolomite spar 
(zebra spar) cut the matrix and have textures 
indicative of growth into an open space 
(increasing crystal size towards the center).
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(1985) are among previous workers who have described an 
unconformity separating these two members which apparently 
formed during subaerial exposure in the early Osagean as the 
result of a relative drop in sea-level, possibly combined 
with local uplift (De Voto, 1980a). Features interpreted in 
this study as having formed by erosion and dissolution of 
the Redcliff strata prior to Castle Butte deposition include 
the pink breccia (in part) in the Gilman-Red Cliff-Silver 
Creek area; solution features filled with dolomite mudstone 
and wackestone in the upper part of the Redcliff Member 
along Spring Creek; breccia containing fragments of Redcliff 
dolomite at the Sacramento Mine; and the areally extensive 
solution-collapse breccia near the base of the Redcliff 
Member.

Evidence from this study indicates that the pink 
breccia formed on the surface of the Redcliff Member during 
a period of subaerial exposure prior to deposition of Castle 
Butte sediments, was modified by later dissolution and 
brecciation following Castle Butte deposition, and 
subsequently by pressure solution during deep burial in the 
Late Paleozoic. Important characteristics include a wavy 
lower contact cross-cutting the underlying beds, a sharp, 
planar upper contact with the overlying, undisturbed Castle
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Butte beds, pink, oxidized colors and the siliciclastic 
matrix material.

The relatively thin, uniform, pink breccia beds 
represent intraformational breccias that have been only 
slightly modified by subsequent processes. The limited 
extent of this distinctive breccia in the field area, the 
small quantity of residual material, and field relationships 
indicate that the pink breccia formed prior to deposition of 
the Castle Butte Member durating a relatively short period 
of subaerial exposure.

The pink breccia served as a permeable conduit for the 
movement of fluids in the subsurface at later times. Fluid 
movement along this horizon resulted in solution and 
collapse of the overlying beds. Evidence for later solution 
includes collapse of overlying dolomite beds, incorporation 
of breakdown blocks within the breccia, and a higher 
percentage of shale and quartz sand. Much of this 
siliciclastic material was presumably introduced from the 
surface through solution openings during pre-Belden erosion 
of the Leadville Formation as discussed in the section "Late 
Mississippian Paleokarst". Following deep burial of the 
Leadville and Dyer Formations in the Pennsylvanian, pressure 
solution at clast contacts in the pink breccia created the 
closely packed to interlocking textures observed in outcrop.
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The breccia containing fragments of Redcliff Dolomite 
found overlying the Redcliff Member at the Sacramento Mine 
also appears to have formed during the time of subaerial 
exposure preceding Castle Butte deposition. The irregular 
surface at the base of the breccia, which truncates the 
underlying Redcliff beds, is probably an erosion surface 
while the upper breccia contact is conformable with the 
Castle Butte sediments. Dolomite mudstone and wackestone 
surrounding the breccia clasts is identical in appearance to 
the overlying Castle Butte sediments and can be physically 
traced to these overlying beds. This evidence suggests that 
brecciation was the result of weathering of the exposed 
Redcliff sediments, with the fragments being reworked in a 
marginal-marine environment during depositon of the basal 
Castle Butte strata.

Small solution cavities filled with light gray dolomite 
mudstone and wackestone found near the top of the Redcliff 
Member at the east end of the Spring Creek outcrop can also 
be correlated with this mid-Leadville unconformity. The 
evidence indicates that these solution cavities are 
paleokarst features which formed by ground water during a 
time of subaerial exposure of the Redcliff sediments prior 
to deposition of the Castle Butte Member.
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These solution features formed after sedimentation and 
lithification of the Redcliff Member but prior to, or 
concurrently with, the deposition of the basal Castle Butte 
sediments. The flat, unsupported roofs, and thin 
projections of wall rock into the cavities indicate that the 
Redcliff sediments were lithified prior to formation of the 
cavities. The fill within these cavities, consisting of 
light gray lithoclast, pelletai, skeletal-fragment dolomite 
mudstone to packstone, was evidently derived from the 
unconsolidated Castle Butte sediments which closely 
resembles the fill material. Proximity to the mid-Leadville 
unconformity is additional evidence that these solution 
features formed during subaerial exposure of the Redcliff 
Member.

The Castle Butte sediments subsequently buried this 
unconformity surface and filled in the solution features. 
Laminated dolomite mudstone, occasional burrows and lenses 
of depositional breccias indicate deposition in a tidal-flat 
environment with meandering tidal channels.

The origin of round grains found within the upper 
Redcliff and lower Castle Butte sediments is unclear and 
there has been considerable speculation on whether similar 
round grains are organic in origin (algal oncolites) or a 
product of later modification of carbonate sediments
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(weathering pisolites or vadose pisolites) (Thomas, 1968 ; 
Dunham, 1969; Gerhard, 1985). Recrystallization during 
dolomitization has obscured much of the internal structure 
of the round grains in the Sacramento Mine area, especially 
within the round grains from the Redcliff Member. The 
discontinuous laminations, mud-supported fabric, association 
with burrows and laminated mudstone, and lack of associated 
subaerial crusts or vuggy matrix, are evidence for a 
primary, probably algal origin. Similar round grains near 
the top of the Redcliff Member are too poorly preserved and 
exposed to speculate on their origin.

The upper Redcliff-lower Castle Butte sequence exposed 
in the vicinity of the Sacrameno Mine is similar to that 
described by Estaban and Klappa (1983) where only coastal 
exposure facies are recorded. Karst features are only found 
near the top of the exposed carbonates, there is no evidence 
of residual soil, and carbonate sediments deposited during 
the following transgression overlie the unconformity surface 
and fill minor solution features.

The breccia found locally overlying the Redcliff Member 
in the vicinity of the Sacramento Mine appears to be 
analogous to the pink breccia. Both breccias are found at 
the same stratigraphie position, overlie irregular erosion 
surfaces that truncate the Redcliff strata, and both were
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formed prior to deposition of the overlying Castle Butte 
beds. This same horizon has been traced from Gilman to the 
Leadville Mining District by Beaty and others (USGS Open 
File Report, in prep.).

In contrast with the pink breccia, however, the breccia 
in the vicinity of the Sacramento Mine is poorly developed. 
The breccia at the Sacramento Mine contains fewer and larger 
dolomite fragments, lacks siliciclastic sediments and 
insoluble residuum, and the dolomite fragments do not have 
oxidized or bleached surfaces. These differences indicate 
that the weathering was relatively more intense in the 
Gilman-Silver Creek area. Mississippian tectonic activity 
creating subtle, localized uplift in the Gilman-Silver Creek 
area following deposition of the Redcliff Member could 
account for the more intense weathering and more oxidizing 
conditions. Dorward (1985) concluded that recurrent 
movement along north-trending faults have affected patterns 
of deposition and erosion throughout Devonian and 
Mississippian times, and De Voto ( 1985) notes the existence 
of Mississippian faults truncated by the pre-Castle Butte 
unconformity.

An areally extensive, stratigraphically limited breccia 
near the base of the Redcliff Member formed before, or 
concurrently with, weathering and formation of dissolution
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features in the upper Redcliff sediments (Figures 4, 13, and 
14). This breccia was recognized in the southern part of 
the field area at Mount Zion, Alps Gulch and the Sacramento 
Mine area. The sharp lower contact and gradational upper 
contact, breccia textures, lithology, and great areal extent 
of the breccia indicate formation by collapse of overlying 
beds following the solution-removal of a thin evaporite bed. 
The sharp lower contact, occurring at the same stratigraphie 
position over a wide area and collapse of overlying beds, 
are typical characteristics of evaporite-solution-collapse 
breccias (Blount and Moore, 1969).

Evaporite beds are not known to exist in the Leadville 
Formation in central Colorado, but there is evidence for the 
existence of "vanished" evaporites. Evaporites were 
deposited within the equivalent Madison Limestone in Wyoming 
(Sando, 1974) and the Leadville Formation was deposited in a 
similar carbonate shelf environment (Rose, 1976). Banks 
(1967), Nadeau (1971), Dorward (1985), and Horton (1985) 
have all concluded that the lower Leadville was deposited in 
a hypersaline, evaporitic environment. Evidence from the 
field for "vanished" evaporites include the existence of 
length-slow chalcedony (Folk and Pittman, 1971) and rare 
casts of evaporite minerals (Horton, 1985), halite casts 
observed by the author, the association of laminated algal
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mats and evaporites (McKenzie, Hsu, and Schneider, 1980), 
saddle shaped dolomite (Friedman, 1980), zebra dolomite 
texture (Beales and Hardy, 1980), and other evaporite 
replacement textures (Dorward, 1985).

Characteristics of this breccia indicate that it formed 
relatively early in the diagenetic history of the Leadville 
Formation. The breccia bed is cut by Late Mississippian and 
younger solution features, and cross-cutting relationships 
with zebra spar indicates that brecciation preceded zebra 
spar formation. Zebra spar is believed to have precipitated 
in the Late Mississippian following deposition of the Castle 
Butte Member (Horton, 1985).

De Voto (1985) proposed that a fresh water lens formed 
within the Redcliff sediments during the period of subaerial 
exposure in the early Osagean prior to the deposition of the 
Castle Butte Member. Circulating ground water would 
probably have dissolved the evaporites at this time.
Another possibility is that the evaporites were dissolved 
fairly soon after deposition of the overlying sediments but 
prior to formation of the mid-Leadville unconformity. 
Evidence for early collapse (Beals and Hardy, 1980) observed 
at Mount Zion and Spring Creek includes lithoplastic breccia 
fragments, slumping, and a carbonate mud matrix, indicating
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some of the beds may not have been completely lithified at 
the time of collapse.

Convincing evidence for mid-Leadville erosion and 
dissolution was not observed in outcrop elsewhere in the 
study area. The development of pre-Castle Butte karst 
features along the Redcliff/Castle Butte contact has been 
suggested by Tschauder and Landis (1985) and Dorward (1985). 
Descriptions of these features are sketchy and many of the 
features described as forming prior to Castle Butte 
deposition are likely younger features that formed 
preferentially at this stratigraphie position following 
Castle Butte deposition in the Late Mississippian or at 
later times.
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LATE MISSISSIPPIAN PALEOKARST 

Introduction
Paleokarst features associated with the regional Late 

Mississippian unconformity occur throughout the study area 
and are hosted predominantly in the Dyer and Leadville 
Formations. Features include an irregular karst solution 
erosion surface, breccia zones, sinkholes, collapsed caves, 
and solution-enlarged joints. Unconformably overlying the 
Leadville is the Molas Formation, a residuum of insoluble 
material derived largely from the underlying Leadville. 
Commonly included within the base of the Molas is a soil 
breccia containing dolomite and chert fragments.

The Late Mississippian paleokarst in central Colorado 
has been documented in a number of previous investigations. 
Examples of recent work includes that by Tweto and Lovering 
(1977), Lovering and others (1978), De Voto (1983, 1985, 
1987) , Tschauder and Landis (1985), and Beaty and others 
(1987). Several types of dissolution features have been 
recognized but there continues to be speculation concerning 
the origin, time and spacial relationships, and 
relationships with ore deposits. Although this section 
duplicates some previous work, it has been included to 1. 
give detailed descriptions of dissolution features not
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previously described, or only described in a cursory manner; 
2. differentiate between dissolution features that formed 
during the Late Mississippian-Early Pennsylvanian and those 
which formed at other times; 3. and determine the 
relationships between Late Mississippian paleokast features 
and features created during other episodes of dissolution.

Dissolution features 
A wide variety of solution features developed on and 

within the Paleozoic carbonates during the Late 
Mississippian and Early Pennsylvanian. These features can 
be roughly grouped into four categories; solution-enlarged 
joints, caves, sinkholes and breccia zones. Distinction 
between these categories is somewhat arbitrary as most of 
these features are the result of various stages of the same 
process, proceeding from solution-enlarged joints, bedding 
planes and fractures, to the development of cave systems and 
finally collapse and the formation of sinkholes (Jakucs, 
1977) .

Solution-Enlarged Joints
Throughout the field area, solution-enlarged bedding 

planes, vertical-walled joints (cutters) and fractures are 
commonly found within Upper Paleozoic carbonates. These
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features were observed at all outcrops and mine exposures 
visited during this study, but are more abundant in the 
upper part of the Leadville Formation and in areas 
characterized by intense karst solution. Cutters vary in 
width from less than an inch to many feet. Some features 
are continuous with the Leadville surface and were part of 
the contemporary landscape in the Late Mississippian.

Solution-enlarged bedding planes, joints and fractures 
are filled with a variety of materials including gray, tan 
or red silt and clay, tan to white fine-grained quartz sand, 
dolo*mite sand and collapse breccias. Fill material 
generally increases in grain size towards the south within 
the field area, with clay and silt predominating in the 
northern portions, quartz sandstone in the middle and 
southern parts and conglomerates occur locally in the 
extreme south and southeast. Distribution of fill material 
is similar to the distribution of material found directly 
overlying the Leadville surface and is the presumed source 
of the fill (Figure 17). In areas where these features can 
be traced to the post-Leadville erosion surface, continuity 
between the fill and overlying sediments was observed.

Figure 18 is a photograph taken at the town of Minturn 
of solution enlarged bedding plane and fractures within the 
Castle Butte Member. The fill is gray and black, laminated
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Figure 17. Generalized geologic map of the basal
Pennsylvanian sediments overlying the Leadville 
Formation. Fill within Late Mississippian- 
Early Pennsylvanian subterranean paleokarst 
features is lithologically similar to the basal 
Pennsylvanian sediments. In the northern part 
of the field area, both the basal Pennsylvanian 
sediments and fill material consist largely of 
black, laminated, shale. In the south, 
conglomerates and sandstone of the Coffman 
Member of the Minturn Formation overlie the 
Leadville, and light-colored, fine-grained, 
quartz sandstone is a common fill material.
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Figure 18. Late Mississippian solution-enlarged fractures 
and bedding planes in the Castle Butte Member 
filled with laminated black shale similar to the 
overlying Belden Shale. Photograph taken at 
Minturn.
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shale similar to the overlying Belden Shale and Molas 
Formation. Similar features filled with shale are found 
throughout the northern and central portions of the field 
area. Near the the town of Gilman, the gray shale can be 
traced without interruption from solution-enlarged joints 
to the overlying Molas Formation.

Similar features filled with quartz sand were observed 
across the southern part of the field area at Mount Zion and 
in the New York Cliffs Mine area (Figure 19). At the New 
York Cliffs Mine, the sand-filled joints can be traced to 
the overlying sandstones and conglomerates of the Coffman 
Member of the Minturn Formation.

Caves
Irregular-shaped solution cavities interpreted as being 

pre-Belden caves are found in the Dyer and Leadville 
Formations throughout the study area. These features are 
common only in areas characterized by intense karst solution 
(Gilman, Red Cliff, Minturn, and Leadville), and are much 
less common in the intervening areas. Stratigraphically, 
caves are preferentially hosted near the Redcliff/Castle 
Butte horizon, near the top of the Castle Butte Member, and 
in the Gilman Sandstone. Shapes are irregular and vary from 
vertically to horizontally elongate with maximum dimensions



Figure 19. Laminated, white, fine-grained quartz sandstone 
(SS) filling a Late Mississippian solution 
enlarged bedding plain in the Castle Butte 
Member, New York Cliffs Mining District.
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on the order of tens of feet. Except for a few small caves 
which are completely filled with cave sediments, roof 
collapse has greatly modified their shapes and filled open 
space with collapse breccia.

Cave sediments consist of a variety of materials 
including massive or laminated, gray, and less commonly red 
and tan, mud and silt. White, gray and tan quartz sand and 
lesser amounts of dolomite sand were locally observed. 
Siliciclastic sediments appear to be the dominant cave 
sediment and breccia matrix material.

Typical paleocave stratigraphy consists of a basal 
layer of laminated cave sediments overlaid by collapse 
breccia (Figure 20). Collapse breccias commonly display an 
upward change in texture. The size, and to some extent the 
angularity, of the clasts increase and eventually grade into 
fractured then solid roof rock. There is also a tendency 
for the percentage of matrix to decrease towards the top of 
the breccia, changing from matrix to clast supported. Most 
clasts are the same lithology as the enclosing rock. 
Fragments of chert and zebra dolomite and chert nodules are 
also fairly common.

Although a typical cave is described above, there is 
much variability, ranging from small caves with well defined 
roofs completely filled with fine-grained sediments to large
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Figure 20. Schematic paleocave stratigraphy with collapse 
breccia overlying laminated cave sediments.
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caves filled with collapse breccia with little or no 
fine-grained sediments. The following cave descriptions are 
representative examples demonstrating the variability 
observed in the field.

A small, well preserved paleocave in the Castle Butte 
Member is exposed at Mount Zion (Figures 21 and 22). This 
cave is unusual in that it has not collapsed but, in 
contrast to most other paleocaves in the field area, has a 
well defined roof and walls, contains little collapse 
breccia and is filled predominantly with laminated cave 
sediments. Collapse occurs when the strength of the cave 
roof is exceeded (Davies, 1951), but evidently in this case 
the strength was not exceeded because of the relatively 
small roof span combined with the support from the cave 
sediments. Cave sediments consist of brown laminated silt, 
white fine-grained quartz sand, dolomite sand, and a few 
dolomite fragments. Most of the siliciclastic material is 
lithologically very similar to Pennsylvanian sedimentary 
rocks directly overlying the Leadville Formation in this 
area.

A more typical paleocave is exposed along an old road 
about 1.25 mi north of the town of Gilman. The cave is in 
the upper Redcliff Member or the lower Castle Butte Member 
and is about 6 to 10 ft across. Exact dimensions and the
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Figure 21. Late Mississippian cave in the upper part of the 
Redcliff Member at Mount Zion. The fill 
consists of laminated, fine-grained sandstone 
and silt with a few dolomite fragments. This 
cave is unusual as the roof has not collapsed 
and the fill consists of cave sediments with no 
overlying collapse breccia.
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Figure 22. Detail of the paleocave in Figure 21 showing
laminated sediments and the sharp contact with 
the unbrecciated cave roof (above the hammer 
head).
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stratigraphie position are unclear because of the rather 
poor exposure. The roof of this cave has collapsed and the 
fill consists of at least 2 ft of cave sediments overlaid by 
collapse breccia. The sediments consist of alternating 
layers of laminated gray and tan shale. Within the upper 
sediments are a few small, subrounded, dark gray, coarsely 
crystalline dolomite clasts similar in lithology to the 
dolomite wall rock. The surfaces of the clasts are covered 
with concave, scallop-shaped solution features similar to 
those found on fragments of limestone found in stream 
passages of modern caves. The collapse breccia above the 
laminated sediments is clast supported and the small amount 
of interstitial space is filled with shale and dolomite 
cement. Clasts of the overlying collapse breccia are more 
angular, the same lithology as the surrounding dolomite and 
range in size from about 2 in to 2 ft across.

A number of partially exposed paleocaves in the 
Leadville Formation are exposed at Red Cliff along Turkey 
Creek. These caves are filled with fine-grained sediments 
and collapse breccia similar to the typical paleocave fill 
shown in Figure 21. The breccia contains a large percentage 
of fine-grained matrix and sediments towards the base and in 
places is matrix supported. The amount of matrix rapidly 
decreases and the size of the clasts generally increase
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towards the top of the breccia. Breccia fragments, 
sediments, matrix and a thin zone of the wall rock have been 
silicified, and fractures in the adjacent bedded dolomite 
are lined with quartz crystals. Large clasts commonly have 
silicified rinds and dolomite cores.

Sinkholes
Features interpreted as being Late Mississippian 

sinkholes are found throughout the field area. Sinkholes 
are most common within the upper part of the Leadville 
Formation, but in some cases extend into the underlying 
units as well. Sinkhole is a loosely applied term referring 
to roughly elliptical depression resulting from solution of 
underlying rock accompanied by subsidence. Sinkholes have 
been described in the Sherman Mine by Tschauder and Landis 
(1985), the Eagle Mine at Gilman by Beaty and others (in 
prep.), and a number of features interpreted as being 
sinkholes are exposed in outcrop throughout the study area. 
Because exposures of these features are generally poor, 
making it difficult to determine their geometry and size, it 
is probable that some of these features are not true 
sinkholes but are some other karst feature such as a large 
cave passage. What is important however, is that they all 
represent zones of karst solution and collapse.
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Where well exposed, these features are characterized by- 
steep walls, roughly circular outlines, and are filled with 
a chaotic mixture of breccia, residual soil, siliciclastic 
and carbonate sediments. Representative examples of these 
features are discussed below.

A large breccia body is exposed in the railroad cut 
near the north end of the town of Minturn. The breccia body 
is bounded to the north by unbrecciated Castle Butte 
limestone (a large collapse block ?) and the wavy floor cuts 
into the dolomitized Redcliff Member (Figures 23 and 24).
At one point the floor is only a few feet above the Gilman 
Sandstone. The exposure becomes covered to the south and 
the upper extent of the breccia is a relatively recent 
erosion surface overlaid by glacial and alluvial deposits. 
Beneath the floor is a tan, oxidized zone of bedded dolomite 
with abundant calcite-filled fractures. At the base of the 
breccia is a bed of alternating layers of laminated gray and 
tan clay and silt varying in thickness from a few inches to 
a few feet, containing small fragments of weathered dolomite 
in the lower layers. Organic material extracted from this 
shale was analyzed by Karl Newman of the Colorado School of 
Mines and found to have a high degree of thermal alteration.

The remainder of the feature consists of clast- 
supported breccia. Clasts are unsorted fragments of angular
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Figure 24. (a) Photograph of the breccia body exposed along

the railroad at Minturn. (b) Sketch of Figure 
24a showing limestone collapse breccia overlying 
laminated black and tan shale.
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gray lime wackestone to grainstone and range in size from 
pebbles to blocks over five feet across. The light gray and 
pink silty matrix is more abundant towards the base of the 
breccia and the whole mass is cemented by calcite with some 
voids being lined with quartz crystals. Within this breccia 
are two small, open, phreatic solution tubes that formed at 
an unknown time after the breccia was cemented. The 
orientation of the open passages, the geometry of the 
scallop-shaped solution marks on the walls and cross-bedded 
sediments indicate an easterly ground-water flow direction. 
Other solution features in the vicinity include what appears 
to be large collapsed caves in roadcuts along US 24 about 
1000 ft to the west and northwest, and other poorly exposed 
breccia bodies about 3 000 ft to the southwest.

Another large breccia body is exposed along Turkey 
Creek at the town of Red Cliff. Because the outcrop is 
discontinuous, it was not possible to determine the geometry 
of the breccia body, but it is over 30 feet high, 100 ft 
across, and the breccia extends downward at least into the 
Gilman Sandstone. The breccia contains angular fragments of 
Gilman Sandstone and Leadville Dolomite ranging in size from 
a from a few inches to large blocks and slabs over 10 ft 
across. The matrix consists of clay- and silt-sized 
material and the entire breccia body has been silicified.
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About 200 yd to the west is an outcrop of unbrecciated 
Castle Butte dolomite hosting a number of small paleocaves 
described in the previous section.

Roughly elliptical depressions in the upper Leadville 
surface, extensive collapse breccia, silicified breccia and 
an accumulation of red Molas material, were observed along 
Alps Gulch in the Leadville Mining District (Figures 1 and 
25). The most obvious feature is about 60 ft across and has 
a distinctive elliptical shape (Figure 26). A similar 
feature is located just to the north.

The Leadville and Dyer strata adjacent to the 
depression are extensively brecciated with the breccia 
extending downward at least 30 feet into the Dyer Dolomite. 
Dumps from adjacent prospect pits contain abundant 
silicified breccia and fragments of pink-colored Molas 
Formation. Breccia fragments include angular blocks of 
Leadville Dolomite, Gilman Sandstone and Dyer Dolomite.
Zebra dolomite within Leadville clasts is common and some 
blocks of Gilman Sandstone are partially disaggregated.

The breccia is clast supported and the variously sized 
clasts are erratically distributed. Matrix consists of 
gray, very finely crystalline dolomite or recrystalized 
dolomite mud, rounded quartz sand (derived from the Gilman 
Sandstone), and what appears to be a minor amount of pink
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Figure 25. Map of the Leadville Mining District showing 
pre-Pennsylvanian subcrop geology and the 
location of a Late Mississippian paleovalley 
proposed by De Voto (1983). The Alps Gulch 
outcrops are located on the south side of the 
eastward extension of the paleovalley. Modified 
from De Voto (1983).
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Figure 26. Elliptical depression in the upper Leadville 
surface interpreted as the outline of a late 
Mississippian sinkhole at Alps Gulch in the 
Leadville District. The feature is about 60 ft 
across. The view is looking roughly along 
strike with the beds dipping about 15 degrees to 
the right. Belden Fm./Coffman Mem., Minturn 
Fm., Pb; Leadville Fm., Ml? Gilman Sandstone, G; 
Dyer Fm., Dd.
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Molas material. The breccia is well cemented and locally 
silicified. Some dolomite clasts have been replaced by 
white calcite and silica. Calcite is open space filling 
replacing leached dolomite fragments.

Breccia Beds
Laterally extensive, stratigraphically limited 

brecciated dolomite is found at various stratigraphie 
positions in the Dyer and Leadville Formations. Only those 
breccias interpreted as having been formed or modified by 
dissolution or weathering processes during the Late 
Mississippian and Early Pennsylvanian will be discussed in 
this section. Depositional breccias within the Gilman 
Sandstone and the basal strata of the Castle Butte Member 
have been previously discussed.

The pink breccia forms a distinctive marker bed 
separating the Redcliff and Castle Butte Members in the 
Gilman-Silver Creek area. As previously noted, the pink 
breccia evidently formed prior to deposition of the Castle 
Butte Member and was modified by subsequent processes 
including dissolution, collapse, and pressure solution.
Only field evidence for post-Castle Butte dissolution will 
be discussed in this section and the reader is referred to
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the section "Mid-Leadville Unconformity" for additional 
discussion.

Where affected by subsequent dissolution, the thickness 
of the pink breccia increases significantly, the upper 
contact becomes gradational and the overlying beds show 
signs of collapse (Figure 7). In these areas the breccia 
contains large slabs of dolomite oriented sub-parallel to 
bedding, fragments of zebra dolomite and a larger percentage 
of shale and quartz sandstone.

A laterally continuous collapse breccia horizon in the 
Dyer Formation is exposed along Little Sacramento Creek in 
the northern Mosquito Range. Drill data from Canyon 
Resources Corporation demonstrates the lateral continuity of 
this breccia in the subsurface. Geologic investigations by 
Canyon Resources Corporation (De Voto, 1985) indicate a 
second, similar breccia located at a lower stratigraphie 
position.

The upper breccia bed in the Dyer Dolomite occurs about 
3 0 ft below the Gilman Sandstone and is characterized by a 
flat floor and laminated sediments overlaid by collapse 
breccia (Figure 27). The lower contact is sharp, slightly 
wavy and is always located within a distinctive dark gray 
dolomite bed. Laminated sediments at the base of the 
breccia consist of reddish brown to gray silt with minor
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Figure 27. (a) Photograph of the upper breccia horizon in
the Dyer Dolomite exposed at Sacramento Gulch. 
Collapse breccia overlying laminated shale is 
interpreted as resulting from the solution- 
removal of a thin evaporite bed. (b) Sketch of 
Figure 27a.
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amounts of fine-grained dolomite sand and small dolomite 
fragments. The breccia is 4 to 8 ft thick and is 
characterized by a progressive upward decrease in the 
percentage of matrix and an increase in clast size to large 
slabs roughly concordant with bedding, into bedded 
unfragmented dolomite. Clasts are the same lithology as the 
overlying beds and consist of of gray, finely crystalline 
dolomite occasionally with lighter colored rims. The matrix 
material is lithologically similar to the laminated 
sediments and consists of brown and gray silt and 
fine-grained dolomite sand.

The breccia beds in the Dyer are crosscut by younger 
solution features, probably collapsed caves. The collapsed 
caves contain laminated quartz sand, dolomite sand and silt 
overlaid by collapse breccia that grades upwards into 
fractured, then undisturbed dolomite beds (Figure 27). Many 
of the breccia clasts and the wall rock adjacent to the 
younger dissolution features have been recrystallized to a 
light tan, coarse-crystalline dolomite.

Ore from the Sacramento Mine was produced from a small 
deposit hosted within another laterally persistent, 
stratigraphically limited breccia. Brecciation has affected 
the upper Redcliff and lower Castle Butte strata and was 
correlated with breccias outcropping along nearby Fourmile,
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Spring, and Little Sacramento Creeks (Figure 28). The 
horizon may also be correlative with the breccia zone that 
hosts the silver-rich ores of the Sherman Mine located about 
two miles to the west (Tschauder and Landis, 1985).

Where not brecciated, this horizon consists of about 15 
feet of dark gray, thick-bedded, sucrosic dolomite. The 
dolomite contains poorly formed zebra dolomite and vugs 
partially to completely filled with white euhedral to 
subhedral dolomite spar. Overlying the breccia is the 
distinctive marker bed at the base of the Castle Butte 
Member consisting dolomite mudstone with lenses of 
depositional breccia and thin beds of irregularly laminated 
round grains.

Where this zone has been brecciated, both upper and 
lower breccia contacts are very irregular and truncate both 
overlying and underlying beds. The lower contact is fairly 
sharp but the upper contact is gradational with the 
overlying beds which in places have been broken into large, 
slightly rotated slabs (Figure 28).

The breccia is clast supported with a higher percentage 
of matrix towards the base and a slight upward increase in 
clast size. Most clasts are the same lithology as the dark 
gray sucrosic dolomite characteristic of the upper Redcliff 
strata, but fragments of the overlying Castle Butte beds are
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Figure 28. Breccia zone (B) at the top of the Redcliff 
Member (R) exposed at Fourmile Creek. Late 
Mississippian brecciation has affected the upper 
Redcliff Dolomite, and the overlying Castle 
Butte beds (CBj have collapsed slightly. The 
height of the outcrop shown in the photograph is 
approximately 30 ft.
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also fairly common near the top of the breccia. Poorly 
formed zebra dolomite and dolomite-lined vugs are common 
within the clasts. Clasts consisting of an aggregate of 
small angular, dark gray dolomite fragments cemented by 
white dolomite spar were locally observed. Dolomite 
fragments range in size from under an inch to over two feet 
across, are roughly oblate, and have corroded surfaces with 
concave facets.

The breccia matrix is predominantly a gray shale with 
contorted laminations. Dolomite sand is also present in 
small quantities near the base of the breccia but was 
observed in larger quantities only in the vicinity of 
mineralization at the Sacramento Mine and along Little 
Sacramento Creek. Blocks of bedded dolomite sand containing 
clastic barite fragments were found in dumps at the 
Sacramento Mine. Descriptions of the mine workings 
(Singwald, 1941; De Voto, 1985) indicate that dolomite sand 
comprised a large portion of the breccia within and adjacent 
to the ore. Mining operations have removed most of the 
dolomite sand in these areas preventing observation of field 
relationships.

This breccia cross-cuts an older breccia which overlies 
the Redcliff Member. The older breccia is discussed in the 
section "Mid-Leadville Dissolution", and is interpreted as
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having formed by weathering of the subaerially exposed 
Redcliff sediments prior to Castle Butte deposition. Blocks 
of this older breccia have been incorporated into the 
younger breccia.

Locally overlying the Leadville Formation is the Molas 
Formation, a regolith of relatively insoluble material 
derived largely from Late Mississippian-Early Pennsylvanian 
weathering of the Leadville carbonates (Power, 1969; Tweto 
and Lovering, 1977). Commonly found within the base of the 
Molas formation is a discontinuous breccia containing 
dolomite and chert fragments.

The Molas Formation is rarely exposed in outcrop, but 
is easily recognized in cores and mine exposures. In the 
study area, the Molas occurs between the Leadville and 
Belden Formations and as a filling in caves, solution 
enlarged joints and other karst solution features which 
formed during the Late Mississippian and Early 
Pennsylvanian. The Molas Formation typically consists of 
gray to green (much less commonly red and brown) silt, clay 
and very fine-grained sandstone, along with varying amounts 
of fragmental chert and dolomite. Authigenic pyrite is 
fairly common within the breccia matrix and the overlying 
sediments. The Molas Formation has predominantly reduced 
colors in the northern and central parts of the field area
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but oxidized colors are locally present in the southern 
area. Between these areas there appears to be a transition 
zone with interlaminated gray- and red-colored Molas 
material as observed in the Elkhorn Mine just south of 
Tennessee Pass.

The breccia within the base of the Molas Formation 
was observed in cores from Silver Creek, Buckeye Gulch, in 
roadcuts and in the Elkhorn Mine. It consists of dolomite 
and black chert fragments within a matrix of of gray, green, 
and occasionally red silt, clay, and fine-grained sandstone. 
The thickness of this breccia rarely exceeds one foot. The 
dolomite clasts are generally rounded and range in size up to 
about 6 in across. The breccia grades downward to 
fractured, coarse-crystalline Castle Butte Dolomite which is 
locally stained a reddish color, especially along fractures.

Towers
Tower-shaped features in the Leadville Formation were 

observed in scattered locations throughout the field area.
The towers occur individually or in isolated groups in 
localized areas characterized by abundant Late Mississippian 
dissolution features. Towers are most abundant along the 
Eagle River Canyon in the vicinity of the town of Gilman, 
but are also exposed at Red Cliff and Mount Zion.
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The towers are composed of Redcliff and Castle Butte 
Dolomite, have steep-sided conical shapes, and are as much 
as 30 or 40 ft high (Figure 29). Steep-sided, narrow 
buttresses of Leadville dolomite commonly found near these 
towers and may be similar features. The dolomite comprising 
the towers has been extensively brecciated and cut by 
solution enlarged joints, but not to such a degree as to 
completely obscure the bedding. Matrix and joint filling 
material consist predominantly of gray and pink shale with 
smaller amounts of white quartz sand, and rarely, tan 
dolomite sand. Tops of at least four other towers, which 
are enclosed in Belden Shale, are exposed in road cuts both 
north and south of Gilman (Figure 30). At one exposure 
north of Gilman, the Belden Shale onlaps the sides of, and 
drapes over the top of one of these towers.

Discussion of Paleokarst Features

Joint passages represent an early stage of karst 
solution where ground water has enlarged joints and other 
permeable pathways. Fill has been derived from a number of 
sources; insoluble residue of the enclosing rock, residual 
soil (Molas Formation), and quartz sand and mud washed in 
from the surface.



T-3445 79

t o w e r

t o w e r

Figure 29. (a) Towers of Leadville and Dyer Dolomite along
Hwy 2 4 north of Gilman. (b) Sketch of towers. 
Tertiary Pando Porphyry, Tp; Belden Fm., Pb; 
Castle Butte Mem., Mlcb; Redcliff Mem., Mir; 
Gilman Sandstone D-Mg; Dyer Fm., Dd.
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Figure 30. Mississippian karst tower enclosed in Belden
Shale exposed in roadcut south of Gilman. The 
tower (in the background) is composed of Castle 
Butte Dolomite with the pink breccia exposed at 
the base just above road level. Brecciated 
Castle Butte dolomite in the foreground.
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The high percentage of siliciclastic material filling 
these solution features, caves and other karst features, is 
a diagnostic feature of Late Mississippian paleokarst 
features. The lithology and distribution of fill material 
within solution openings are similar to those of the 
Pennsylvanian sediments directly overlying the eroded 
Leadville surface (Figure 17). The only time when 
appreciable amounts of quartz sand had access to solution 
openings was during pre-Belden erosion of the exposed 
Leadville Formation. Banks (1967) came to a similar 
conclusion in his study of the Leadville Formation in 
central Colorado. Little siliciclastic material was 
available to fill mid-Mississippian solution features 
because this exposure surface was buried by continued marine 
carbonate sedimentation, and later dissolution occurred 
during deep burial when no unconsolidated siliciclastic 
material was available to be transported into solution 
openings.

The ground water eventually formed cave systems beneath 
the Leadville erosion surface. Cave sediments consisting of 
insoluble residue, mud, quartz sand and dolomite sand 
accumulated in the cave passages. The distribution of 
siliciclastic cave sediments parallels that of fill within
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solution-enlarged joints, i.e. increasing sand content 
towards the south.

Ground-water flow through these paleocaves appears to 
to have generally followed the easterly regional dip of the 
Paleozoic sediments. The orientation of laminated paleocave 
sediments in the Sherman Mine (Tschauder and Landis, 1985) 
suggests an easterly ground-water flow direction. A 
pre-Belden easterly dip of the Mississippian rocks is 
demonstrated by Pennsylvanian strata exposed along Fourmile 
Creek onlapping onto the surface of easterly dipping 
Mississippian strata. Mississippian and Pennsylvanian 
strata dip 31 degrees and 22 degrees respectively to the 
east (De Voto, 1985, Figure 20).

Breccias filling most Late Mississippian caves 
evidently formed by collapse of the cave roofs. Collapse is 
indicated by the upward increase in angularity and size of 
dolomite fragments, gradational upward transition from 
breccia to fractured dolomite to undisturbed dolomite beds, 
and lithologie similarity between breccia fragments and the 
wall rock. Failure and collapse occurred as the strength of 
the cave roofs was exceeded as the caves were drained or by 
the increasing overburden of Pennsylvanian sediments.

A number of large solution features interpreted as 
being paleosinkholes were found in scattered locations. The
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distribution, size, shape, texture and composition of 
breccias, lithology of the sediments and breccia matrix, 
association with other solution features, and silicification 
indicate that these features are Late Mississippian or Early 
Pennsylvanian sinkholes. The characteristics of these 
features are similar to Late Mississippian sinkholes 
described by Maslyn (1976) near Aspen, to modern examples 
described by Esteban and Klappa (1983), and to those 
observed by the author at various locations in the eastern 
United States. The existence of Molas Formation material 
and other siliciclastic sediments within the features, and 
the demonstrable continuity with the upper Leadville surface 
at Alps Gulch indicates a time of formation in the Late 
Mississippian or Early Pennsylvanian.

The size and shape of these features are similar to 
both modern and ancient examples of sinkholes. The 
elliptical shape and size of the features at Alps Gulch 
strongly resemble examples of sinkholes. The fill material 
within these features appears to be largely transported 
surface material. Laminated silt and mud in sinkholes 
exposed at Minturn and in the Elkhorn Mine were evidently 
washed in from the surface. These sediments were deposited 
under alternating reducing and oxidizing conditions probably 
in a closed depression that was alternately flooded and
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drained. Material resembling the Molas Formation found in 
some breccias was also transported from the surface. 
Sediments from the Minturn feature were analyzed and the 
degree of thermal maturation of organic matter within the 
laminated sediments generally corresponds with that of the 
overlying Belden and Minturn Formations (Nuccio and Schenk,
1986). Similarity of thermal maturity indicates that both 
groups of sediments have similar burial histories and have 
comparable Early Pennsylvanian ages. Laminated sediments are 
scarce in the other features interpreted as paleosinkholes 
but the breccia matrix is a similar material, consisting of 
mud, silt, quartz sandstone and small amounts of dolomite 
sand. As previously noted, siliciclastic sediments and 
matrix material are indicative of Late Mississippian and 
Early Pennsylvanian karst solution features.

Dolomite fragments within the breccias appear to have 
two sources. The more rounded dolomite fragments were 
probably transported from the surface by small streams or by 
soil creep. The majority of the breccia however, consists 
of angular dolomite fragments derived from collapse of the 
walls and overlying rock.

In many cases the breccia and sediments within these 
features have been silicified, suggesting that related 
processes were involved in both the formation of these
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features and silicification. Silicification associated with 
paleokarst and unconformity surfaces has been documented by 
a number of authors (Leith, 1925; Banks, 1970; Nichols and 
Silberling, 1980). Maslyn (1976, 1977) notes the common 
occurrence of silicification adjacent to Late Mississippian 
sinkholes and other paleokarst features in the Aspen and 
Molas Lake areas in Colorado. Localized silicification in 
the study area has been previously attributed to Tertiary 
hydrothermal fluids, but the origin of the silicified 
dolomite (jasperoid) are poorly understood (Lovering and 
Heyl, 1980). It is possible that some silicification is 
Late Mississippian or Early Pennsylvanian in age. The 
uncertainty of the ages and mechanisms of silicification 
invites further research in this area.

Paleosinkholes were observed in the areas near 
Leadville, Red Cliff, Minturn, Gilman and Fourmile Creek. 
Karstification was relatively intense in these areas as 
evidenced by the abundance of caves, towers and solution- 
enlarged joints.

Laterally extensive, stratigraphically limited breccia 
zones were also formed during this time. These breccias 
formed both at the exposed surface and in the subsurface.
The pink breccia is the most easily recognized of these 
zones. The evidence from this study indicates that the pink
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breccia was formed prior to deposition of the Castle Butte 
Member but greatly modified by subsequent processes 
including dissolution. Much of this dissolution occurred 
during the Late Mississippian-Early Pennsylvanian. Collapse 
of the Castle Butte beds and incorporation of these beds 
within the breccia as large slabs limits the time of 
dissolution and collapse to post-Castle Butte deposition.
The quartz sand and much of the shale was probably washed in 
from the surface through solution openings during 
Late Mississippian Early Pennsylvanian erosion of the 
Leadville sediments. The presence of quartz sand and shale 
filling solution features is an indicative characteristic of 
Late-Mississippian dissolution features.

The brecciated zone in the Sacramento Mine area formed 
within the upper Redcliff and lower Castle Butte strata and 
is interpreted as a Late Mississippian solution-collapse 
breccia. Brecciation has cross-cut both the overlying 
Castle Butte sediments and older breccias which formed prior 
to, or concurrently with, basal Castle Butte deposition.
The predominant occurrence of laminated, gray shale in the 
breccia is also diagnostic of Late Mississippian-Early 
Pennsylvanian karst solution features.

Localization of brecciation adjacent to the Redcliff/ 
Castle Butte unconformity position indicates preferential
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ground-water flow and dissolution in a zone with relatively 
higher permeability than the enclosing beds. The higher 
permeability appears to have been created during the period 
of subaerial exposure following Redcliff deposition, as the 
base of this breccia zone occurs immediately below the 
mid-Leadville unconformity (with collapse extending into the 
overlying Castle Butte beds). Filled solution cavities, 
small vugs, and solution- enlarged joints in the upper 
Redcliff strata, along with the pre-Castle Butte breccias 
directly overlying the Redcliff surface appear to have 
created a zone of relatively high permeability. Because of 
the high permeability, subsequent subsurface fluid movement 
and dissolution was concentrated along this zone resulting 
in collapse of the upper Redcliff and lower Castle Butte 
strata.

The breccia bed near the top of the Dyer Formation in 
the Sacramento Mine area represents a different case. The 
sharp, flat floor, uniformity, lateral extent and consistent 
stratigraphie position indicate an evaporite-solution- 
collapse origin for this breccia as suggested by De Voto 
(1985). Time of formation of the upper Dyer breccia is not 
clear. Younger collapse breccias in the Dyer Dolomite 
crosscut the breccia bed, are occasionally mineralized, and 
contain abundant quartz sand. These characteristics



T-3445 88

indicate a time of formation either during the early part of 
the the Late Mississippian karst event, or during the period 
of subaerial exposure following Redcliff deposition.

The Molas breccia is evidently a soil-type breccia that 
formed concurrently with the Molas Formation during 
weathering of the exposed Leadville Formation in the Late 
Mississippian and Early Pennsylvanian. Soil breccias are 
commonly formed during subaerial exposure of carbonate rocks 
and are commonly preserved in the rock record (Maslyn, 1977 ; 
Esteban and Klappa, 1983). Comparable soil breccias at the 
top of the Leadville Formation have been observed by the 
author in the northern Sangre De Christo Mountains and the 
Molas Lake area of southwest Colorado.

Tower-shaped features appear to be preserved surficial 
paleokarst features that were part of the pre-Belden 
landscape. These features occur individually or in isolated 
groups and should not be confused with tower karst resulting 
from intense regional weathering in tropical climates 
(Sweeting, 1972). Although the exhumed towers have probably 
been modified to some degree by recent erosion, similar 
features enclosed in Belden Shale exposed in adjacent 
roadcuts support the interpretation that at least some 
free-standing towers are not recent erosional features. 
Additionally, these towers are extensively brecciated and
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would not be expected to exist as positive topographic 
features unless they had been enclosed by a more easily 
erodible material, such as the Belden Shale.

The location of these features in areas characterized 
by extreme karst solution and collapse, indicates that they 
are positive, pre-Belden erosional remnants between negative 
topographic features such as coalescing sinkholes, large 
cutters or collapsed cave passages. Similar positive Late 
Mississippian karst features of the Leadville Formation have 
been observed by the author on the east flank of the White 
River uplift near the town of Dotsero and at Molas Lake in 
southwest Colorado, and described by Banks (1967) in 
Glenwood Canyon.

A number of solution features in the Leadville and Dyer 
Formations are interpreted as having formed during a period 
of subaerial exposure lasting from the Late Mississippian 
through the Early Pennsylvanian. These features were formed 
by weathering and circuiting ground water and are considered 
to be karst features. The karst process proceeded from 
dissolution along joints and bedding planes to the formation 
of caves and sinkholes. At the same time a residual soil 
(Molas Formation) accumulated in topographic lows and 
infiltrated subterranean solution openings. In the Early 
Pennsylvanian the karst processes were halted as the
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landscape was flooded and buried beneath the Belden Shale 
and sandstones and conglomerates of the Coffman Member of 
the Minturn Formation. Some of these Lower Pennsylvanian 
sediments were washed into solution openings and 
conglomerate and sandstone locally fill channels incised 
into the Leadville surface near the New York Cliffs Mine in 
the northern Mosquito Range.

Paleotopographv 
The irregular pre-Belden topography characterized 

by paleovalleys (De Voto, 1983), channels, sinkholes, 
steep-sided towers, ridges and cutters, was the result of 
surficial and subterranean karst solution erosion. Preserved 
thickness of the Leadville Formation reflects karst solution 
thinning superimposed on the depositional thickness 
variations described by Dorward (1985).

Karst Topography
Based on thickness variations and the character of 

Leadville outcrops, pre-Belden paleotopography resembled a 
gently rolling karst plain with small hills, developed on a 
gently sloping carbonate shelf. Typical Leadville outcrops, 
as seen along the Eagle River canyon, at Mount Zion, and 
between Four Mile and Sacramento Creeks, form fairly
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continuous cliffs with gently undulating upper surfaces, and 
with a relatively uniform thickness. These outcrops 
probably represent the general condition and thickness of 
the Leadville at the time of Belden sedimentation.

On a more local scale however, the karst surface was 
very irregular, being punctated by numerous sinkholes and 
dissected by channels, cutters and a variety of other 
superficial karst features, with relief measured in a few 
tens of feet. In a few scattered areas, local relief was 
much greater than this norm, measured in many tens of feet, 
and locally the Leadville Formation, along with some of the 
underlying strata, was completely removed by pre-Belden 
erosion (Tweto, 1968).

Examples of these areas with erosionally thinned 
Leadville sections occur near Minturn, Gilman (Lovering and 
others, 1978), and Red Cliff. Tweto (1968) states that in 
the vicinity of Fryer Hill, in the Leadville Mining District 
(Figure 25), pre-Belden erosion has locally removed the 
entire Leadville Formation as well as part of the underlying 
strata. However, cross-sections of this area prepared by 
Emmons (1927)(Plate 67) show only slight thinning.

These areas are also characterized by numerous Late 
Mississippian-Early Pennsylvanian karst features, including 
collapse breccias, caves, sinkholes and solution-enlarged
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joints, and may be the location of paleodrainages (surface 
and/or subsurface). The localized thinning at Leadville was 
interpreted by De Voto (1983) as resulting from the incision 
of a major east-trending paleovalley into the Late 
Mississippian landscape. Features interpreted as Late 
Mississippian paleovalleys on the flanks of the Sawatch 
uplift have been described by Maslyn (1976) near Aspen and 
by De Voto (1983) near Tincup. Major river valleys are 
important geomorphic features that act as the local base 
level controlling the depth of the water table (Ritter,
1978) . Because most cave formation occurs near the top of 
the phreatic zone, valleys also determine the depth of cave 
development (Jennings, 1985). Although major Late 
Mississippian valleys have not been positively identified in 
the study area, their existance is indicated by Late 
Mississippian caves found in rocks at least as deep as the 
base of the Dyer Formation.

Thickness Patterns
Thickness of the Leadville Formation varies erratically 

on both a local scale and on a scale encompassing the entire 
field area. Typically, the Leadville thickness is between 
80 and 13 0 ft over an area roughly 3 0 miles long and 8 miles 
across, but locally varies from 0 to 190 feet (Banks, 1967;
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Nadeau, 1971; Radabaugh and others, 1968 ; Tweto and 
Lovering, 1977; Lovering and others, 1978; Tweto, 1968; 
Lynch, 1983; Beaty and others, 1985; De Voto, 1987; Dorward,
1987). On a scale encompassing the entire field area, the 
thickness of the Leadville is fairly uniform, considering it 
was exposed from at least the Chesterian (Rose, 1976) 
through Morrowan (Tweto and Lovering, 1977). Most of this 
variation in thickness is attributable to pre-Belden karst 
solution which has masked the smaller, gradual depositional 
variations described by Dorward (1985). The only 
significant pattern to the variation in thickness of the 
Leadville Formation noticed within the field area is a rough 
continuation of the regional trend of thinning to the east 
(Dorward, 1985; Rose, 1976). In adjacent areas, however, 
the thickness pattern of the Leadville Formation has been 
used to demonstrate that pre-Belden faulting had controlled 
erosional thinning (Maslyn, 1976).

Mississippian faulting in the field area has not 
resulted in a noticeable pattern of erosional thinning. 
Pre-Belden faulting affecting the Leadville Dolomite has 
been identified at the Sherman Mine (Tschauder and Landis, 
1985), and near Sacramento Mine (Kurisoo, Canyon Resources 
Corporation; personal communication, 1985). Additionally, 
the orientation of laminated dolomite sand in Mississippian
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caves (Tschauder and Landis, 1985), and the angular 
discordance between Mississippian and Pennsylvanian 
sediments exposed along Fourmile Creek (De Voto, 1985), 
suggest a northeast dip for pre-Pennsylvanian rocks. This 
dip orientation would be expected if faults bounding the 
Sawatch Uplift were active during the Late Mississippian.

There are a number of possible explanations for the 
apparent lack of structural control on erosional thickness 
patterns within the field area. First, faulting may have 
occurred towards the end of the period of subaerial 
exposure, allowing insufficient time to differentially erode 
the various fault blocks. Second, the lack of recognizable 
thickness pattern could be an artifact resulting from the 
coincidental north-south alignment of both the field area 
and major bounding faults (Figure 2). As a result, 
thickness changes in an east-west direction would be 
difficult to recognize as most data points lie in a 
north-south band. Third, the pattern is masked by the local 
irregular karst topography. For example, over 30 ft of 
relief was observed in closely spaced drill holes near 
Tennessee Pass.
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Distribution of Paleokarst Features 
Paleokarst features within the field area are not 

evenly distributed, but tend to be concentrated in specific 
areas and occur more frequently at certain stratigraphie 
positions. Stratigraphically, paleokarst features formed 
preferentially in the upper part of the Castle Butte Member, 
at the Castle Butte/Redcliff contact, and within the Gilman 
Sandstone. The areal distribution of karst features is also 
uneven. A few local areas subject to intense karst solution 
erosion are separated by areas subject to only slight to 
moderate karst solution. These areas of intense solution 
are characterized by marked thinning of the Leadville, 
extensive brecciation, sinkholes, and collapsed caves.

It has been documented that Mississippian joints 
controlled the local development of caves and cutters in 
various mining districts (Lovering and others, 1978;
Johansing, 1982; Tschauder and Landis, 1985; De Voto, 1987). 
Control of the more regional distribution of paleokarst 
features is difficult to determine with certainty, however, 
applying concepts of karst formation (Jennings, 1985) and 
geomorphology (Ritter, 1978) to the paleotectonic setting, a 
reasonable model can be formulated.

Some of the areas that were subject to intense karst 
solution erosion possibly represent surface and/or sub-
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surface paleodrainages. Initially the exposed landscape was 
divided into a great number of small drainage basins. As 
the drainage system matured, they coalesced into larger 
drainages controlled by subtle structural features. With 
the concurrent development of cave systems, an increasing 
amount of runoff was channeled underground, eventually 
extending the basins beneath surface drainage boundaries, 
incorporating large areas within a single drainage system. 
The existence of abundant karst features and localized 
thinning of the Leadville sediments near the towns of 
Minturn, Gilman, Red Cliff and Leadville may be indication 
that these areas are located near these paleodrainages.
These drainages apparently flowed in an easterly direction 
off the flank of the Sawatch Uplift and were tributary to a 
major north-flowing river (Figure 31).

Although there is no direct evidence for a major 
north-south river, the paleotectonic setting of this area, 
flanked on both the east and west by north-trending uplifts 
(Tschauder and Landis, 1985 ; De Voto, 1980a), presupposes 
the existence of some major drainage system collecting the 
runoff from these uplifts and flowing northward towards the 
Eagle Basin. This is analogous to the present Arkansas 
River draining the Mosquito and Sawatch Ranges.
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Figure 31. Schematic Late Mississippian-Early Pennsylvanian 
paleogeographic map of central Colorado showing 
uplifts (Nadeau, 1971; Tweto, 1980; De Voto, 
1983) and the inferred drainage pattern. Runoff 
from the flanks of the uplifts is collected by 
rivers flowing towards the Eagle Basin to the 
north. Minturn, M; Gilman, G; Leadville, L.
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Summary
Towards the end of the Mississippian the sea again 

withdrew from central Colorado as the result of both 
eustatic fall in sea level (Rose, 1976; Vail and others,
1977) along with uplift of the ancestral Sawatch Range (De 
Voto, 1980a). During this period of subaerial exposure 
lasting until the Atokan (Pennsylvanian) (Tweto and 
Lovering, 1977), a pre-Belden karst topography developed 
with a rolling karst plain punctated by sinkholes and 
dissected by cutters, channels and steep-sided gullies or 
valleys. A residual soil (Molas Formation) containing 
dolomite and chert fragments locally blanketed the exposed 
carbonates.

Beneath the surface, ground water enlarged joints, 
bedding planes and other zones with high permeabilities.
Over a period of time integrated cave systems formed 
controlled by joints, local water tables and certain 
horizons with higher permeabilities. The dolomite 
immediately beneath the mid Leadville unconformity was 
especially prone to solution as the result of enhanced 
permeability created during the pre-Castle Butte period of 
subaerial exposure. Collapse breccias formed as the 
strength of the cave roofs were exceeded. Circuiting ground 
water may also be responsible for localized silicification.
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The Late Mississippian karst surface was buried in the 
Atokan by the shale and sandstone of the Belden Formation, 
and the sandstone and conglomerate of the Coffman Member of 
the Minturn Formation. These same siliciclastic sediments, 
along with some of the Molas Formation, were washed into 
solution enlarged joints, caves and sinkholes.
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POST-BELDEN DISSOLUTION

Evidence for post-Belden dissolution was observed 
throughout the field area. Although the exact timing is 
unclear in many instances, evidence from this study, along 
with previous work, suggests three periods of dissolution:
1. during the mid- to Late Pennsylvanian by migrating 
basinal fluids, or in the Laramide by convecting 
hydrothermal water; 2. in the Early to mid-Tertiary by 
circulating hydrothermal fluids ; 3. and in the Quaternary 
by surface and near-surface karst processes.

Post-Belden. Pre-Ouaternarv Dissolution

Dissolution Features
Dissolution features post-dating Belden sedimentation 

and younger than Quaternary karst features occur locally 
throughout the field area. Solution-enlarged joints and 
fractures, and solution-collapse breccias were apparently 
formed after deep burial of the Upper Paleozoic carbonates.

In general, most post-Belden, pre-Quaternary 
dissolution features are similar insofar as they are 
characterized by abundant dolomite sand and sanded dolomite, 
a lack of siliciclastic sediments, and are most common
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within and adjacent to mineralized areas. Partial 
dissolution of the dolomite rock along grain boundaries 
results in a texture ranging from friable dolomite (sanded 
dolomite) to loose sand composed of individual corroded 
dolomite crystals or small aggregates of crystals. Breccias 
contain fragments of Laramide-aged porphyries (Lovering and 
others, 1978), coarsely and finely crystalline dolomite, 
zebra dolomite, Gilman Sandstone, chert and older breccias. 
These breccias and solution-enlarged joints cross-cut a 
number of pre-Belden dissolution features and well 
developed, horizontal stylolites.

A number of cross-cutting relationships involving these 
younger dissolution features were observed. The most common 
cross-cutting relationships involve older, probably Late 
Mississippian, dissolution features. Figure 32 shows 
lithified, laminated quartz sandstone, filling a Late 
Mississippian solution feature cut by breccia with a 
dolomite sand matrix. Fragments of the quartz sandstone 
sediments have been incorporated within the dolomite sand. 
Similar relationships were observed where silicified breccia 
has been cut by younger dissolution features filled with 
dolomite sand containing angular fragments of the silicified 
breccia. Zebra dolomite interpreted as having formed 
concurrently with, or shortly after.
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Figure 32. Photograph showing laminated, white, quartz
sandstone, filling a Late Mississippian karst 
solution feature, cut by younger breccia 
consisting of dolomite fragments in a dolomite 
sand matrix. Angular fragments of the quartz 
sandstone have been incorporated into the 
younger breccia. Mount Zion outcrop.
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Late Mississippian karstification (Horton, 1985) is also 
cut by these younger dissolution features. Horizontal 
stylolites truncated by dissolution features were observed 
at scattered locations at Mount Zion. Figure 33 is a 
photograph of a well developed horizontal stylolite in the 
Castle Butte Member cut by a solution-enlarged fracture 
filled with dolomite sand. Stylolites had been silicified. 
prior to being cut, and in some cases fragments of 
silicified stylolites are found in the dolomite sand filling 
the dissolution features.

Stratigraphie and areal distribution of most post- 
Belden, pre-Quaternary dissolution features are also similar 
in a general sense. Although these features were observed 
at most outcrops throughout the study area, they are more 
abundant in the vicinity of mineralization. Dolomite sand 
bodies and areas of sanded dolomite are commonly exposed in 
outcrops near Gilman, Red Cliff, the Sacramento Mine, at 
Mount Zion and outcrops in the Leadville Mining District. 
Stratigraphically, these dissolution features are more 
common in the Leadville Dolomite and Gilman Sandstone but 
are also found in the Dyer Dolomite.

Although there are general similarities among post-Belden, 
pre-Quaternary dissolution features, significant but more
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Figure 33. Well developed stylolite in the Redcliff
Dolomite (at Mount Zion) cut by a solution- 
enlarged joint filled with dolomite sand at 
Mount Zion. Bar scale is one inch.
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subtle differences can be used to divide these features into 
two groups that appear to have different origins.

The first difference is the nature of the fill within 
dissolution features. Breccias of the first group 
characteristically contain contain a large percentage of 
dolomite sand and are commonly matrix supported (Figure 34). 
Typical collapse characteristics (Figure 20) are largely 
lacking. With rare exceptions the dolomite sand matrix is 
massive and no sedimentary fabrics or structures were 
observed, indicating that the dolomite sand is more or less 
in place and there has been little transport by fluids in 
open conduits.

In contrast with the first group, dissolution 
features of the second group commonly contain laminated 
dolomite sand and collapse breccia (Figures 3 5 and 36). 
Laminations, crossbedding, ripple marks (Lovering and 
others, 1978), and other sedimentary structures in the 
dolomite sand indicate deposition in an open space by moving 
fluids. In some cases open space above the dolomite sand 
has been preserved (Beaty and others, 1985). Collapse 
breccias have either a dolomite sand matrix or an open 
texture with little or no matrix, and contain fragments of 
Belden Shale and Laramide porphyry (Lovering and others,
1978) .
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Figure 34. Photograph of matrix-supported breccia in the
Castle Butte Member (at Mount Zion) interpreted 
as being a post-Belden, pre-Tertiary dissolution 
feature. Zebra dolomite (Z) and coarsely 
crystalline dolomite fragments are suspended in 
a dolomite sand matrix. Zebra dolomite has been 
cut by brecciation. This breccia also contains 
fragments of quartz sandstone (presumably 
derived from Late Mississippian karst features) 
and black chert (not shown in photograph).
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Figure 35. Laminated dolomite sandstone fragment from
Sacramento Mine. The sandstone contains small 
angular fragments of dolomite, black chert and 
white, bladed barite.
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Figure 36. Solution-collapse breccia with dolomite sand 
matrix which cross-cuts the older, upper Dyer 
Dolomite breccia horizon shown in Figure 29.
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The second differentiating characteristic is the degree 
of cementation. Dolomite sand of the first group is 
invariably well cemented with dolomite and, less commonly, 
silica cements. The cemented dolomite sand is as resistant 
as dolomite wall rock that has not been affected by 
dissolution. In contrast, dolomite sand of the second group 
commonly has not been lithified (is either free-flowing or 
only poorly cemented), and sanded dolomite adjacent to these 
features remains friable. In the Elkhorn Mine and outcrops 
south of Leadville, the dolomite has been sanded and is 
friable many feet away from veins and fractures.

The third characteristic is that the well-cemented 
breccias and dolomite sand of the first group are cut by a 
younger generation of stylolites. Figure 37 is a photo
micrograph of a cemented breccia collected from the Castle 
Butte Member at Mount Zion. Stylolite formation post-dates 
brecciation and cementation. The same cross-cutting 
relationship was observed in other thin section from the 
same area.

The fourth difference is that the uncemented dolomite 
sand of the second group is more abundant near ore bodies, is 
most commonly observed in mine workings and was rarely 
observed in outcrop. The close proximity of dolomite sand 
and sanded dolomite to mineralization was observed at the
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Figure 37. Photomicrograph showing a microstylolite (MS) 
cutting dolomite sand matrix, magnified 15 
times.
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Elkhorn Mine, has been documented in the Eagle Mine at 
Gilman (Lovering and others, 1978) and in the Leadville 
Mining District by Thompson and others (1983). The well 
cemented dolomite sand and breccia of the first group is 
also more abundant in the general vicinity of orebodies, but 
is not as intimately related and is commonly observed in 
outcrop farther from the ore bodies.

Discussion of Dissolution Features
Many post-Belden dissolution features are inferred to 

have formed by circulating hydrothermal fluids associated 
with Laramide or mid-Tertiary igneous intrusive bodies 
(Lovering and others, 1978). Subtle differences in 
textures, cross-cutting relationships and distribution 
patterns differentiate these features into two groups.
Three possible episodes of fluid movement have been 
identified which could account for the observed dissolution 
features; brines migrating out of adjacent basins in the 
Pennsylvanian (De Voto, 1983); Laramide hydrothermal 
systems (Johansing, 1982; Thompson and others, 1983 ;) ; and 
mid-Tertiary hydro-thermal systems (Thompson and others,
1983 ; Beaty and others, 1987). Although each criterion 
taken by itself would not be convincing evidence, taken
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together a reasonable argument can be made for at least two 
episodes of dissolution.

Post-Belden, Pre-Tertiary Dissolution
A number of converging lines of evidence point to a 

post-Belden, pre-Tertiary episode of dissolution. 
Cross-cutting relationships bracket the time of formation to 
after Mississippian karstification and deep burial in the 
Mid-Pennsylvanian, but before significant erosion following 
the Laramide orogeny. Expulsion of basinal brines and 
hydrocarbon generation in the mid- to Late Pennsylvanian or 
Early Permian, and circulating hydrothermal fluids 
associated with Laramide intrusives are two possible sources 
of fluids responsible for dissolution. Based on the 
evidence gathered during this study, it is not possible to 
constrain the time of dissolution further than post-Belden 
and pre-Tertiary.

Cross-cutting relationships provide evidence for 
relative timing of the first group of dissolution features. 
These features cross-cut older, Mississippian paleokarst 
features (Figure 32). Cross-cutting relationships with 
stylolites brackets the time of dissolution to after 
initiation of stylolite formation but before they ceased 
forming. Stylolites result from pressure solution, but the
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exact burial conditions necessary for their formation are 
poorly known. In general, however, substantial pressure 
(from overlying rocks for horizontal stylolites) and 
sufficient porosity and permeability for the removal of ions 
resulting from dissolution are the basic requirements for 
pressure solution (Bathurst, 1975). In addition, the 
solubility of dolomite and limestone decrease with 
increasing temperature (Bathurst, 1975).

Conditions favorable for stylolite formation occur by 
the time the carbonates have been buried to depths in the 
range of 3,000 to 12,000 ft (Bathurst, 1975). Based on 
stratigraphie reconstructions, the Leadville Formation was 
buried to about 15,000 ft by the Late Pennsylvanian (Tweto 
and Lovering, 1977 ; De Voto, 1980b) and well developed 
stylolites should have been formed by that time.

Determining when conditions were no longer favorable 
for stylolite formation is more difficult. Because 
carbonate solubility decreases with decreasing pressure and 
increasing temperature, it is unlikely that stylolites could 
form after the late Cretaceous when emplacement of intrusive 
bodies and erosion (Tweto, 1980) resulted in increasing 
geothermal gradients and erosional unloading. Erosion on 
Laramide uplifts began in the late Cretaceous and had 
reached the level of the Precambrian rocks by the early
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Paleocene (Tweto, 1980). Relationships with stylolites, 
therefore, bracket the time of dissolution and brecciation 
from between the mid- to Late Pennsylvanian and the end of 
the Cretaceous.

Another line of evidence for the age of dissolution is 
the timing of fluid movement through the Paleozoic strata. 
Two likely times were in the mid- to Late Pennsylvanian 
(migrating acidic basinal brines) and during the Laramide 
(acidic hydrothermal fluids). There are a number of 
possible sources for the basinal brines; compaction of basin 
sediments, clay dehydration, and acidic fluids generated 
during kerogen diagenesis. Analysis of the burial history 
indicates that these processes were all initiated during 
rapid burial by the Late Pennsylvanian or Early Permian as 
the result of increasing temperature and pressure.

Cathles and Smith (1983) predict brine expulsion occurs 
in a number of pulses as strata subside from about 10,000 to 
16,000 ft depth and De Voto (1983) outlines a scenario of 
hot, metal-rich brines migrating from Pennsylvanian basins 
in central Colorado. During Pennsylvanian extensional 
tectonism there was active basin subsidence and deposition 
of a thick sequence (10,000-15,000 ft) of terrigenous 
sediments and evaporites (De Voto, 1983). Porosity 
reduction from compaction along with dewatering of
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evaporites expelled large volumes of water which moved 
upwards and outward through permeable strata including the 
Paleozoic sandstones and carbonates (De Voto, 1983).

In addition to these basinal brines, acidic solutions 
produced during kerogen diagenesis and oil generation could 
have aided in the dissolution of adjacent carbonates.
Recent studies by Nuccio and Schenk (1986, p. 260-261) have 
shown that the Belden Formation in Eagle County contains 
organic material ranging from 0.77 to 2.10 wt percent with 
Rm (vitrinite reflectance, mean random) values between 2.47 
and 4.12 percent and have concluded that "significant 
quantities of oil were probably generated before thermal 
maturation exceeded a Rm value of 1.35 percent and thermal 
cracking of the liquid hydrocarbons occurred".

Assuming an average geothermal gradient of 30 degrees 
C/km for sedimentary basins (Tissot and Welte, 1984), the 
temperature of these source rocks would have been in the 
neighborhood of 90-150 degrees C by the end of the 
Pennsylvanian. This is a conservative estimate of 
temperature considering the active tectonic setting of this 
basin. At these temperatures, generation of hydrocarbons 
and associated acidic solutions from the Belden Formation 
should have been initiated by the mid- to late 
Pennsylvanian.



T-3445 116

A number of recent studies conclude that carbon dioxide 
and various organic acids produced during thermal 
decarboxylation of organic matter, are capable of creating 
secondary porosity in sandstone reservoirs through 
dissolution of carbonates and anluminosilicates (Surdam and 
others, 1984 ; Crossey and others, 1986? Edman and Surdam, 
1986; Kharaka and others, 198 6; Lundegard and Land, 1986; 
Meshri, 1986). The importance of these reactions and the 
amount of regional secondary porosity development are not 
well understood, but estimates for regional porosity 
increase from carbonate dissolution range from insignificant 
to a few percent depending on a number of factors including 
the reservoir-shale ratio, transport distance, mineralogy, 
temperature and the amount of organic carbon in the shales.

Although these studies address cement dissolution in 
sandstones, a reasonable analogy can be made considering 
dissolution of the dolomite rocks in the Leadville and Dyer 
Formations was restricted mainly to grain boundaries and not 
wholesale dissolution. Applying these conclusions to the 
problem at hand indicates that sufficient volumes of acidic 
fluids were generated to account for the observed 
dissolution. Porosity enhancement within these isolated 
breccias is large, but since these breccias make up only a



T-3445 117

small percentage of the total rock mass, this translates to 
a very small average regional increase in porosity.

The second possible source of post-Belden, pre- 
Tertiary fluids is magmatic and/or meteoric hydrothermal 
water associated with the intrusion of igneous bodies during 
the Laramide. Lovering and others (1978) suggest that 
Laramide hydrothermal fluids caused dissolution of the 
dolomite rocks at Gilman prior to the major mineralizing 
event. In the Leadville Mining District, Johansing (1982) 
and Thompson and others (1983) present evidence for a 
Laramide age for Sherman-type mineralization (Ag-Ba-minor 
base metal replacement bodies in dolomite) related to 
convective flow of weakly acidic fluids caused by 
emplacement of Laramide batholiths.

In summary, cross-cutting relationships with stylolites 
and Late Mississippian paleokarst features constrains the 
age of dissolution and brecciation of the Leadville and Dyer 
Formations to between the Mid-Pennsylvanian and the end of 
the Cretaceous. Timing of fluid movement suggests two 
possible times of dissolution; 1. During Pennsylvanian 
extensional tectonism by migrating basinal fluids, and 2. 
During the Laramide by circulating hydrothermal fluids.
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Mid-Tertiary Dissolution
Field relationships, lithologie textures and timing of 

mid-Tertiary fluid movement and mineralization indicate that 
there was a Tertiary episode of dissolution affecting the 
Upper Paleozoic carbonates in the field area. Uncemented 
dolomite sand in breccia bodies suggest a relatively young 
age, and fragments of porphyry dated as 70 my found in 
collapse breccias in the Eagle Mine at Gilman (Lovering and 
others, 1978) limits the age of collapse to younger than the 
Laramide. A more exact age can be determined by the 
inferred association of dissolution features with active 
mid-Tertiary hydrothermal systems and mineralization.

The close spatial association of dissolution features 
with ore bodies, and mineralization of collapse breccias and 
dolomite sand, strongly suggest that the same or related 
fluids were responsible for both dissolution and 
mineralization. A number of recent studies conclude that 
dolomite dissolution accompanied mid-Tertiary mineralization 
(Thompson and others, 1983; Beaty and others, 1987). 
Fission-track geochronology and analysis of carbon and 
oxygen isotopes indicate that mineralization, dissolution 
and alteration of Tertiary porphyries were the result of 
hydrothermal systems active between 35 and 42 Ma (Thompson 
and others, 1985; Beaty and others, 1987).
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Quaternary Dissolution
Quaternary karstification has only slightly altered the 

Upper Paleozoic carbonates within the field area. Recent 
karst features and processes are most noticeable on dip 
slopes along the eastern flank of the northern Mosquito 
Range. A diagnostic characteristic of Recent karst features 
is the abundance of calcite cement and calcite speleothems. 
Speleothems are rarely preserved in older paleokarst 
features in the study area and have been documented only in 
the Sherman Mine near Leadville where Tschauder and Landis 
(1985) describe colloform dolomite flowstone deposits.
Where the Leadville has been dolomitized, calcite is a rare 
mineral (Lovering and others, 1978; Johansing, 1982) and, 
with the exception of Quaternary karst features, occurs only 
in small amounts as small calcite veinlets, open space 
filling, and overgrowths on other minerals.

Features indicative of active or relatively recent 
karstification were observed in the area between Fourmile 
Creek and Little Sacramento Gulch. The most obvious 
Quaternary karst features are open caves (modified by mining 
operations) exposed along the Spring Creek outcrop. Calcite 
speleothems are abundant in caves and in some nearby mine 
workings and prospect pits.
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Immediately south of Little Sacramento Gulch is an area 
where relatively recent dissolution of the Leadville and/or 
Dyer Dolomite has resulted in the collapse of the overlying 
Tertiary Porphyry. De Voto (1985) has previously described 
this feature and proposed that it may be Pleistocene in age. 
An example of active karst processes was observed where the 
water in Spring Creek is diverted to underground drainage 
within a short distance as it flows across the Leadville 
Dolomite. The water has presumably been pirated by an 
active subterranean karst drainage system in the Leadville 
Dolomite.

Minor surface solution forms (karren) were observed on 
exposed dolomite and limestone throughout the study area.
The most common features are small flutes and ripples which 
are best developed on the limestone of the Castle Butte 
Member near the town of Minturn.

Summary
Evidence for three episodes of dissolution following 

deposition of the Lower Pennsylvanian sediments is recorded 
in the Dyer and Leadville Formations. The first episode 
occurred while the Dyer and Leadville Formations were 
deeply buried as evidenced by cross-cutting relationships 
with stylolites. Fluids responsible for dissolution were
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either basinal brines expelled from adjacent rift basins 
during Pennsylvanian extensional tectonism, or Laramide 
hydrothermal fluids. The second episode was evidently 
caused by hydrothermal systems active in the mid-Tertiary 
and is related to certain types of mineralization. The 
third episode occurred during the later part of the Cenozoic 
when erosion exposed the Paleozoic sediments to karst 
solution which has continued to the present.
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DISCUSSION OF DISSOLUTION MECHANISMS AND TIMING

The evidence presented in this study indicates that 
five major episodes of dissolution are recorded in the 
Leadville and Dyer Formations in the study area (Figure 38):
1. In the early Osagean following deposition of the 

Redcliff Member of the Leadville Formation during a time 
of subaerial exposure prior to deposition of the Castle 
Butte Member.

2. Following deposition of the Leadville Formation during a
time of emergence prior to deposition of the
Pennsylvanian Belden Formation and Coffman Member of the 
Minturn Formation.

3. During Pennsylvanian extensional tectonism by migrating 
basinal brines, and/or by the convective flow of 
hydrothermal fluids in the Laramide.

4. In the mid-Tertiary by circulating hydrothermal fluids 
related to mineralization.

5. In the Quaternary by meteoric water.
The characteristics of the dissolution features that

formed during these episodes are summarized in Table 2. The
Osagean, Late Mississippian and Quaternary dissolution 
features can be correlated with unconformities which 
evidently formed during times of subaerial exposure.
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TABLE II
Summary of Dissolution Feature Characteristics

BRECCIA

DISSOLUTION
EVENT

CHARACTERISTIC
FEATURES

STRATI GRAPHIC 
POSITION

MATRIX,
SEDIMENTS

CLAST
L1TH0L0GY

CLAST
PACKING

INDURATION

Mid-teadville * Breccia beds * Redcliff/Castle * Minor gray * Pink dolomite * Clast * Well lithlfied
* Solution-enlarged Butte contact shale, quartz (Gilman-Silver supported

joints and sand, dolomite Creek area) * Interlocking
fractures sand (Gilman * Dark gray clasts in

area) dolomite "pink breccia"
* Light gray (Sacramento

dolomite Mine area)
wackestone
(Sacramento
Mine)

Late Mississippian- * Solution enlarged * Most common * Pink, gray. * Fine to coarse * Mostly clast * Poorly to well
Early Pennsylvanian joints and near top of tan, green crystalline supported I i thi fied

fractures Leadville Fm., shale dolomite
* Caves mid-Leadville * White to tan (limestone at
* Solution-collapse unconformity, quartz sand Minturn)
breccias and the GiIman * Lesser amount * Zebra dolomite

* Karst towers Sandstone of dolomite * Fragmental
* Sinkholes * Less common in sand chert

the Dyer Fm.

Post-Belden, pre- * Irregularly * Leadville Fm. * Massive * Medium to * Typically * Well Iithified
Tertiary shaped breccia * Gilman dolomite coarse clast

bodies Sandstone sand crystalline supported
* Solution-enlarged * Less common in dolomite

joints and the Dyer Fm. * Zebra dolomite
fractures * Fragmental

* Massive dolomite chert
sand * Quartz

sandstone
fragments

Mid-Tertiary * Solut ion-co11 apse * No clear * Dolomite * As above * Typically * Poorly to well
breccias pattern from sand, commonly * Fragments of clast Ii thified

• Caves ? this study laminated Belden Shale supported
* Laminated and Laramide
dolomite sand igneous rocks

* Sanded dolomite (Lovering and
others, 1978)

Ouoternory * Caves * Leadville Fm. * Red-brown * Coarse * Clast * Poorly to well
* Sinkholes * Dyer Fm. ? siliciclastic crystal Iine supported lithified
* Sinking stream mud dolomite
* Calcite * Calcite

speleothems speleothem
fragments
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Karst features formed during these times by weathering and 
circulating ground water both on the surface and in the 
subsurface. Absolute age determination of these paleokarst 
features is based largely on correlations with known 
unconformity surfaces. Solution openings in the upper 
Redcliff strata have been filled with dolomite mudstone and 
wackestone during deposition of the overlying Castle Butte 
Member. Late Mississippian-Early Pennsylvanian paleokarst 
features commonly contain an abundance of siliciclastic 
material lithologically similar to the overlying 
Pennsylvanian Molas Formation, Belden Shale and sandstone of 
the Coffman Member of the Minturn Formation. Occasionally 
these paleokarst features can be traced directly to the 
unconformity surfaces. Quaternary features are part of the 
presently forming unconformity surface. Absolute ages fit 
within relative age ranges established by cross-cutting 
relationships between dissolution features, lithologie 
units, stylolites and other dissolution features.

The interpreted ages and processes which formed the 
post-Belden, pre-Quaternary dissolution features are more 
speculative. Cross-cutting relationships with older 
paleokarst features, stylolites and lithologie units were 
used to establish relative age. Determining absolute age 
was more difficult and involved correlating dissolution
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events with periods of inferred fluid movement through the 
Paleozoic sedimentary rocks.

Post-Belden, pre-Quaternary dissolution features were 
not the result of karst processes although many of the 
resulting dissolution features superficially resemble older 
paleokarst features. Post Belden, pre-Tertiary dissolution 
features formed at depth. Cross-cutting relationships with 
stylolites indicate a time of formation during burial by 
Pennsylvanian sediments when conditions were favorable for 
pressure solution. This group of dissolution features may 
have been created by brines expelled from adjacent 
sedimentary basins during Pennsylvanian extensional 
tectonism, or convecting hydrothermal fluids driven by 
thermal gradients set-up by Laramide batholiths.

Hydrothermal systems active in the mid-Tertiary 
(Thompson and others, 1985; Beaty and others, 1987) probably 
resulted in additional dissolution of dolomite in the 
Leadville and Dyer Formations. The uncertainty of the 
origin of post- Belden, pre-Quaternary dissolution features 
indicates the need for additional research in this area.
The geologic history of the study area including episodes of 
dissolution is summarized in Figure 38 and the following 
list.
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1. Deposition and early dolomitization of the Dyer 
Formation (Dorward, 1985).

2. Gilman Sandstone deposition (Tweto and Lovering, 1977).
3. Deposition and early dolomitization of the Redcliff 

Member (Kinderhookian and early Osagean) of the 
Leadville Formation (De Voto, 1980a).

4. Relative fall in sea level; subaerial exposure, 
weathering and minor karstification of the upper 
Redcliff sediments; dissolution of evaporites near the 
base of the Redcliff Member.

5. Marine transgression and deposition of the Castle Butte 
Member (Osagean) (De Voto, 1980a).

6. Major karst-forming event ; eustatic sea-level lowering 
in the Late Mississippian (Rose, 1976; Vail and others, 
1977) ; subaerial exposure, dolomitization and 
silicification in a mixing-zone environment, weathering 
and karstification.

7. Weathering and karstification continued into the Early 
Pennsylvanian; development of karst topography and the 
Molas Formation residuum; possible early base metal 
mineralization (Tschauder and Landis, 1985).

8. Marine trangression and deposition of Pennsylvanian 
Belden Shale (Morrowan and Atokan) (Tweto and Lovering, 
1977).
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9. Rifting, Ancestral Rockies uplift and deposition of the 
Pennsylvanian Minturn Formation (De Voto, 1972); 
initiation of pressure solution.

10. Expulsion of brines from rift basins; kerogen 
diagenesis, generation of hydrocarbons and associated 
acidic fluids ; possible localized dissolution of the 
Leadville and Dyer Formations by migrating basinal 
fluids; possible early base metal and silver 
mineralization (De Voto, 1983).

11. Continued continental deposition through the Jurassic 
followed by Cretaceous marine sedimentation (Berman and 
others, 1980; Maughan, 1980).

12. Laramide orogeny; circulating hydrothermal systems 
set-up by igneous intrusions (Johansing, 1982), 
Sherman-type mineralization (Thompson and others,
1983), localized dolomite dissolution and brecciation.

13. Mid-Tertiary; emplacement of porphyries (Bookstrom and 
others, in press) active hydrothermal systems and late 
stage mineralization (Thompson and others, 1985; Beaty 
and others, 1987), localized dolomite dissolution and 
brecciation.

14. Rio Grande rift formation , glaciation, erosion, (Epis 
and others, 1980) and minor karstification.
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CONCLUSIONS

The Devonian Dyer and Mississippian Leadville 
Formations were deposited near the shoreline of the 
Paleozoic western United States carbonate shelf in the 
Devonian and Mississippian. These carbonate and 
siliciclastic sediments have been greatly modified by a 
number of diagenetic processes including dolomitization, 
dissolution, karstification and mineralization. Evidence 
from this study indicates that there were five main episodes 
of dissolution. These five episodes are summarized below 
beginning with the earliest event;

1. Following deposition of the Redcliff Member of the 
Leadville Formation, the carbonate sediments along the 
present eastern flank of the Sawatch uplift were subaerially 
exposed as the result of a eustatic drop in sea level along 
with subtle tectonic uplift (De Voto, 1983) . Evidence for 
subaerial exposure and karstification was only locally 
preserved and includes the "pink breccia” at the 
Redcliff/Castle Butte contact in the Gilman-Silver Creek 
area, and solution enlarged fractures and brecciated upper 
Redcliff dolomite in the the Sacramento Mine area. The
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preferential formation of younger dissolution features along 
this horizon may be the result of increased permeability 
resulting from weathering and dissolution prior to Castle 
Butte deposition. The evaporite-solution-collapse breccia 
near the base of the Redcliff Member probably also formed at 
this time.

2. A major eustatic drop in sea level (Vail and 
others, 1977) in the Late Mississippian exposed most of the 
carbonate shelf resulting in the formation of a regional 
unconformity separating the Mississippian strata from the 
overlying Pennsylvanian rocks (Rose, 1976). This period of 
subaerial exposure lasted from the mid-Mississippian 
(Meramecian or Chesterian) (Rose, 1976) into the Early 
Pennsylvanian (Morrowan) (Tweto and Lovering, 1977). During 
this time the Leadville Formation was dolomitized in a 
brackish mixing zone as a fresh water lens developed beneath 
the exposed surface (Horton, 1985).

An irregular karst topography developed on the 
Mississippian carbonates while caves formed in the 
subsurface. Paleokarst features of this age include a 
irregular karst topography marked by sinkholes, towers, 
cutters and channels. Varying thicknesses of residual 
material, the Molas Formation, accumulated on the Leadville 
surface by the Early Pennsylvanian. Underground drainage
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created solution-enlarged joints and cave systems which were 
subsequently filled with a mixture of siliciclastic 
sediments washed-in from the surface, collapse breccia, and 
a minor amount of dolomite sand. The intensity of karst 
solution decreased with depth below the unconformity surface 
and was concentrated along more permeable horizons at the 
top of the Redcliff Member and within the Gilman Sandstone.

Areas of intense dissolution-erosion and missing 
section record the location of paleodrainages draining the 
east flank of the Ancestral Sawatch uplift. Karst erosion 
has removed part of the Dyer-Leadville section in these 
areas and, in the Leadville Mining District, the 
entire section has locally been removed by pre-Pennsylvanian 
erosion (Tweto, 1968) . These areas commonly coincide with 
the mining districts because Mississippian paleokarst 
features frequently created pathways of higher permeability 
for subsequent mineralizing fluids (Lovering and others, 
1978; De Voto, 1983).

3. Cross-cutting relationships with stylolites and 
other older dissolution features is evidence for localized 
post-Belden, pre-Tertiary dissolution of dolomite in the 
Leadville and Dyer Formations. Basinal brines migrating 
from adjacent sedimentary basins in the late Paleozoic, and 
circulating hydrothermal fluids in the Laramide are two
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possible sources of fluid responsible for dissolution.
Fluids migrating through permeable pathways in the Leadville 
and Dyer Formations created new solution features, modified 
older paleokarst features, and cut stylolites. Fluid 
movement and dissolution took place preferentially along 
paths of higher permeability including the Gilman Sandstone, 
the zone immediately below the mid-Leadville unconformity, 
and near the top of the Castle Butte Member. Products of 
dissolution include solution-enlarged joints and fractures, 
dolomite sand, and breccias containing dolomite clasts and 
dolomite sand matrix. Except for reworked material, 
siliciclastic sediments were not observed in these solution 
features. De Voto (1983, 1987) and Tschauder and Landis 
(1985) suggests that Pb-Zn-Ag-Ba mineralization occurred 
selectively within Late Mississippian paleokarst features 
during the late Paleozoic.

4. Another generation of solution features in the 
mid-Tertiary record the movement of fluids through the 
Leadville and Dyer Formations. Active hydrothermal systems 
(Johansing, 1982; Thompson and others, 1983; Beaty and 
others, 1987) resulted in both dolomite dissolution and 
mineralization. Fluid movement was controlled by fractures 
and other pathways of higher permeability, such as breccia 
zones and older cave systems. Dissolution and mineralization
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were most intense along these pathways resulting in the 
modification of older solution features and the formation of 
new features. Mid-Tertiary solution features include 
solution-enlarged joints, caves ?, collapse breccias and 
sanded dolomite. Solution openings commonly contain 
laminated, uncemented or weakly cemented dolomite sand. 
Breccias contain fragments of dolomite, chert, porphyry 
(Laramide) and Belden Shale (Lovering and others, 1978).

5. Within the past few million years erosion has 
exposed the Leadville and Dyer Formations to karst solution. 
Karst features include a Paleocene sinkhole (De Voto, 1985), 
a sinking stream and caves in the northern Mosquito Range 
and surface karst solution features on exposed carbonates 
throughout the field area.
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