EDITORS NOTES
General/Introduction

The practice of engineering geology in Colorado is as diverse and complex as Colorado’s
geology. Although no volume can completely encompass the breath of the history,
current practice, and future trends, the papers in this publication have attempted to
provide an overview of practice of engineering geology in Colorado — from the eastern
plains to the peaks of the Rocky Mountains to the plateaus, mesas, and canyons of the
western slope; from the perspective of private individuals, consultants, local, state, and
federal government, and academia; and from notable case histories to current practice to
future trends and research needs. The editors of this publication hope that you find this
publication informative, enjoyable, and beneficial.

As is the case in any publication of this magnitude, there are unanticipated surprises that
change the direction of the document. Regretfully, one of those disappointments was the
loss of a number of quality papers summarizing some of the largest dam projects in
Colorado. Due to security concerns following the events of September 11, 2001, it was
not possible to publish these fine papers.

It is with great respect and admiration that we dedicate this publication to the memory of
John B. Ivey. John served the profession of engineering geology in Colorado for nearly
50 years before his passing in July 2003. One of John’s last contributions to the
profession is his paper entitled “Engineering Geology for Relocation of a Highway in
Glaciated Terrain, Climax Mine Area, Summit County, Colorado”, co-authored with
Jerome Hansen, included in the Transportation chapter of this publication.
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DEDICATION

John B. Ive};
1927-2003

John B. Ivey graced not only his profession of engineering geology but also all those he came to
know and touch. John will long be remembered for the two best reasons: his character and his
adherence and contributions to his calling. John’s secret to practice was the simple formula of
openness, sincerity, diligence and honesty. We doubt that he knew otherwise and that his life
ethic simply became his own canon of ethics in practice. John had a sincere interest in the well
being of his brothers and sisters in practice and this came across in the most friendly of attitudes.
In the words of John’s stepson, Brian Webster, delivered at his memorial service, “Anyone who
knew John knew that mediocrity was not his domain. He didn’t do anything in which he didn’t
excel . . .. He didn’t do anything halfway because his heart didn’t “know” halfway. His heart
overflowed with love, passion, sincerity, integrity and principle. This, in my mind, is what
established John’s greatness.” No-nonsense problem solving was an Ivey specialty.

John was president of the Association of Engineering Geologists in 1980. Earlier he served as
chairman of the Denver Section (1969), Chairman of the AEG Ethics and Practices Committee
(1973-1978), and as Annual Meeting Chairman in 1974. AEG recognized these contributions
broadly in citing John in 1987 as the third person honored by the Floyd T. Johnston Service
award.

In addition to AEG, John held membership in the American Association of Petroleum
Geologists, American Geophysical Union, American Institute of Professional Geologists
(President of the Colorado Section, 1970), American Society of Photogrammetry, Geological
Society of America (Fellow, 1980), International Association of Engineering Geologists, Rocky
Mountain Association of Geologists and Society of Mining Engineers of AIME. John held
professional registration as an Engineering Geologist in California and Oregon and as an
Engineer in Colorado.
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Bill Owens
Governor

Greetings:

Colorado’s beautiful and rugged mountains, endless plains, and redrock plateaus all have their
origins in geologic history. Our colorful history, from earliest human settlement through the
legendary mining boom and expansion of the agriculture industry, to today’s statewide growth
patterns, has been influenced to a great degree by the state’s geology.

In Colorado, geological processes sometimes present dire threats to the public. We appreciate
the work performed by engineering geologists who deal with hazards posed by landslides,
rockfalls, mudflows, avalanches, swelling and collapsing soil, evaporite karst, earthquakes, and
radon. An understanding of geology has been a critical factor for other issues as well, including
the siting and construction of dams, tunnels, pipelines, and transportation corridors, mapping and
development of mineral resources, and maintaining water quality and supply.

[ am pleased to introduce “Engineering Geology in Colorado — Contributions, Trends, and Case
Histories.” This special publication by the Rocky Mountain Section of the Association of
Engineering Geologists and the Colorado Geological Survey of the Department of Natural
Resources contains an incredible compilation of facts, knowledge and experience pertaining to
the state’s geology, geological processes and geological hazards. It contains numerous instances
where this knowledge has been used to benefit the public health, safety and welfare.

This volume is essential reading for anyone doing geology-related work for civil projects in
Colorado. It is an invaluable history about how we have dealt the state’s scenic, yet complicated
and sometimes problematic, geology.

Governor
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OVERVIEW OF THE GEOLOGY OF COLORADO
PART I: PHYSIOGRAPHY, CLIMATE,
GEOLOGIC SETTING, AND GEOLOGIC HISTORY

David C. Noe; Vincent Matthews, I1I; and Ralf Topper
Colorado Geological Survey, 1313 Sherman Street, Room 715, Denver, CO 80203

Key Terms: general geology, physiography, climate, geologic history,
Quaternary geology, geomorphic landforms

ABSTRACT

Colorado’s mineral and water resources, and its geologic hazards, are closely associated with the
state’s geography, climate, surface and subsurface geology, geomorphology, and past and
present geologic processes. In terms of its geography, Colorado has three major physiographic
provinces that roughly trend north-south through the state — the Great Plains, Southern Rocky
Mountains, and Colorado Plateau provinces. Two other provinces — The Middle Rocky
Mountains and the Wyoming Basin — occupy the far northwest corner of the state. Colorado’s
location, far inland from any ocean, produces a semiarid climate with hot summers and cold
winters. Its varied topography greatly influences patterns of precipitation, temperature, and air
movement. Except for the high mountains, most of the state has a deficit water balance as a
result of low precipitation and high evapotranspiration rates. Colorado contains an abundance of
igneous, metamorphic, and sedimentary rock types, with rock formations representing every
major geologic era and period, with the exception of the Silurian Period. The Cretaceous- to
Tertiary-age structural deformation episodes associated with the Laramide uplift of the Rocky
Mountains, and subsequent late Cenozoic volcanism, block faulting, and uplift have produced
Colorado’s varied and complex geology and physiography. The resulting landscape consists of
structural basins filled with Paleozoic, Mesozoic, and Cenozoic sedimentary rock formations,
separated by structural uplifts cored by Precambrian crystalline rocks. During the Quaternary
Period, glaciers, water, wind, gravity, volcanic eruptions, and faulting modified the Tertiary
landscape to produce the recent sediment deposits and landforms we see in Colorado today.
Many of these geomorphic processes are active today. An understanding of the state’s geology
and geologic history — including the nature of its bedrock formations, Quaternary deposits, and
geomorphic processes — is crucial in order to wisely and efficiently develop Colorado’s mineral
and water resources, and to protect the public from its many geologic hazards.

INTRODUCTION

Colorado is a land of spectacular beauty, much of which is defined by its geology. It contains
rich but finite mineral deposits and water resources that have been, and will continue to be,
objects of exploration, exploitation, and opportunity. These resources are key to the state’s past,
present, and future booms and busts. Colorado’s geology presents many serious hazards and
constraints to development, which must be dealt with as the state’s population grows into areas
with difficult terrain and active geologic processes. An understanding of geology is crucial in



order to wisely and efficiently develop Colorado’s mineral and water resources and to protect the
public from geology-related threats to life, health, and safety.

The purpose of this two-part paper is to present an overview of the geology of Colorado as a
framework for more-specific, engineering geology papers that follow in this volume. In the first
paper (Part I), we will present a greatly simplified discussion about Colorado’s physiographic,
climatic, and geologic settings, geologic history, and modern landforms and geologic processes.
This will be followed in the second paper (Part II) (Noe et al., 2003) by discussions about the
occurrence and distribution of the state’s mineral, mineral fuel, and surface and ground-water
resources, water quality, and geologic hazards. In addition, in Part II we will discuss the
association of these resources and hazards with Colorado’s geography, surface and subsurface
geology, geomorphology, and past and present geologic processes.

A basic understanding of Colorado’s geologic setting and geologic history is important for
Engineering Geologists who conduct research and investigations in the state. Knowledge of the
lithostratigraphy, paleodepositonal environments, and structure of rock units in an area, in
addition to the general engineering properties of those formations of interest, gives the geologist
a powerful, predictive “sixth sense” about what to expect at a particular site.

Such knowledge enhances the interpretation of geologic maps and allows for the application of
experience from other geologically similar areas. It is important in the consideration of bedrock
conditions and hazards for a variety of investigations, including those for dam sites and highway
and tunnel alignments. An understanding of the local bedrock geology and geologic history may
enhance specific investigations of hydrogeology, mineral deposits, rockfall or debris-flow source
areas, rock-rooted landslides, karst terrain, and paleoseismicity.

Further Reading

There are several excellent volumes on Colorado’s geology for the inquisitive reader who
requires more information about these topics. Many of these references were written for specific
professional or general audiences (e.g., oil and gas, ground water, students, hobbyists) and,
unfortunately, many of these classic compilations are badly out of date and out of print. Seven
of the more-useful reference books and maps are listed below.

Two recent compilations by the Colorado Geological Survey (CGS), references 6 and 7, are the
main sources for many of the figures and narrative descriptions used in this paper.

1) Geologic Atlas of the Rocky Mountain Region by the Rocky Mountain Association of
Geologists (RMAG) (Mallory, 1972). This large-format atlas contains detailed descriptions
of the physical, historical, and economic geology of Colorado and is richly illustrated with
photographs and full-color cross-sections and maps. Out of print.

2) Colorado Geology, also by RMAG (Kent and Porter, 1980). We recommend this scholarly
volume as the authoritative introduction to Colorado Geology. It contains papers on
Colorado’s structural and tectonic framework, geologic history, and resources. It also



contains a paper (Booy, 1980) that describes several geologic hazards and the use of
engineering geology as related to water supply, tunneling, and planning. Out of print.

3) Prairie Peak and Plateau (Chronic and Chronic, 1972). This very readable guidebook is
aimed at an “educated non-technical” audience and covers the topics of physical, historical,
and economic geology of Colorado. Out of print (but see item 7).

4) Roadside Geology of Colorado (Chronic and Williams, 2002). Also written for an “educated
non-technical” audience, this second-edition guidebook describes the geology of Colorado
along its highways, and is illustrated with photographs and maps.

5) Geologic Map of Colorado (Tweto, 1979). The definitive map of Colorado’s geology at a
statewide scale of 1:500,000. Recently, the U.S. Geological Survey has released a digital,
GIS compatible version of this map (Green, 1992).

6) Ground-Water Atlas of Colorado (Topper et al., 2003). This newly released atlas shows the
interrelationship between Colorado’s geology, climate, surface water, ground water, and
aquifer systems. It is richly illustrated with color photographs and maps.

7) Messages in Stone: Colorado’s Colorful Geology (Matthews et al., in prep.). This profusely
illustrated text is in final review and was written as a successor to Prairie Peak and Plateau
(item 3). It is intended for a wide variety of audiences and serves as both an educational
tool and a scenic guidebook, and will probably be published in 2004.

In addition to these larger compilations, there are a number of excellent technical papers that
describe statewide or regional aspects of Colorado’s geology (examples include, Tweto, 1964;
Hansen and Crosby, 1982; Weimer, 1996). A full listing of such references is beyond the scope
of this paper.

PHYSIOGRAPHY

Colorado is the eighth-largest state in the nation, with an area of over 104,000 mi’ (269,000
km?), and is unique in its varied landscapes and topography. It is America’s highest state, with
an average elevation of 6,800 ft (2,073 m) above sea level. Fifty-eight of Colorado’s peaks soar
to more than 14,000 ft (4,267 m), more than in all the other states combined, and more than 740
peaks exceed 13,000 ft (3,962 m). A number of high mountain ranges, covered with montane
and subalpine forests, alpine tundra, and raw, glacier-gouged cliffs occupy the central portion of
the state. However, much of Colorado, especially in the areas around its population centers, is
comprised of flat or gently rolling topography on which grasslands predominate. Still, other
areas of the state have an Old-West look, with scrubby, desert-like vegetation and rocky, steep-
sided mesas and canyons.

This geographic variation is expressed in three major physiographic provinces that roughly trend
north-south through the state — the Great Plains, Southern Rocky Mountains, and Colorado
Plateau provinces (Figure 1). Portions of two other physiographic provinces — The Middle



Rocky Mountains and the Wyoming Basin — occupy the far northwest corner of the state. All of
these provinces extend beyond Colorado and define regions in which structures, climate, relief,
landforms, and geomorphic history are similar.
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Figure 1. Colorado’s physiographic provinces. From Topper et al. (2003); modified from
Fenneman and Johnson (1946); 100-meter DEM data from David Catts, U.S. Geological Survey.

The Great Plains province encompass approximately 40 percent of the state, with the remaining
area divided roughly equally between the plateau and mountainous regions. The main features
of the Great Plains are large, flat drainage divides of rolling grassland that lie between and
adjacent to the valleys of the South Platte and the Arkansas Rivers. These major rivers, which
arise in the central mountains, gradually fall approximately 3,000 ft (914 m) in elevation as they
cross the plains eastward from the foothills to the eastern border of the state. Colorado’s lowest
elevation is 3,350 ft (1,021 m) where the Arkansas River leaves the state. The province is
subdivided into the High Plains, Colorado Piedmont, and Raton Basin sub-provinces.

The Southern Rocky Mountain province encompasses the center of the state and runs its entire
north-south length. It is characterized by several distinct mountain ranges with elevations
ranging from 6,000 ft (1,829 m) to over 14,000 ft (4,267 m). Colorado’s highest point, Mt.
Elbert, at 14,433 ft (4,399 m), is located in the central part of the state near Leadville. Valleys
and high, intermontane parks such as North, Middle, and South Parks and the San Luis Valley



separate the individual mountain ranges. The mountain ranges are heavily forested, except
above timberline where tundra vegetation and rocky ground predominates. Grasslands
predominate in the intermontane parks and valleys. The Continental Divide, formed by the
crests of several mountain ranges, separates river basins draining east into the Gulf of Mexico
from those that drain west into the Gulf of California. The headwaters of four of the West’s
major river systems (the North and South Platte, Arkansas, Rio Grande, and Colorado Rivers)
are within this region (Figure 2).
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Figure 2. Average annual precipitation and major river systems in Colorado. From Topper and
others (2003); modified from U.S. Department of Agriculture and Natural Resources Conservation
Service (1999).

In western Colorado, the Colorado Plateau province consists of a series of high, relatively
horizontally stratified plateaus and mesas that have been dissected by rugged canyons and deep,
broad valleys associated with the major river systems. Some of the more pronounced upland
areas include the Book Cliffs and Roan Cliffs, Battlement Mesa, and Grand Mesa near Grand
Junction and Rifle, Uncompahgre Plateau near Montrose, and Mesa Verde near the southwestern
corner of the state. The main rivers that cross this province include the San Juan, Animas,
Dolores, Uncompahgre, Gunnison, Colorado, and White Rivers. Elevations within the province
range between 5,000 and 10,000 ft (1,524 and 3,048 m).

The Middle Rocky Mountain province consists of 7,000 to 9,000 ft high (2,134 to 2,743 m),
forested plateaus that are an eastward extension of Utah’s Uinta Mountains. These plateaus are
deeply dissected by the Green and Yampa Rivers.



The Wyoming Basin province is marked by sparsely vegetated, low-relief badlands that are
drained primarily by the Little Snake River. Elevations in the Wyoming Basin portion of
Colorado range between 6,000 and 7,500 ft (1,829 and 2,286 m).

CLIMATE

Colorado’s location, far inland from any ocean, produces a semiarid climate with hot summers
and cold winters. Its varied topography greatly influences patterns of precipitation, temperature,
and air movement. Whereas air can move freely over the eastern plains, the mountains can act as
barriers to air movement. The intermontane valleys and parks are subject to extremely cold
winter temperatures because of restricted air movement.

Precipitation varies tremendously in Colorado (Figure 2). The average annual precipitation,
statewide, is approximately 17 in (43 cm) (Colorado State University, 2002). Colorado’s varied
topography results in regions such as the San Luis Valley receiving an annual average of less
than 12 in (30.5 cm) of precipitation, while the adjacent San Juan Mountains receive in excess of
40 inches (102 cm). The variability in annual precipitation from year-to-year throughout the
state, along with a history of periodic droughts, is a cause of great concern for water managers
and the general population.

The Great Plains and Colorado Plateau physiographic provinces generally have abundant
sunshine, low relative humidity, large daily temperature variations, high to moderate winds, and
little precipitation. Average annual precipitation in the eastern plains of Colorado ranges from
12 to 16 in (30.5 to 40.6 cm). The dissected and varied topography of the Colorado Plateau
produces varied micro-climatic conditions. Valleys and basins between mesas may exhibit semi-
arid, desert-like conditions, while alpine climatic conditions can exist at the higher altitudes. At
elevations below 9,000 ft (2,743 m), average annual precipitation ranges from about 8 to 18 in
(20 to 46 cm), while the mesa and mountain ranges receive in excess of 32 in (81 cm). Winter
and spring storms produce most of the precipitation in this region. Summer thunderstorms,
although brief, can often be very intense, producing 20 to 40 percent of the annual precipitation
(Robson and Banta, 1995).

Precipitation within the Southern Rocky Mountain physiographic province is more consistent on
an annual basis, though highly variable by elevation. A majority of the precipitation falls as
snow from Pacific winter storms tracking eastward across the mountain ranges. This air
movement tends to produce more precipitation on the windward (western) side of the ranges than
on the leeward (eastern) side. Average annual snowfall ranges from 6 ft (1.8 m) to more than 35
ft (10.7 m) (Robson and Banta, 1995). Average annual precipitation in the mountain ranges of
Colorado ranges from 30 in (76 cm) to over 60 in (152 cm).

In Colorado’s semi-arid climate, most of the precipitation that falls on the land surface is lost
through evapotranspiration (water loss under the combined effects of evaporation and plant
transpiration). Abundant sunshine, clear skies, low relative humidity, wind, and moderate
temperatures result in large rates of evaporation over much of the state. The annual rate of



potential evaporation, as measured by standard weather bureau Class A evaporation pans, ranges
from about 45 in (114 cm) in the west-central portion of the state to 85 in (216 cm) in the
extreme southeast corner (Farnsworth et al., 1982). Statewide averages show that approximately
81 percent of Colorado’s precipitation returns to the atmosphere through evapotranspiration
(Litke and Evans, 1987). In the foothills west of Denver, measured evapotranspiration rates have
varied annually from 75 to 97 percent of precipitation (U.S. Geological Survey, 2001).

Water Budget

The average annual water balance in Colorado, calculated by subtracting the average annual
potential evapotranspiration from the average annual precipitation, is shown in Figure 3. This
map shows that the mean annual water balance is a deficit over most of the state, with only the
higher mountain regions producing surplus water. In general, in areas where evapotranspiration
rates are in excess of precipitation, most surface water and soil moisture will be removed into the
atmosphere before the water can infiltrate into the subsurface. However, potential and actual
evapotranspiration may vary markedly, depending in part on how the precipitation is distributed
through time, both seasonally and episodically.
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Figure 3. Average annual water balance in Colorado. From Topper and others (2003); modified
from Waltman (1997).

This deficit water balance is an important factor that affects Colorado’s surface-water supplies
and recharge to ground-water aquifers. It is also an important factor with regard to engineering
geology, as most of Colorado’s soils are in a perpetually dry state (with the obvious exception of
the higher-elevation mountains and other localized areas). Episodic, natural events that increase
the soil moisture, such as seasonal precipitation or large precipitation events, and longer-term,



human-induced activities such as drainage rerouting, septic-system return flows, and lawn or
crop irrigation, are critical engineering geologic considerations.

GEOLOGIC SETTING

Colorado contains an abundance of igneous, metamorphic, and sedimentary rocks, which span
billions of years of Earth’s history and represent a variety of depositional environments. The
state’s varied and complex geology and physiography have been produced by deformation
associated with the two most-recent uplifts of the Rocky Mountains (the Laramide uplift episode
during Cretaceous to early Cenozoic time, and the later uplift episode during late Cenozoic time).
As aresult, Colorado is divided into a series of structural uplifts and basins (Figure 4). The
Great Plains, Colorado Plateau, and Wyoming Basin provinces generally contain thick sequences
of flat-lying to locally folded sedimentary rocks within areally extensive structural basins. The
Southern and Middle Rocky Mountain provinces are comprised of a complex assortment of
igneous (both intrusive and extrusive), metamorphic, and sedimentary rocks within numerous,

variably sized structural uplifts and basins.
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Figure 4. Major tectonic and structural features in Colorado. Modified from Tweto (1979).

Colorado contains rock formations from every major geologic era and period (with the exception
of the Silurian Period, of which only a few remnants have been found). The surficial distribution
of Colorado’s major geologic units is presented in a simplified geologic map (Figure 5). A
geologic cross-section (cross-section A-A’, Figure 6), taken from the west-central part of the



state from the Utah line to the eastern plains, shows a succession of structural basins filled with
Paleozoic, Mesozoic, and Cenozoic sedimentary rock formations, separated by structural uplifts
cored by Precambrian crystalline rocks. Each of the major structural basins has a somewhat
unique assemblage of geologic formations, and in some instances the stratigraphic nomenclature
varies from place to place. A stratigraphic nomenclature chart, by basin, of the state’s Paleozoic,
Mesozoic, and Cenozoic formations is included as Appendix A.

GEOLOGIC HISTORY

The geologic story deciphered from the rocks of Colorado recounts multiple structural events
that raised mountain ranges, each to be subsequently eroded and partially buried in their own
debris. Some of these rocks present evidence of ancient, shallow seas with their associated
beaches, deltas, and swamps sweeping across the land, and of deserts undulating with dune
fields. In more recent geologic time, the rocks record a history of large, active volcanic fields
that covered the landscape with flowing lava and filled the air with volcanic ash. Over central
Colorado, the landscape resulting from this geologic history is modified by the work of glacial
ice that sculpted mountain peaks and scoured valleys, leaving thick layers of accumulated
sediments across the land as glaciers retreated and melted. Beyond the glacier limits, extensive
alluvial outwash and eolian sands and silts were deposited.

Figure 5. General geologic map of Colorado, by geologic era and period. From Topper and others
(2003); modified from Tweto (1979) and Green (1992).
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The following section contains a brief geologic history of Colorado, along with maps showing
the generalized surficial (outcrop) distribution of geologic units from a particular period. The
names of pertinent rock formations, primarily those in the central part of Colorado, are included
in these descriptions. For the Quaternary Period, the history shifts to a discussion of modern
depositional environments and deposits. A summary of the major geologic events occurring
within Colorado during each period of geologic time is depicted in Figure 7.

Era Period (Millions of Major Geologic Events in Colorado
years ago)
Quaternary Present- 1.8 | Development of present topography, “Ice Ages,” Huge dune fields, Widespread mammalian extinction, Wide-
| spread faulting, Basaltic volcanoes, Development of caves,
CENOZOIC Rio Grande rifting and regional uplift by block faulting (to present elevations); Major canyon cutting; Catas-
Tertiary 1.8-65 trophic volcanoes erupting; Erosion and basins developing; Laramide mountain building; Igneous plutons in-
truding and mineralization along the Colorado Mineral Belt.
WTBoundary | 65 | Astroid impactcauses workdwide xtinction of plants and animas. End ofth “Age of Dinossurs” beginning of “Age of Mammas.”

Figure 7. Geologic time scale and summary of major geologic events occurring within Colorado.
Compiled by the Colorado Geological Survey.

The discussions mention numerous, geographic-location names that are not shown on the
outcrop-distribution maps that follow; interested readers who wish to find these various locations
should equip themselves with a highway map of Colorado or a larger-scale geologic map such as
the one by Tweto (1979).

The Precambrian Era

The Precambrian era spans the period from the origin of the Earth, estimated to be approximately
4.6 billion years old, to approximately 543 million years ago. The oldest known Precambrian
rocks in Colorado are about 2.7 billion years old and are represented by meta-sediments exposed
in the Uinta Mountains in the very northwest corner of the state. The majority of Precambrian-
aged rock exposures in Colorado are found within the central Rocky Mountain region (Figure 8).
These outcrops are primarily composed of metamorphic gneiss and igneous granite.
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Figure 8. Distribution of Precambrian rock outcrops in Colorado. From Matthews and others (in
prep.); modified from Tweto (1979).

Details of the ages and origins of the state’s metamorphic rocks are uncertain, although there is
evidence of mountain-building episodes, volcanism, and subsequent erosion and deposition of
thick sequences of sediments during Precambrian time. These sediments have been subsequently
transformed into today’s metamorphic rocks by burial, pressure, and heat. The Black Canyon of
the Gunnison River contains spectacular exposures of gneiss and schist with cross-cutting dikes
of pegmatite (Figure 9). Other examples of metamorphic rocks in Colorado include gneiss from
the Front Range, the Wet Mountains near Canon City, the Uncompahgre Plateau near Gateway,
and the Needle Mountains near Durango. Quartzite is exposed in the Big Thompson and Coal
Creek canyons in the Front Range. Precambrian-age sedimentary to meta-sedimentary rocks,
primarily sandstone-quartzite and shale-argillite, are exposed in the area surrounding Browns
Park in the northwest corner of the state.

There are several, large granitic batholiths of Precambrian age that cover large areas of the
central and northern mountains (Figure 10). The most notable is the Pikes Peak batholith, which
intruded the Pikes Peak Granite (1.0 billion years) to the west of Colorado Springs. Other
batholiths intruded the Silver Plume Granite (~1.4 billion years) and the Boulder Creek Granite
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Figure 9. Black Canyon of the Gunnison River, near Montrose. Photo by Jason Wilson, Colorado
Geological Survey.

(~1.7 billion years) along the Front Range; these granites have age-equivalent counterparts
scattered across other mountain ranges of the state.

The Paleozoic Era

The Paleozoic Era, comprising seven geologic periods, spans the time period from 543 to 248
million years ago. It began with an explosive expansion of life and ended with a dramatic mass
extinction of marine invertebrates. In Colorado, widespread shallow seas dominated the early
portion of the Paleozoic era. This relatively stable, cratonic environment, coupled with the
activity of offshore currents and marine organisms, resulted in the deposition of sandstone,
limestone, and dolomite. Uplift of the land and subsequent receding of the seas in the late
Paleozoic (Pennsylvanian time) created the Ancestral Rocky Mountains. Their subsequent
erosion produced thick deposits of coarse-grained red beds. Isolated shallow seas produced
restricted evaporite basins, while shales and sands were deposited in other parts of the state.

Colorado spent the early two-thirds of the Paleozoic in the southern hemisphere (see Blakey,

2003, and Scotese, 2003 for illustrated, paleogeographic reconstructions of the position of the
North American continent relative to the equator through geologic time). By Pennsylvanian time
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Figure 10. Distribution of Precambrian granitic batholith outcrops in Colorado. From Matthews
and others (in prep.); modified from Tweto (1979).

it was at the equator, and by mid Permian time it was in the northern Horse Latitudes (i.e., 30 to
35° North Latitude). At the end of this era, Colorado was a relatively flat, low-lying region with
an arid or semi-arid climate.

The surficial distribution of lower and middle Paleozoic strata in Colorado is shown in Figure 11.
Descriptions of the five geologic periods contained within this time interval — the Cambrian,
Ordovician, Silurian, Devonian, and Mississippian — are discussed in the following paragraphs.

Cambrian Period (543 to 490 million years ago) — Sea level rose about 500 million years ago
as marine waters moved into Colorado from the west and south, depositing sands and pushing
the shoreline ahead of the rising sea. As a result, Cambrian sandstones (Tintic and Ignatio
Formations, Lodore Sandstone, Sawatch Sandstone) are generally younger as one travels east
across the state (Myrow et al., 1999). These shoreline and near-shore sandstones are well
exposed in the Sawatch Range, Glenwood Canyon, and near Red Cliff in central Colorado, at
Baker’s Bridge north of Durango, and along Highway 24 northwest of Manitou Springs. During
the Cambrian Period, Colorado was close to the equator.
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Figure 11. Distribution of lower and middle Paleozoic (Cambrian through Mississippian) rock
outcrops in Colorado. From Matthews and others (in prep.); modified from Tweto (1979).

Ordovician Period (490 to 443 million years ago) — The Ordovician Period began with the
shallow seas still covering much of Colorado and depositing carbonate rocks, predominantly
dolomite with some limestone (Manitou Formation). A period of subaerial weathering and
erosion preceded a sea level rise in late Ordovician time that deposited sands in central Colorado
(Harding Sandstone). As sea level rose again just before the beginning of the Silurian Period,
limestone (Fremont Limestone) was deposited in the warm tropical seas. During the Ordovician
Period, North America shifted slowly southward, placing Colorado just south of the equator.

Silurian Period (443 to 417 million years ago) — Although sea level rose to one of its highest
points during the Silurian Period, the extensive sediments that were deposited were soon eroded
during a drastic drop in sea level that exposed the land. The only known exposure of Silurian
rocks in Colorado are pieces of limestone from northern Colorado, from an area that was thought
to have only Precambrian rocks. The rocks consist of blocks of fossiliferous limestone within
diatremes, hosted in Precambrian rocks. Diatremes form by gaseous explosions in volcanic
pipes. It is thought that these explosions broke off large blocks of overlying rock, which fell
down into the pipe. Deep underground, these foundered blocks of Silurian rocks were protected
from the erosion that removed the Silurian layers still exposed at the surface. Located only
rarely along the Front Range near the Wyoming border, these are the only Silurian rocks found
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for 300 mi (482 m) in any direction.

Devonian Period (417 - 354 million years ago) — The withdrawal of the seas during the Silurian
Period caused Colorado to be above sea level early in the Devonian Period, and many of the
previously deposited rocks were subsequently eroded. Rocks deposited later in the Devonian
Period reflect a relatively slow rise in sea level. During the late Devonian Period, a marine
embayment covered most of the central and southwestern portions of Colorado, where first
sandstone (Parting Sandstone) and then carbonate rocks (Dyer Formation) were deposited. The
Parting Sandstone is generally well cemented with silica, and was named because it contains thin
shale beds (i.e., partings) that made it easy to recognize.

Mississippian Period (354 - 323 million years ago) — Sea level peaked for the second time in
the Paleozoic Era during early Mississippian time. Colorado was once again completely covered
by shallow seas, which resulted in the deposition of a great thickness of limestone across the
state (Leadville Limestone — equivalent to the Madison and Redwall Limestones elsewhere).
About this time, approximately 340 million years ago, Colorado was part of the northern super-
continent Laurasia and still lay slightly south of the equator. The Leadville Limestone is a well-
known host rock for many ores that were emplaced much later during the Cenozoic Era, notably
those around the town of Leadville.

Sea level dropped at the close of the Mississippian Period and Colorado once again became
relatively dry land. During this time, the limestone dissolved and caves formed, creating an
irregular land surface known as karst. Weathering of Leadville Limestone formed an uneven,
karsted terrain (Figure 12). Often, this karst is overlain by a soil with a characteristic red color,
known as terra rosa (“red land”). This weathered unit lies at the boundary between the strata of
the Mississippian and Pennsylvanian periods. Remnants of this paleosol are best preserved in
southwestern Colorado.

Pennsylvanian Period (323 - 290 million years ago) — The Pennsylvanian Period in Colorado
began with the return of shallow seas, depositing fine-grained sands and black, marine shales
(Molas Formation, Belden Shale). Conditions changed dramatically after these units were
deposited due to the uplift of two north-south mountain ranges, the Ancestral Front Range and
the Ancestral Uncompahgre Range. These mountains shed sediment into basins between the
ranges and formed aprons and wedges of coarse sediment on both flanks of the two ranges.
Because it is rare to find faults and folds formed during this time, the distribution of these coarse
sediments is the primary evidence for this particular mountain-building event in Colorado.

Examples of the coarse, reddish sediment shed off the east side of the Ancestral Front Range are
well displayed in the Flatirons near Boulder, Red Rocks and Roxborough state parks near
Denver, and the Garden of the Gods near Colorado Springs (Fountain Formation). Similar
sediments that were shed off the west side of the Ancestral Front Range are prominent between
Vail and Avon along I-70 (Minturn Formation). In south-central Colorado, these sediments form
the Sangre de Cristo Formation. Exposures of sediment shed from both sides of the Ancestral
Uncompahgre Mountains appear in the striking red cliffs of Animas Canyon north of Durango
(Hermosa Group) and the scenic Maroon Bells near Aspen (Maroon Formation) (Figure 13).
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Figure 12. Partially filled cave and sinkhole in the Mississippian Leadville Limestone, exposed
near Aspen. Photo from Maslyn, 1976.

The rising mountains blocked the surrounding seas and isolated a part of the sea between the two
ranges, forming a restricted evaporite basin known as the Colorado Trough. Evaporation
exceeded water inflow and caused the basin to be saturated by salts, which precipitated as solid
minerals. The stark, desolate appearance of the hills along Interstate 70 between Eagle and
Gypsum is caused by the presence of gypsum and other salts (Eagle Valley Evaporite). These
evaporites are highly contorted as a result of extensive, solid-state flowage and deformation that
occurred much later, during Cenozoic time. There were also algal mounds growing along the
flanks of this evaporite basin, remnants of which can be seen near Minturn and Meeker.

The Paradox Basin in southwestern Colorado contains Pennsylvanian evaporite strata formed
through a similar process. In this basin, thousands of feet of gypsum, salt, and potash were
deposited in another restricted arm of the sea. These evaporites are interbedded with limestones
and black shales documenting dozens of depositional cycles (Pinkerton Trail, Paradox, and
Honaker Trail Formations). Algal mounds are reservoirs for some of the basin’s oil fields.

Although the Ancestral Rockies uplifted much of the area, shallow seas still repeatedly invaded
the lowland areas. Marine fossils document as many as 20 marine cycles in the strata that crop
out west of Vail and in the subsurface in the Denver Basin of eastern Colorado. These cyclic
deposits are the result of continental glaciers in the Southern Hemisphere that repeatedly stored
and released large volumes of water, causing the relatively rapid fluctuation of sea level during
the Pennsylvanian Period.

The surficial distribution of Pennsylvanian and Permian rocks in Colorado is shown in Figure 14.
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Figure 13. The Maroon Bells near Aspen, composed of gently dipping beds of Pennsylvanian
Maroon Formation.

Permian Period (290 — 251 million years ago) — As the Permian Period began, erosion
continued to wear away the Ancestral Rocky Mountains and fill the intermontane basins with
coarse sediment. Several of these formations (Fountain, Maroon, Sangre de Cristo, Cutler) are
Pennsylvanian to Permian in age. The humid conditions of Pennsylvanian time were replaced by
a more arid climate in the Permian. The sea level dropped, exposing more dry land in Colorado.
On the land, large dune fields dominated the newly exposed landscape (Weber Sandstone, Lyons
Sandstone). In the western part of the state, limestone, sandstone, and shale were still being
deposited in a shallow sea (Phosphoria, Park City, and State Bridge Formations).
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Figure 14. Distribution of Pennsylvanian and Permian rock outcrops in Colorado. From Matthews
and others (in prep.); geology from Tweto (1979).

As the Permian Period ended, Colorado was a relatively flat, low-lying region with an arid or
semi-arid climate. All of the continents had coalesced to form the supercontinent of Pangaea,
and Colorado was on the edge of the shallow sea with sea level continuing to drop. The Permian
Period ended with a profound mass extinction. In stark contrast to its vibrant beginning in the
Cambrian Period, at least half of the known families of both marine and terrestrial organisms
died out at the close of the Paleozoic Era. Scientists estimate that in this period of mass
extinction, 75 percent of the amphibian families and more than 80 percent of the reptile families
disappeared.

The Mesozoic Era

The Mesozoic era, encompassing three distinctly different geologic periods — Triassic, Jurassic,
and Cretaceous — spans the time period from 248 to 65 million years ago. Dinosaurs appeared
and were the dominant land life forms at this time. During the first two periods, Colorado was a
land area of low relief with a persistent warm, dry climate. During much of the third and final
period, a vast seaway covered the western interior of the North American continent, including
the entire state at its fullest extent. The end of the Mesozoic Era was marked by the initial rise of
the modern-day Rocky Mountains. The seas of the western interior seaway retreated for the last
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time, coincident with the emerging mountain ranges, and terrestrial basins dominated the state’s
landscape through the ensuing Cenozoic era. As with the Paleozoic, the Mesozoic Era ended
with a mass extinction, this time of the dinosaurs.

Mesozoic rocks lie at, or very near, the surface of about 35 percent of the state and under an even
greater area in the subsurface. A typical exposure from west-central Colorado is shown in Figure
15. Overall, these rocks contain important energy resources including oil, natural gas, and coal.
Several of the formations also contain important industrial minerals and ground water, as well as
uranium, radium, and vanadium in western Colorado.

Figure 15. Outcrop of Mesozoic rocks overlying upper Paleozoic rocks in west-central Colorado,
near Carbondale. (IPPm = Maroon Formation; Je = Entrada Sandstone; Jm = Morrison Formation;
Kdb = Burro Canyon Sandstone and Dakota Group). Photo by David Noe and Jonathan White,
Colorado Geological Survey.

Triassic Period (251-206 million years ago) — The sediments deposited during much of the
Triassic Period are remarkably similar in composition and general character throughout the
United States. Triassic red beds impart their hues to many western Colorado landscapes. They
are comprised of fine-textured sandstones, siltstones, and shales that were deposited in mudflats,
on alluvial plains, and in dune fields adjacent to eroding highlands. The red beds sometimes
interfinger with limestone, halite, and gypsum — probably the result of brief incursions of
restricted marine waters from the north onto flat-lying coastal and alluvial plains.

Triassic red beds are exposed along much of the eastern edge of the Front Range Uplift (Lykins

Formation) and form part of a strike valley between two steeply dipping, hogback ridges of
Permian and Cretaceous age. These valleys extend intermittently from Douglas County north to
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the Wyoming state line. In western Colorado, the near-horizontal Triassic red beds (Moenkopi
Formation, Chinle Formation) are easily eroded, and generally appear as debris-covered slopes
between resistant ledges.

The surficial distribution of Triassic and Jurassic rocks in Colorado is shown in Figure 16.

Figure 16. Distribution of Triassic and Jurassic rock outcrops in Colorado. From Matthews and
others (in prep.); modified from Tweto (1979).

Jurassic Period (206-144 million years ago) — The deposition of red beds in Colorado was
followed in late Triassic and early Jurassic time by deposition of widespread dune sands in a
warm, desert climate. This climate change resulted from the separation of the North American
plate from Africa. Colorado and North America drifted north out of tropical latitudes into the
Horse Latitudes. The Jurassic dune sandstones (Entrada Sandstone) feature large-scale cross
bedding, and form spectacular, light colored cliffs throughout much of western Colorado.

Deposition of sand dunes was interrupted four times during the first 45 million years of the
Jurassic Period, when marine waters advanced from the northwest. This seaway and its deposits
(Curtis, Summerville, and Ralston Creek Formations) covered parts of northwestern and north-
central Colorado. Remnants of the Ancestral Rocky Mountains remained just above sea level in
the southern and central areas of the state.
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After final retreat of the Jurassic seaway, the entire Rocky Mountain region became a vast,
continental lowland of lakes, swamps, dunes, and braided and meandering streams. The
resulting deposits (Morrison Formation) are similar in appearance and thickness throughout this
region. This great lowland area and its deposits covered a ten-state area in the western interior of
the United States and southern Canada.

The Morrison Formation yields one of the richest fossil assemblages of dinosaurs on the North
American continent including Stegosaurus (the state fossil of Colorado) (Jenkins and Jenkins,
1993). In Colorado, this formation also provides the continent’s largest assemblage of dinosaur
trackways at a site located south of La Junta along the Purgatoire River. The site has more than
1,300 tracks contained in roughly individual 100 trackways, which are exposed in outcropping
limestone layers near the river (Lockley et al., 1999).

Cretaceous Period (144 to 65 million years ago) — The Cretaceous Period began in Colorado
with the lowland topography inherited from the preceding Jurassic. Sea level began rising, with
the Gulf of Mexico approaching from the south and the Arctic Ocean migrating from the north.
Eventually, these water bodies joined, forming a vast, relatively shallow seaway across the
western interior of North America (Figure 17).

Figure 17. The Cretaceous Western Interior Seaway in one of its many shoreline configurations,
showing Colorado’s location. From Matthews and others (in prep.); modified from Gill and
Cobban (1973).

Widely fluctuating geologic conditions resulted in a complex intertonguing of marine and
terrestrial deposits during this period. Uplift of the Sevier thrust belt to the west in Utah
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contributed sediment pulses, and volcanic activity in the Elkhorn Mountains of southwestern
Montana contributed ash fall deposits (bentonites). The entire area from central Utah through
western Colorado was a slowly subsiding foreland basin, allowing thick accumulation of
sediments. A complicated interplay between basin subsidence, sediment inflow, and sea-level
fluctuations affected the shifting of the shorelines.

The beginning of the Laramide mountain-building event ushered in the final retreat of western
interior seaway, and a return to terrestrial conditions that began during the last few million years
of the Cretaceous Period and continue today (Weimer, 1996; Raynolds, 2002). The surficial
distribution of Cretaceous rocks in Colorado is shown in Figure 18.

Figure 18. Distribution of Cretaceous rock outcrops in Colorado. From Matthews and others (in
prep.); modified from Tweto (1979).

The oldest Cretaceous rocks in Colorado are represented by the Dakota Group, which was
widely deposited as a complex of beach, deltaic, estuarine, and nearshore marine sediments.
Rocks from this group are found throughout Colorado. Sandstones from the Dakota Group are
important oil, gas, and ground water reservoirs. These sandstones are resistant to erosion and
form the prominent Dakota Hogback ridge along the eastern foothills of the Colorado Front
Range. Elsewhere, where Dakota sandstones are relatively horizontal, they typically form a
rimrock or a distinctive mid-slope ledge.
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The Dakota Group is overlain by thousands of feet of marine shale and limestone, which were
deposited as the seaway deepened and marine waters advanced across the state. In eastern
Colorado, the widespread Graneros Shale, Greenhorn Limestone, Niobrara Formation, and Pierre
Shale represent this episode. The Pierre Shale is the thickest of these formations, being over
8,000 ft (2,438 m) thick near Boulder (Scott and Cobban, 1965). It underlies most of eastern
Colorado and has an extensive outcrop area. These rocks are easily weathered and eroded, and
they most often form grass-covered, low-relief topography. They contain discrete and laterally
extensive bentonite beds that are typically less than one foot thick.

At this same time, the intertonguing marine and terrestrial strata of the Mancos Shale and the
Mesaverde Group were deposited in the western part of the state. The Mancos Shale is
essentially equivalent to the Graneros Shale, Greenhorn Limestone, Niobrara Formation, and
Pierre Shale, although it is siltier and less calcareous as a consequence of being deposited nearer
to the ancient shoreline the was located to the west. The Mesaverde Group records the repeated
incursion of terrestrial sediments from the highlands in Utah, which prograded the shoreline
eastward across Colorado in pulse-like steps. Extensive deposits of interbedded sandstone,
shale, and coal, resulting from accumulation of organic matter in marshes and lagoons, are
widespread in the Mesaverde Group.

Beginning about 70 million years ago, the long history of deposition and subsidence of the
Mesozoic Era came to an end with the Laramide mountain-building episode. At this time, the
entire western continental interior rose regionally. The seas of the late Cretaceous Seaway
retreated for the last time and were replaced by the emerging mountain ranges and terrestrial
basins that would dominate the ensuing Cenozoic Era. Along the margin of the retreating sea,
shoreline deposits in central and eastern Colorado formed the Fox Hills Sandstone. A return to
continental deposition is recorded in the overlying, interbedded sandstone, shale, and coal of the
Laramie and Lance Formations. Finally, regional uplift and volcanism, coupled with erosion of
those developing highland areas, resulted in the deposition of coarse- to fine-grained terrestrial
sediments of the Arapahoe, Denver, and Dawson Formations in the age-equivalent Denver Basin
(Raynolds, 2002).

Much like the Paleozoic, the Mesozoic Era ended with a massive, worldwide extinction of many
species, including all of the larger dinosaurs. In the 1940s, South Table Mountain west of
Denver was the first place in the world where the boundary between the Cretaceous and Tertiary
Periods was described in terrestrial rocks, with only dinosaur bones below and only mammals
above (Brown, 1943). In southern Colorado, the K/T boundary was preserved in a clay layer in
swamps that later became the rich coal deposits of the Raton Basin. The layer contains
anomalously high amounts of iridium (in fact, the highest iridium content ever measured in
continental rocks), a rare element in terrestrial rocks but common in meteorites. It contains soot
and fragments of minerals that show evidence of being strongly shocked by impact. These rocks
yielded physical and chemical data that played a key role in proving that the Chicxculub crater in
Mexico’s Yucatan Peninsula was the source of meteor impact debris that affected the planet
(Izett, 1990; Bohor et al., 1993; Krogh et al., 1993; Powell, 1998).
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The Cenozoic Era

In comparison to those eras that preceded it, the Cenozoic Era is relatively short and is divided
into two very unequal periods of time — the Tertiary and Quaternary. Over 63 million years are
classified as the Tertiary Period, while only the last 1.8 million years belong to the Quaternary
Period. Because the Cenozoic Era is the most recent span of geologic time, much is known
about it. The animals and plants that evolved during this Era are ancestors of the fauna and flora
of our present environment. In Colorado, mountain building, rifting, volcanic eruptions, glaciers,
widespread erosion, and basins filling with sediment characterized the era. The Rockies are not
Precambrian mountains, but rather Cenozoic mountains made of Precambrian rocks.

Tertiary Period (65 to 1.8 million years ago) — The Tertiary Period in Colorado includes two
mountain-building events, three igneous events, and the deposition of thick, terrestrial sediments.
The Laramide mountain-building event, which began in the late Cretaceous, continued for the
first 25 million years of the Tertiary. Thousands of feet of uplift and downwarp in many areas
across the state formed ranges and basins, some of which have been exhumed to form elements
of Colorado’s spectacular, present-day scenery. Dramatic products of this period include the
fold and fault belt from Lyons to Fort Collins, Boulder’s Flatirons, the hogbacks along the Front
Range, the Garden of the Gods in Colorado Springs, the Hogback Monocline near Durango, and
the Grand Hogback near Glenwood Springs (Figure 19). The monoclines of the Colorado
National Monument in Grand Junction and Dinosaur National Monument of northwestern
Colorado also emerged at this time.

Igneous activity accompanied the Laramide mountain-building event. Intrusive rocks of
Laramide age (72-50 million years old) are found throughout the northeast-trending Colorado
Mineral Belt. Although volcanoes are not preserved, we know that magma reached the surface
and built volcanoes because volcanic fragments are found in age-equivalent sedimentary rocks in
the Denver Basin (Denver Formation) and in Middle Park (Middle Park Formation). Near
Golden, andesitic flows that once flowed down a paleovalley are preserved as rimrock on North
and South Table Mountains, and are a spectacular example of reverse topography.

Laramide mountain building ended much as it began — with activity tapering off at different
times in different places. About 38 million years ago, a combination of beveling by erosion and
burying by deposition reduced the entire area to a broad undulating surface of low relief. Former
mountains were buried in their own debris. Intensive erosion during and following the Laramide
is recorded in thick sequences of Tertiary sedimentary rocks in the basins between mountain
ranges and on the plains (Wasatch, Coalmont, Denver, Dawson, Browns Park, Troublesome,
White River, Arikaree, and Ogallala Formations) (Figure 20). Although the post-Laramide
erosion surface has been uplifted, faulted, and dissected by stream and glacial erosion in ensuing
time, remnants of the eroded surface are preserved as pediments in many areas of central
Colorado.

Widespread volcanic activity occurred about 36 million years ago and continued for 10 million
years, depositing volcanic ashes, lava flows, and lahars (volcanic mudflows) (Figure 20). The
San Juan Mountains represent one of the larger volcanic regions, containing several large
calderas or basin-shaped volcanic depressions. Volcanic rocks were deposited in many areas of
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Figure 19. Digital elevation model of the Laramide-age Grand Hogback near Glenwood Springs,
located between the Piceance Basin (to the left) and White River Plateau (to the right). From
Matthews and others (in prep.); 100-meter DEM data from David Catts, U.S. Geological Survey.

the state on the low-relief, post-Laramide erosion surface. At its maximum extent, this great
coalescing sheet of volcanic outpourings covered half of the state (Figure 21).

During late Cenozoic time, the Rocky Mountains were again uplifted and deformed, producing
Colorado’s present topography of block-faulted mountains and basins, plateaus, and high plains.
The previous andesitic igneous activity was replaced by basaltic volcanism as Colorado’s crust
pulled apart and extended to the east and west. As extension progressed, the crust was broken
into many blocks that rose and fell, creating mountains and basins. Many of these fault blocks
were reactivated older Precambrian, late Paleozoic, or Laramide structures. Individual fault
displacements of as much as 20,000 ft (6,096 m) occurred between the San Luis Valley and the
Sangre de Cristo Range during late Cenozoic time. This activity continues today, as evidenced
by recent, active faulting and accompanying earthquakes and fairly recent, basaltic eruptions
(Giegengack, 1962; Kirkham and Rogers, 2000; Naeser et al., 2002; Steven, 2002; Widmann et
al., 2000; 2002).

The most dominant, late-Tertiary structural feature in Colorado is the Rio Grande Rift, which can
be traced nearly 500 mi (805 km) from Mexico to Colorado, entering the state through the San
Luis Valley and continuing to the north in a series of segments to the vicinity of Steamboat
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Figure 20. Distribution of Tertiary sedimentary (gold) and volcanic (red) rock outcrops in Colorado.
From Matthews and others (in prep.); modified from Tweto (1979).

Springs. The rift is a series of north-trending, down-faulted basins or grabens, flanked on one or
both sides by up-faulted mountain ranges. The most outstanding grabens or structural valleys of
the rift are the San Luis Valley, the Upper Arkansas Valley from Salida to Leadville, and the
Blue River Valley from Silverthorne to Kremmling. Examples of adjacent faulted mountain
blocks include the Sangre de Cristo, Mosquito, and Williams Fork ranges on the east flank of the
rift and the Sawatch, Tenmile, and Gore ranges on the west. The subsiding grabens acted as
sedimentary basins and collected thousands of feet of debris that were shed as the rising
mountains were subjected to the forces of erosion (Naeser et al., 2002; Steven, 2002).

Continued uplift and accelerated canyon cutting and erosion characterized the end of the Tertiary
Period. The Royal Gorge, Clear Creek, Big Thompson, Cache la Poudre, Glenwood, and the Black
Canyon of the Gunnison are a few of the spectacular canyons cut during the last five million years.
The Colorado River formed Glenwood Canyon as it eroded into the southern flank of the rising
White River Uplift. Most of the steep inner walls of the canyon were carved during the past
three million years (Kirkham et al., 2001). At the same time, the Colorado River was carving the
Grand Canyon downstream in Arizona.

In certain areas of Colorado, particularly near Eagle, Glenwood Springs, Carbondale, Buford,
and Paradox, canyon incision by the major rivers created an imbalance of overburden pressure
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Figure 21. Distribution of calderas (red and gold ovals with hachures) and interpreted original
extent of Tertiary volcanic rocks (transparent orange shading) in Colorado. From Matthews and
others (in prep.); geology from Steven (1975) and Lipman (2000).

on the underlying formations. Buried evaporite deposits of Pennsylvanian age flowed laterally
and upward and reached the ground surface along the canyons, resulting in of evaporite diapirs
and river-centered anticlines along those valleys. In the surrounding areas, nearly 4,000 ft (1,219
m) of regional collapse occurred due to the evacuation, outflow and migration, and near-surface
dissolution of halite and gypsum. There is evidence that this process is ongoing today (see
Kirkham et al., 2002). For information about the impacts to humans from evaporite dissolution
and evaporite tectonism in these areas, see the “Geology and Water Quality” and “Earthquakes
and Seismicity” sections in Part II of this paper (Noe et al., 2003). In addition, there are related
technical papers in the following chapters of this volume: “Faulting and Earthquake Hazards”
and “Expansive and Collapsible Soil and Bedrock.”

Quaternary Period (1.8 million years ago to present) — The Quaternary period, the most
recent period of geologic time, has been dubbed the “Ice Age,” as great continental glaciers
covered most of Canada and much of the northern United States at certain times. Although the
continental ice sheets did not extend into Colorado, several episodes of cooler climate produced
alpine glaciers in many of the state’s mountain ranges. During this time period, glaciers, water,
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wind, gravity, volcanoes, and tectonics modified the Tertiary landscape to produce the recent
sediment deposits and awe-inspiring landforms we see in Colorado today.

These deposits and landforms are significant in that many engineering-geologic projects involve
the characterization and evaluation of Quaternary deposits. Although they are widespread across
the state, Colorado’s Quaternary deposits are rarely grouped and described in a time-stratigraphic
context. Notable exceptions include the glacial deposits in the mountains (e.g., Bull Lake and
Pinedale) and the alluvial-terrace deposits along the Front Range Piedmont (e.g., Nussbaum,
Verdos, Slocum, Louviers, Broadway, Piney Creek, and Post-Piney Creek). More commonly,
these recent deposits are grouped and described in terms of their geomorphic landforms and the
physical processes that created them. The following paragraphs describe these landforms and
processes, many of which are active today, and their associated deposits.

Glaciers — A glacier is a moving body of ice formed by the accumulation, compaction, and
recrystallization of snow. Before their disappearance 12,000 years ago, large glaciers thousands
of feet thick filled valleys in the mountainous regions of Colorado (Figure 22).

Figure 22. Maximum extent of alpine glaciers in Colorado. From Matthews and others (in prep.);
geology from Meierding and Birkeland (1980).

Although these massive glaciers are long gone, they left behind thousands of cirques, arétes and
horns, tarns, oversteepended u-shaped valleys, polished and grooved rock surfaces, and
moraines. Geologists are able to distinguish deposits in Colorado of at least three Quaternary ice
ages. The two most recent glacial events peaked between 130,000 and 150,000 years ago and
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about 20,000 years ago. The age of the older Quaternary glacial deposits is harder to decipher in
the state. Only a dozen or so modern glaciers are indicated on topographic maps in Colorado.
Today’s small glaciers are not remnants of the former large glaciers, but formed in sheltered
mountainous landscapes in Colorado during the Little Ice Age, between 1200 and 1880 A.D.

Rock Glaciers — Active and inactive rock glaciers are common in many areas of the high Rocky
Mountains. Their overall shape resembles that of ice glaciers. Large boulders and smaller stones
typically comprise the surface, which commonly has arcuate ridges and lobes (Figure 23).

Figure 23. A rock glacier on the side of Mt. Sopris, near Carbondale.

Rock glaciers may contain ice at their cores, or may simply have interstitial ice within the rock mass
that deforms, allowing flowage. These features may be a mile or more long and have steep, unstable
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fronts, which may exceed 300 ft (91 m) in height and stand at angles approaching 45 degrees.
Movement rates for active rock glaciers are variable. Site-specific measurements range from less
than 8 in (20 cm) per year in the Front and Sawatch Ranges to as much as 24 in (61 cm) per year in
the Elk Mountains (Benedict, 1970).

Periglacial Features — The term “periglacial” is applied to processes and landforms associated
with very cold climates in areas not permanently covered by snow or ice, regardless of age. In
Colorado, periglacial features are common at high elevations — typically above 11,500 ft (3,505
m) — where prevailing temperatures are so low that the ground remains frozen for much of the
year. The effects of repeated freezing and thawing, and the growth of ice masses in the ground,
produce many unique alpine features. These include patterned ground such as rock bands, nets,
circles, and polygons, and accumulations of large, angular blocks of rock known as “felsenmeer”
(German for “rock sea”). A popular stopping point along Trail Ridge Road in Rocky Mountain
National Park is Rock Cut, where a trail leading from the road provides easy access through
felsenmeer and patterned ground.

During the summer season in the high country of Colorado, water is unable to percolate into an
impervious layer of frozen ground below the surface. As a result an “active layer” of soil becomes
supersaturated and creeps downslope. This process, called solifluction, can occur on slopes as gentle
as two or three degrees. Where there is a well-developed mat of vegetation, a solifluction sheet may
move downward in a series of well-defined lobes and form terrace-like features. Rates of downslope
movement may vary depending on local conditions, but rates of about 2 in (5 cm) per year are typical
for Colorado’s Front Range (Benedict, 1970).

Sackungen — A sackung is a fault-like feature that is associated with post-glaciation collapse of a
mountain, and not tectonic movements. During glaciation, the mountain valleys were so excessively
eroded and oversteepened that there was inadequate lateral support for the valley walls when the
glaciers melted. Subsequently, the mountains slowly bulged out into the valleys under their own
weight and the force of gravity, and slow, vertical collapse occurred at or near the mountaintops.
Small fissures and faults formed to accommodate this movement. The resulting surficial scarp,
which nearly always faces uphill, is called a sackung (Figure 24). Sackungen are found along ridge
crests in many glaciated areas of Colorado. When sackungen occur on both sides of a ridge, they
form a crestal graben. Trail Ridge Road in Rocky Mountain National Park follows a crestal graben at
one location. It is possible that large earthquakes on nearby faults could trigger episodic movements
on sackungen and lead to large rock-slope failures.

Alluvial Deposits — During Quaternary time, Colorado’s climate changes and glacial activity
resulted in periods of high stream flow. The glacial meltwater accelerated ongoing erosional
downcutting in several mountain valleys, and resulted in the deposition of alluvium in the stream
valleys. Along the Front Range, well away from glaciated terrain, the through-flowing mountain
streams and other local streams eroded away much of the Tertiary rock cover, exposing older
sedimentary rocks and forming the Front Range Piedmont physiographic sub-province. The
Quaternary alluvial deposits in Colorado (Figure 25) consist of numerous outwash plains and
alluvial terraces, which record episodes of deposition and downcutting that date back to the ice
ages, as well as modern floodplain deposits.
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Crestal Graben

Bulge in formerly
glaciated valley

Figure 24. Schematic cross-section through a mountain, showing sackungen that develop as a
result of spreading of the mountain mass towards its oversteepened, previously glaciated flanks.
Modified from Varnes and others (1989).
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Alluvial deposits in Colorado are quite varied in their thickness and composition as a function of
local and upstream geologic and climatic conditions and the stream gradient. These sediments
range from boulder and cobble deposits in the mountains and grade downstream into sandy and
silty deposits on the plains and in the western valleys.

Eolian Deposits — Colorado’s dry and windy climate during the Quaternary Period created
widespread deposits of wind-blown material. These eolian deposits cover huge areas of the
state’s eastern plains. Other eolian deposits are located in southwestern Colorado in the Paradox
Valley, in northwestern Colorado near the Little Snake River, in north-central Colorado along
the eastern edge of North Park, and in the Great Sand Dunes National Park in the San Luis
Valley of south-central Colorado (Figure 26).

Figure 26. Distribution of Quaternary eolian deposits in Colorado. From Matthews and others (in
prep.); modified from Tweto (1979) and Madole (1995).

The most extensive eolian deposits are found east of the Rocky Mountains on Colorado’s high
plains, where wind-laid deposits of loess and sand cover more than 30,000 mi” (77,700 km?).
The loess (silt) and sand make up 70 and 30 percent of the composition, respectively, of these
deposits. The South Platte and Wray dune fields of northeastern Colorado are two of the state’s
largest dune fields, covering nearly 5,000 mi® (12,950 km?). Here, during the last glacial period,
winds blew predominantly from the northwest and caused the dunes to migrate in a southeasterly
direction. Parabolic dunes predominate in this part of Colorado. Loess deposits reach a
thickness of more than 150 ft (46 m) near Beecher Island, to the south of Wray, although a
thickness of 6 to 15 ft (1.8 to 4.6 m) is more common elsewhere (Madole, 1995).
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Caves — Colorado has more than 265 catalogued caves (Figure 27). These caves form from a
variety of processes, including dissolution and erosion. Some contain evidence of early human
habitation, while others have yielded significant and unusual animal remains. The largest caves
are dissolved from limestone, usually Mississippian Leadville Limestone, which is thick, pure,
and areally extensive. The largest of these, Groaning Cave in Eagle County, is over 10 mi (16
km) long. Two commercial cave operations, at Glenwood Caverns near Glenwood Springs and
Cave of the Winds near Manitou Springs, have been hosting tours since the 1880s. Fairy Cave, a
part of Glenwood Caverns, re-opened in 2003 and is accessible by a recently completed gondola
tramway from town.
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Figure 27. Distribution of caves in Colorado. From Matthews and others (in prep.); modified from
Parris (1973).

Although the limestone caves are most impressive, there are many other types of caves in the
state including ice caves at the base of glaciers and shelter caves, both of which are natural
cavities large enough to permit human entry but not extending into total darkness. Shelter caves
form when rocks in a cliffside erode more quickly than the overlying, resistant caprock. The
best-known shelter caves are in Mesa Verde National Park. Clay caves form in riverbanks
composed of weak shale, and are created by piping of the fine-grained sediment. More than 100
clay caves have recently been documented in the Mancos Shale between Montrose and Grand
Junction. One of them is 2,000 ft (610 m) long. A cave along Highway 6 west of Golden is
assumed to have opened by fault movement. Purgatory caves form in igneous or metamorphic
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rock where slot canyons are eroded and then covered by rocks falling into the crevasses.
Eighteen “lost” caves are listed in old Colorado records, but have not been rediscovered.
Quaternary Volcanoes — The oldest known Quaternary volcanism in the state occurred about 1.5
million years ago in the Roaring Fork River Valley, about 10 mi (16 km) north-northwest of Aspen.
There, magma issuing from the Crystal River fault produced a cinder cone and small basalt flows
totaling about 500 ft (152 m) in maximum thickness. Just northeast of McCoy, volcanism produced
two cinder cones and a basalt flow that has been radiometrically dated at approximately 640,000
years old. More-recent eruptions have been recorded near the junction of the Colorado and Eagle
Rivers, where volcanic flows overlie modern topography. The most recent volcanism known in
Colorado appears near the town of Dotsero (Figure 28). Using a charcoal sample recovered from a
tree that had been buried by the falling ash, the Dotsero volcano and associated basalt flow has been
radiometrically dated as 4,150 years old (Giegengack, 1962).

Figure 28. Aerial view of the Dotsero volcano and basalt flow, Colorado’s youngest. Photo by
James Soule, Colorado Geological Survey.

Quaternary Faults — Faults have moved as a consequence of earthquake rupture and created offsets
in Quaternary deposits in many basins in Colorado. According to a recent inventory by the Colorado
Geological Survey (Widmann et al., 1998), there are at least 90 faults in the state that have moved
during the Quaternary Period (Figure 29). Eight of these faults have had documented movement in
the past 15,000 years. Many of these younger faults are associated with the Rio Grande Rift, running
northward from New Mexico through the San Luis Valley to near Steamboat Springs. Another area
having significant Quaternary faulting is in western Colorado, along the Uncompahgre Plateau and
the Paradox and Big Gypsum Valleys south of Grand Junction.
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Figure 29. Distribution of Quaternary faults in Colorado. From Matthews and others (in prep.);
modified from Widmann et al. (1998).

CONCLUSIONS

1) Colorado has three major physiographic provinces that roughly trend north-south through the
state — the Great Plains, Southern Rocky Mountains, and Colorado Plateau provinces. Two
other provinces — The Middle Rocky Mountains and the Wyoming Basin — occupy the far
northwest corner of the state.

2) Colorado’s location, far inland from any ocean, produces a semiarid climate with hot
summers and cold winters. Its varied topography greatly influences statewide patterns of
precipitation, temperature, and air movement. Except for the high mountains, most of the
state has a deficit water balance as a result of low precipitation and high evapotranspiration
rates.

3) Colorado contains an abundance of igneous, metamorphic, and sedimentary rock types, with
rock formations representing every major geologic era and period, with the exception of the
Silurian Period. The Cretaceous- to Tertiary-age structural deformation episodes
associated with the Laramide uplift of the Rocky Mountains, and subsequent late Cenozoic
volcanism, block faulting, and uplift have produced Colorado’s varied and complex
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geology and physiography. The resulting landscape consists of structural basins filled with
Paleozoic, Mesozoic, and Cenozoic sedimentary rock formations, separated by structural
uplifts cored by Precambrian crystalline rocks.

4) During the Quaternary Period, glaciers, water, wind, gravity, volcanic eruptions, and faulting
modified the Tertiary landscape to produce the recent sediment deposits and landforms we
see in Colorado today. Many of these geomorphic processes are active today.

5) Colorado’s mineral and water resources, and its geologic hazards, are closely associated with
the state’s geography, climate, surface and subsurface geology, geomorphology, and past
and present geologic processes. An understanding of the state’s geology and geologic
history — including the nature of its bedrock formations, Quaternary deposits, and
geomorphic processes — is crucial in order to wisely and efficiently develop Colorado’s
mineral and water resources, and to protect the public from its many geologic hazards.
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APPENDIX A. STRATIGRAPHIC NOMENCLATURE CHART OF COLORADO
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OVERVIEW OF THE GEOLOGY OF COLORADO
PART II: MINERAL AND MINERAL FUEL RESOURCES,
WATER RESOURCES AND WATER QUALITY,
AND GEOLOGIC HAZARDS

David C. Noe; Vincent Matthews, I1I; and Ralf Topper
Colorado Geological Survey, 1313 Sherman Street, Room 715, Denver, CO 80203
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ground water, water quality, geologic hazards

ABSTRACT

Colorado’s mineral and water resources, and its geologic hazards, are closely associated with the
state’s geography, surface and subsurface geology, geomorphology, and past and present
geologic processes. The state’s mineral resources include precious and base metals, oil and gas,
oil shale, coal and coalbed methane, radioactive minerals, industrial and construction minerals,
and gemstones and ornamental stones. The state has locally significant surface- and ground-
water resources. However, these resources are finite and are often located far away from the
main population centers and agricultural users. Many of Colorado’s western-slope streams are
diverted to eastern-slope cities and agricultural areas via trans-mountain water diversion projects.
The state’s principal ground-water aquifers include Quaternary-age alluvial aquifers, basin-fill
sediments, sedimentary rock aquifers, and volcanic and crystalline rock aquifers. The natural
interaction between water and rock in certain parts of Colorado can produce poor water quality,
in the form of dissolved metals and acid rock drainage, salts and selenium, and radioactive
elements. Geologic hazards and their associated planning and mitigation issues are becoming
increasingly critical as Colorado’s population continues to grow. Nearly all of the state’s
populated areas are subject to geologic hazards or constraints of one kind or another. These
include expansive soil and bedrock, collapsible soil, evaporite and limestone karst, coal mine
subsidence, coal-seam fires, landslides, rockfall, debris flows, stream floods, avalanches,
earthquakes, radon gas, and environmental hazards. Most of these phenomena are natural
geologic processes that become hazardous when human land uses take place in susceptible areas.
In some cases, these human uses can trigger, reactivate, or increase the risks from a geologic
hazard. The state has several land-use laws designed to facilitate the recognition of and planning
for geologic hazards, in order to reduce these potential impacts. An understanding of geology is
crucial in order to wisely and efficiently develop Colorado’s mineral and water resources, and to
protect the public from geology-related threats to life, health, and safety.

INTRODUCTION

Colorado has a rich history of varied land uses, including mining and agriculture, which have
relied upon the state’s natural resources. The state contains many mineral and mineral fuel

resources, which are found in a wide variety of geologic settings. In addition, its rivers, lakes
and reservoirs, and aquifers are important water resources that are used by farmers, ranchers,



industry, and urban populations. The quality of Colorado’s water sources is very much
influenced by the local geology in some areas. Likewise, the hydrologic makeup of the state’s
numerous geothermal hot springs and wetlands are influenced by the surrounding geology. The
characterization and prudent development of all of these limited natural resources depends to a
large degree on an understanding of geology and geologic processes.

Colorado’s topography and climate are conducive to geologic processes that impose a variety of
hazards and constraints on human uses. In the mountains, plateaus, and foothills, gravity-driven
hazards such as rockfall and landslides abound. Seasonal thunderstorms can produce debris
flows from the hillsides and torrential flash flooding in the stream valleys. Even the flatter areas
along the valleys and plains are at risk, as they are often underlain by soil or rock that can swell,
settle, or dissolve. Often, these hazards become more pronounced as a consequence of human
activities. This may involve physical modification (such as cutting the toe of a landslide or
artificially routing a channel across a debris-flow fan), or it may involve increasing the amount
of moisture in the ground (from using irrigation or other means), both of which may destabilize
the underlying soil or rock.

A booming population made Colorado the third-fastest-growing state in the nation during the
1990s. Access to and development of its mineral, mineral fuel, and water resources have become
increasing critical issues, especially in light of conflicting demands in public consumption and
land uses. As Colorado grows in population, the populace is increasingly exposed to geologic
hazards, which must be understood and properly avoided or mitigated in order to reduce threats
to life and property.

This paper, which is the second (Part II) of a two-part overview paper, includes abbreviated
descriptions of Colorado’s geology-related natural resources and hazards, many of which will be
described in greater detail in other individual chapters and technical papers of this volume. A
discussion of the state’s physiographic, climatic, and geologic settings, and geologic history was
presented in the first paper (Part I) from this overview (Noe et al., 2003).

MINERAL AND MINERAL FUEL RESOURCES

Colorado has a great variety of mineral resources that society has found useful or necessary for
survival. The mountainous areas of the state have yielded precious metals such as gold, silver,
lead, zinc, molybdenum, copper, and tungsten. More than 770 different minerals have been
catalogued in the state (Eckel, 1997). Energy resources of oil, natural gas, oil shale, uranium,
and coal are abundant. Industrial minerals and construction materials abound as well. The
economic importance of Colorado’s mineral and mineral fuel resources continues today. The
total value of production in 1999 was 3.8 billion dollars. Unless otherwise noted, the economic
and production values used this section are from Wray and others (2001).

Precious and Base Metals

Most of the significant metal deposits in Colorado are located within the Colorado Mineral Belt,
a northeast-southwest trending zone that extends from the La Plata Mountains near Durango to



the Front Range just north of Boulder (Figurel). The famous mining districts and towns of
Telluride, Crested Butte, Silverton, Aspen, Leadville, Fairplay, Breckenridge, Georgetown,
Central City, and Jamestown are located in this relatively narrow (10 to 60 mi wide or 16 to 97
km wide) but productive belt. The precious-metal (gold and silver) and base-metal (lead, zinc,
and copper) deposits of the mineral belt occur in veins that were created by hydrothermal
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Figure 1. The Colorado Mineral Belt and active mines in Colorado. From Matthews and others (in
prep.); modified from Wray et al. (2001).

solutions associated with igneous intrusions and volcanic eruptions, most of which occurred
during the Laramide mountain-building event between 75 and 42 million years ago. Although
precious and base metals are the main commodities mined from the Colorado Mineral Belt, other
important metals have also been extracted. For example, in the early 20th century around the
time of World War I, the Boulder area produced more tungsten than any other region in the U.S.

At various times throughout its history, Colorado has been the leading U.S. producer of gold,
silver, molybdenum, lead, zinc, uranium, and tungsten. In 2000, it ranked second among the



states in molybdenum production, behind Arizona, and seventh gold production. Other metals
that have been mined in Colorado include copper, tin, vanadium, iron, beryllium, lithium, rare
earth elements, thorium, tantalum, and manganese.

Gold — The early history of the State of Colorado is directly tied to the first documented
discovery of placer gold at Auraria (at what is now downtown Denver) in the summer of 1858,
from stream gravels near the confluence of Cherry Creek and the South Platte River. This
discovery led to the first Colorado gold rush. The Denver-area gold placers proved to be small
and were quickly depleted. However, prospectors subsequently discovered rich vein and placer
gold deposits at Idaho Springs and Central City. By the time Colorado became a state in 1876,
many mining districts and new cities had sprung up throughout the area.

Large placer gold mines have operated in several places in Colorado. The largest of these were
near Fairplay along the upper South Platte River, and near Breckenridge along the Blue River
and French Gulch. Dredges equipped with huge buckets scooped gravel out of the riverbeds and
processed it to concentrate the gold. In some places, hydraulic mining methods were used.
Large piles of processed-gravel tailings still line these rivers years after the mining has ceased.
Today, some of the sand and gravel pits along the South Platte River and Clear Creek, near
Denver, produce small amounts of gold as a byproduct of their aggregate operations. There are
many places in Colorado would-be prospectors can try their hands at panning for gold.

Some of Colorado’s most significant metal deposits are not associated with the Colorado Mineral
Belt. The largest single gold mining district in Colorado, by far, is Cripple Creek, which lies well
south of the belt. Over 21 million oz (595 metric tons), nearly one half of all gold mined in the
state, have been produced in the district since its discovery in 1891. The Cresson Mine is the
only active gold mine in Colorado, and produced over 230,000 oz (0.65 metric tons) of gold in
1999. The gold deposits are related to an Oligocene-age (28-32 million years ago) intrusive
center that may be the subsurface portion of an eroded volcano.

Silver, Lead, and Zinc — The enormous lead-zinc-silver deposits at Leadville, Gilman, and
Garfield-Monarch were formed as replacement deposits in carbonate sedimentary rocks,
particularly the Mississippian Leadville Limestone. These deposits were formed by
hydrothermal solutions, which contained dissolved metals, flowing and ascending along faults
and fractures. When the solution reached a receptive dolomite or limestone bed capped by an
impermeable layer, such as an igneous sill or a shale layer, it spread through the receptive unit,
removing calcium, magnesium, and carbon dioxide and replacing it with base-metal sulfides and
other minerals.

Molybdenum — The Henderson Mine, near Empire, is the largest operating primary producer of
molybdenum in the world. At Henderson, molybdenite occurs in quartz veins and veinlets
within a Tertiary-age, granitic intrusion. The ore is mined more than 3,000 ft (914 m) below the
surface, and then transported by an underground conveyor belt for 10.5 mi (17 km) under the
Continental Divide to the ore-processing facilities in Summit County. The geologically similar
Climax molybdenum deposit, northeast of Leadville, is now inactive, but it once was the world’s
largest provider of the metal. The Mount Emmons molybdenum deposit, west of Crested Butte,
is also a world-class resource, but has not yet been developed.



Titanium — The world’s largest, single identified resource of titanium metal is located in
Gunnison County. The Powderhorn titanium deposit, consisting of the minerals ilmenite and
perovskite, has not yet been mined, but recently underwent an evaluation by a major mining
company to determine the economic feasibility of a new mining operation there. Although the
geological resource is very large, the extraction of titanium from its host rock is very expensive
and energy intensive. For a more complete discussion about Colorado’s titanium and other
strategic-mineral deposits, see Schwochow and Hornbaker (1985).

Precambrian-Age Mineral Deposits — Precious metals, base metals, and some tungsten have
been mined in Colorado from small deposits formed in late Precambrian (Proterozoic) time.
These deposits are scattered throughout the mountain region but are especially numerous in
Gunnison, Saguache, Fremont, and Chaffee counties of south-central Colorado. The deposits
tend to be smaller than the Laramide-age deposits. Metamorphism and tectonic movement
subsequent to the formation of these ancient deposits has generally made them more difficult to
understand — and to mine — than the younger deposits. The Sedalia Mine near the town of Salida
was the state’s largest producer of copper in the late 19th and early 20th centuries.

Pegmatites

Vein-like bodies of pegmatite occur in several parts of Colorado’s mountains, in or near large
granite stocks and batholiths. These are all Precambrian in age. Large crystals of feldspar,
quartz, and mica are the dominant minerals, but many of these pegmatites also contain variable
quantities of rare and sometimes valuable minerals. Colorado pegmatites yield beryllium,
lithium, niobium, tantalum, thorium, yttrium, cerium, and lanthanum, all of which have high-tech
applications. Larger deposits in other areas of the world currently meet the demand for these
metals, however, and pegmatites are currently not being mined in Colorado.

Mineral Fuels

Oil and Natural Gas — Historically, 36 of Colorado’s 64 counties have produced oil, and 39
counties have produced natural gas. Cumulative production from the nearly 1,400 fields that
have been discovered in Colorado now stands at about 1.83 billion barrels of oil and 10 trillion
cubic feet of gas. In 1999, Colorado ranked tenth in the United States in daily oil production
with 54,000 barrels of crude oil per day, and sixth in daily gas production with 1.92 billion cubic
feet per day. In recent years, natural gas production has been on the increase in the state while
crude oil production has declined. Colorado's four, principal oil and gas producing regions are
the Sand Wash Basin and Piceance Basin region, the Paradox Basin and San Juan Basin region,
the Raton Basin region, and the Denver Basin region (Figure 2).

In 1876, the second oil field in the United States was established near Florence, Colorado. Oil
was found in fractures and fissures in the Cretaceous Pierre Shale. The first gas production was
established in the northwestern part of the state in 1890, in the Piceance Basin. Northwestern
Colorado is also the home of Rangely Oil Field, the largest oil field in the Rocky Mountain
region. Oil production was first established on this huge anticline in 1902, from shallow
reservoirs of fractured, Cretaceous Mancos Shale. Much-larger production was established in



Figure 2. Oil and gas producing basins in Colorado. From Matthews and others (in prep.);
modified from Wray et al. (2001).

1933 from the deeper, Permian Weber Sandstone reservoir (Bass, 1964). Cumulative production
from Rangely Field at the end of 1999 was 845 million barrels of oil and 761 billion cubic feet of
gas. Today it is nearing depletion.

Oil Shale — There are enormous deposits of oil shale (i.e., kerogen-bearing marlstone) in the
Tertiary Green River Formation, in Western Colorado. It is estimated that these reserves might
produce 600 to 800 billion barrels of oil. In order to yield oil, the marlstone must be mined,
crushed, and retorted at 900°F (482°C), or processed in situ.

Despite a century of interest, energy companies have not yet developed cost-effective methods of
retrieving the oil, and the feasibility of developing this resource in the future is uncertain. In
addition to the mining and processing technical problems, there are major obstacles relating to
the amount of water needed and the amount of waste produced. However, as world supplies of
conventional oil near their peak production, major companies are once again exploring the
economics of producing this resource. The Shell Oil Company is currently evaluating an in-situ
process at a location in the Piceance Basin.



Coal and Coalbed Methane — Coal is one of Colorado’s most widespread mineral and energy
resources, underlying 29,600 square miles or 28 percent of land in the state. The majority of coal
was formed approximately 80 to 65 million years ago in the swamps of the late Cretaceous and
early Tertiary periods. Coal has been commercially mined for at least 140 years in the state.
Some of the earliest coal mining began in the 1860s in the Denver Basin, to the north and west of
Denver. Early coal mining occurred around the turn of the 20th century in Colorado Springs and
in the Raton Basin, west of Trinidad. Today, most of the coal production comes from surface
mining in the northwest part of the state (Figure 3).

Figure 3. Mining coal with large augers in a surface mine near Hayden. Photo by Christopher
Carroll, Colorado Geological Survey.

Colorado coal is especially valuable because of its relatively low content of sulfur, ash, and
mercury. Approximately 45 percent of the state’s coal production is burned in Colorado power
plants, while 49 percent is shipped to other states where clean, but more expensive, Colorado
coal is mixed with the sulfur-laden, local coal. The Energy Information Administration (EIA)
estimates that Colorado has approximately 16.8 billion tons of coal reserves. The state is well
situated to continue to provide high-quality, clean-burning coal to its citizens as well as to users
in other states and countries.

Coalbed methane comes from biologic decay of peat and is generated during burial and heating
of organic material as it converts into bituminous coal. This colorless, odorless, highly explosive
gas, which has been a long-time menace to coal miners throughout the centuries, has become a
valuable source of energy. Today, the San Juan Basin of Colorado and New Mexico is the most
prolific coalbed methane-producing basin in the world. Coalbed methane accounted for 54.5
percent of Colorado’s total gas production in 1998. These productive coalbed methane areas are



in only seven of the state’s 64 counties. That number is bound to increase in the future as
technological advances and geologic understanding of coalbed methane continues.

Uranium and Vanadium — The 1950s witnessed one of the most intensive treasure hunts in the
state’s history, as thousands of fortune hunters swarmed over every inch of the plateaus and
canyon lands of western Colorado searching for radioactive deposits of uranium and vanadium.
The French physicists, Marie and Pierre Curie, for their Nobel Prize-winning research on
radioactive substances, processed uranium ore from Colorado for its radium content.

Typically, these deposits occur in the Jurassic Morrison Formation, and most commonly in the
Uravan mineral belt, part of the Colorado Plateau uranium districts . They were created when
ground water carrying dissolved uranium and vanadium flowed through the porous sandstone
and encountered carbon-rich, fossilized plant material. The fossilized plants acted as chemical
traps, precipitating the metals out of solution. Occasionally, fossil tree trunks composed almost
entirely of uranium minerals, have been found. The largest uranium mine in Colorado was the
Schwartzwalder mine, located between Boulder and Golden, which closed in 2000. Uranium
mineralization at this mine occurred in veins in Precambrian metamorphic rock.

Industrial Minerals and Construction Minerals

Colorado has vast resources of many types of nonmetallic, industrial minerals. Fueled by the
state’s tremendous rate of growth over the past decade, construction minerals are by far the most
economically significant of the industrial mineral resources in the state.

Aggregate — Of the construction minerals, aggregate is the most commonly used commodity.
Aggregate includes sand, gravel, and crushed rock — the largest components of concrete, asphalt,
and road base. It is estimated that each person in the Front Range uses about 14 tons of
aggregate per year. Only production of natural gas, oil and coal surpasses the value of Colorado
aggregate production. As the third-fastest growing state, Colorado ranked seventh in the nation
in 2000 for sand and gravel production, with a little over 50 million tons.

Sand and gravel are produced statewide (Figure 4) from various types of Quaternary deposits,
including alluvial floodplains and terraces and glacial, eolian, and colluvial deposits. Some of
the best quality gravels are found in the modern floodplains of major rivers, such as the South
Platte and Cache La Poudre Rivers and Clear Creek along the Front Range. Although quality is
important, the distance of transporting sand and gravel to construction projects is the single, most
important factor influencing the price. It is therefore crucial to locate high-quality deposits near
the places where construction is occurring.

As the state’s sand and gravel deposits are either depleted or rendered inaccessible for future use
by development, the demand for crushed rock for use as road base and in asphalt is increasing.
Production of crushed rock increased by 50% from 1995 to 2000. Fortunately, there is a large
supply of granite and gneiss in Colorado’s mountainous regions. Quartzite and limestone are
also good sources of crushed rock and are quarried in some locations; however, the deposits are
not as large or widely available.



Figure 4. Active permitted mines in Colorado, most of which are sand and gravel pits along stream
valleys or mountainside crushed-rock aggregate quarries. From Matthews and others (in prep.).

Limestone — Most of the industrial-grade limestone and dolomite currently being mined in
Colorado is from the Cretaceous strata along the Front Range, especially the Fort Hayes
Limestone Member of the Niobrara Formation at La Porte and near Portland. Limestone and
dolomite are widely used by the construction industry. Crushed limestone and dolomite are used
as road base or decorative stone, and large blocks of limestone and dolomite can be used as
building stone. Lime is also the key ingredient in cement, and is frequently used in agriculture as
a soil additive to help break up clay soils, neutralize acidic soils, and as an essential plant food.
Limestone has also been quarried for use in the sugar refineries of the eastern plains.

Clay — There are hundreds of uses for clay, but in Colorado it is used primarily to make bricks.
The Cretaceous formations are major sources of clay. Along the Front Range, numerous clay
pits have been dug along steeply dipping strata in the Dakota Sandstone and the Laramie
Formation. Another area of clay mining near Denver is in Douglas County, where pits have been
dug in a paleosol and other clay-bearing layers in the Cretaceous-Tertiary Dawson Formation.

At Rocky Flats, between Golden and Boulder, the Pierre Shale is mined and thermally processed
into lightweight aggregate. The Coors Porcelain Company has mined clay for many years for
use in pottery and low-temperature ceramic ware.



Dimension Stone — In Colorado, a variety of local rock types including marble, sandstone,
granite, rhyolite, and travertine are quarried and used for dimension stone. Perhaps the most
famous is the Yule Marble, near Marble, which was formed when the Mississippian Leadville
Limestone was subjected to contact metamorphism by an intrusive Tertiary stock. This pure,
white marble was used in the Tomb of the Unknowns in Arlington National Cemetery and the
Lincoln Memorial in Washington, D.C. The Permian Lyons Sandstone of Boulder and Larimer
counties has been used as dimension stone since the mid-to-late 1800s, and is used extensively in
buildings on the University of Colorado’s Boulder campus.

The Aberdeen Granite of Gunnison County is one of the most widely used granites in the state;
the state capitol building and the steps leading up to its entrances contain 283,500 ft* (8,028 m’)
of this stone. The colorful interior walls of the capitol are made of limestone (called “Beulah
Marble”) that was quarried west of Pueblo. Cotopaxi Granite of Fremont County was used in the
construction of the base of Denver City Hall. Pikes Peak Granite of Douglas County and Silver
Plume Granite of Clear Creek County are other notable sources of dimension stone.

The light gray to pinkish, Wall Mountain Tuff of Douglas County, known in the building
industry as the Castle Rock Rhyolite, has been widely used as building stone in the Front Range.
Denver’s Trinity United Methodist Church was built using this rock.

The most significant travertine deposit in Colorado is located near Wellesville. Denver General
Hospital, the Gates Rubber Company, and the Bus Terminal Building are some of the buildings
in the Denver Metro area constructed of Colorado travertine (Murphy, 1995).

Evaporite Minerals — Gypsum, salt, and nahcolite are industrial minerals with a common origin
as evaporites deposited in Permian-Pennsylvanian inland seas. The most widespread deposits, in
the Paradox Valley in southwestern Colorado, have not been extensively mined because they are
located far from major population centers and transportation routes. In contrast, gypsum
deposits in the Eagle Basin near the town of Gypsum are mined to make drywall (Figure 5).

This mine and its drywall plant are located adjacent to Interstate 70 and only a few miles (a few
km) from a rail line, which makes it economically viable.

In the Piceance Basin of northwestern Colorado, nahcolite (sodium bicarbonate) is mined by
circulating hot water down into the deposit. The dissolved bicarbonate is pumped back to the
surface and manufactured into baking soda, most of which is exported. Construction of a plant
for converting the sodium bicarbonate to sodium carbonate (soda ash) began in 2000. Soda ash
is widely used in industry as an ingredient in chemical manufacturing, in glass and fiber optics.
It is used to remove sulfur dioxide — a major pollutant — from the flue gas of coal-fired power
plants. This deposit may contain 30 billion tons of nahcolite, the largest in the world.

Gemstones and Ornamental Stones
More than thirty different varieties of gems and ornamental stones are known to occur in
Colorado. The most famous and historically valuable gems are diamonds. In 1975 diamonds

were discovered in Colorado. The Kelsey Lake diamond mine, near the Wyoming border north
of Fort Collins, began producing diamonds on a commercial scale in 1996 — the only commercial
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Figure 5. A gypsum quarry in the Pennsylvanian Eagle Valley Evaporite, near Gypsum. Photo by
David Noe and Jonathan White, Colorado Geological Survey.

producer in the United States. In 1997, the mine produced a yellow stone weighing 28.3 carats,
the fifth-largest diamond ever found in the United States. Weighing in at 16.87 carats after
cutting and polishing, it became the largest faceted diamond ever produced in the U.S.

The State Mineral is rhodochrosite, a red manganese carbonate mineral found in eighteen of
Colorado’s counties. Rhodochrosite crystals from the Sweet Home Mine, near the town of Alma
in Park County, are prized all over the world for their exceptional size, color, and quality (Figure
6). The finest specimens command prices of up to $100,000. Aquamarine, the State Gem, is a
clear, blue variety of beryl. Mount Antero and nearby Mount White, in Chaffee County, are two
of the best places in the world to collect specimens of this beautiful mineral.

Other notable gem-quality minerals that have been found in Colorado include amazonite, garnet,
topaz, tourmaline, lapis lazuli, quartz crystal, smoky and rose quartz, amethyst, peridot, sapphire,
turquoise, and zircon. Agate, chalcedony, and jasper are found in many places. Alabaster, a
fine-grained, compact variety of gypsum used to make elegant vases and other decorative items,
is quarried in the foothills northwest of Fort Collins and at a new quarry south of Carbondale.
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Figure 6. Large crystals of rhodochrosite surrounded by tetrahedrite and quartz. This specimen
was extracted from the Sweet Home Mine, near Alma. Specimen courtesy of Dave Bunk Minerals;
photo by Jeff Schovil.

WATER RESOURCES

Historically, development throughout the semi-arid West has depended upon the availability of
water resources. This is underscored by the drought of 2001-2002, in which the state was beset
by low snowfall and rainfall and overall dry, warm conditions. The period of September 1, 2001
to August 30, 2002, was the driest at most climate-observing sites since records have been kept
(Pielke, 2003). Colorado’s history of development is punctuated by societal reactions to wet and
dry precipitation cycles. Estimations of water supplies and projections of water usage can be
abruptly upset by drought cycles. In good times and economic prosperity, people often forget
the lessons of the past and do not consider the limitations of the state’s water resources during
the inevitable dry periods.

Today, demands on Colorado’s water supply include domestic, industrial, agricultural, wildlife,
and recreational uses. With its ready access and storage capability, surface water has historically
been and continues to provide the bulk of the state’s water supply. Over-appropriation of this
resource, however, combined with rapid urban growth and a lack of suitable and approved future
storage reservoir sites, has focused attention on ground-water resources.

Several of the topics outlined in this section — water resources, aquifers, and quality, storage
facilities, and hydrogeologic constraints on engineered projects — are the subjects of several
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papers in the “Dams/Water Resources,” “Tunnels/Underground Construction,” and “Ground
Water/Environmental” chapters of this volume.

Ground-Water Resources and Aquifers

The use of ground water in Colorado for public supply and for domestic and industrial purposes
dates back to before 1900. Ground-water resources currently supply approximately 18 percent of
the state’s needs, about 2,300 million gallons per day (0.87 million m® per day), and ground-
water development is continuing at a fast pace. With finite subsurface configurations of the
state’s aquifers, and low recharge rates that are characteristic of a semi-arid climate, this resource
should be considered finite with definitive limits and boundaries.

The occurrence and distribution of Colorado’s ground-water resource is physically linked to the
state’s geography and underlying geology. The principal aquifers are categorized into four main
types: 1) Quaternary-age alluvial aquifers associated with all of the state’s major river systems,
2) sedimentary rock aquifers such as those in the Denver Basin, 3) basin-fill sediments such as
those in the San Luis Valley, and 4) volcanic and crystalline rock aquifers that dominate the
mountainous regions.

Alluvial Aquifers — Alluvial deposits associated with major river systems are important and
often prolific, shallow aquifers in Colorado. They consist of silt, sand, and gravel that have been
deposited during recent geologic time by streams as sorted or semi-sorted sediment. On a
regional scale, the principle alluvial aquifers are associated with ten of Colorado’s major river
watersheds: the South Platte, Republican, Arkansas, Colorado, Yampa, White, Gunnison, San
Juan, and Dolores Rivers, and the Rio Grande (Figure 7).

Sedimentary Rock Aquifers — The major sedimentary rock aquifers in Colorado consist
predominantly of sandstones and limestones of varying ages. Many of these aquifers are located
in structural basins that contain multiple geologic units or aquifers. Basin or statewide aquifer
systems of this type are found in the Denver, Sand Wash, Piceance, Eagle, Paradox, San Juan,
and Raton Basins, and the Dakota-Cheyenne Group and the High Plains aquifer (Figure 8).

Basin-Fill Aquifers — In addition to isolated sedimentary bedrock aquifers in the intermontane
parks, Colorado’s mountainous regions contain basin-fill aquifers composed of erosional clastic
material, and fractured crystalline (igneous and metamorphic) and volcanic rock aquifers. The
intermontane basins of central Colorado contain a network of hydraulically interconnected
aquifers within basin-fill deposits in the San Luis Valley, Wet Mountain Valley and Huerfano
Park, and North, Middle, and South Parks. These unlithified to poorly lithified aquifers consist
of sediments that were deposited by wind, water, and gravity, such as landslides and debris flows
from erosion of the surrounding mountain ranges.

Volcanic and Crystalline Rock Aquifers — Precambrian granites and gneisses and geologically
recent volcanic and igneous intrusive rocks represent the fractured, crystalline-rock aquifers that
supply much of the domestic needs in the mountainous portion of the state. These aquifers may
typically have low storage capacities. In some places, such as the rapidly growing mountain
communities to the west of Denver, both the water supply and water quality from fractured
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crystalline-rock aquifers are becoming issues of concern. The state’s principal mountain-region
aquifers are shown in Figure 9.
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Figure 9. Distribution of mountain-region aquifers in Colorado. From Topper and others (2003).

Surface-Water Storage and Diversion

Colorado is a headwaters state: the state’s principal streams begin in its mountains, plateaus, or
plains areas, and its major rivers flow out of the state in all directions. Ninety percent of the
available surface water is located in the western half of the state. Unfortunately, demands for
that resource are highest in the eastern part of the state, where eighty-five percent of the
population resides.

The major problem involving surface water in Colorado is how to move it from areas where it is
abundant and under-utilized to areas where demand has outpaced supply. Complicated irrigation
canals and water-supply delivery systems were developed soon after the state began to be settled.
To keep up with demand in the eastern part of the state, large amounts of water are diverted from
the western slope to eastern flowing streams through ditches and tunnels. There are thirty-four
separate trans-mountain diversion projects in Colorado. Two of the largest water-diversion
projects feature long tunnels that cross under the Continental Divide. The Colorado-Big Thompson
Project moves water from Grand Lake to Estes Park through the 13-mile (21-km) long Alva B.
Adams Tunnel under Rocky Mountain National Park, and the Dillon Reservoir project moves water
23 mi (37 km) through the Harold D. Roberts Tunnel, from Dillon to Grant.
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Engineering geologists play a prominent role in surface-water storage and diversion projects. This
role includes, but is not limited to, locating favorable sites for dams and tunnels, assessing geologic
conditions prior to and during construction, and providing ongoing inspections of the tunnels and
other component systems. Two chapters and several papers in this volume are dedicated to tunneling
(see “Tunnels/ Underground Construction”) and dams (see “Dams/Water Resources”).

Hot Springs

Colorado has 93 known geothermal areas including natural springs, augmented natural springs,
and wells, as well as several hundred smaller springs and seeps (George, 2000). Colorado’s
geothermal resources are classified as “low temperature” — less than the boiling point of water —
and are used primarily for recreational bathing, aquaculture, minor space heating, and heating
green houses. Probably the most famous hot springs are those around Glenwood Springs. The
springs issue from Mississippian limestone and are the saltiest in the state. Scientists believe that
the high salinity of the springs around Glenwood Springs is related to dissolution of salt in the
nearby Pennsylvanian evaporites (see the following section, “Geology and Water Quality™).

The hottest springs in the state are around Mount Princeton, with temperatures of up to 181°F
(83°C) (Cappa and Hemborg, 1995). Other commercialized hot springs establishments in
Colorado, including those at Idaho Springs, Pagosa Springs, Steamboat Springs, Hot Sulfur
Springs, Poncha Springs, and Ouray, are well known for their popular spas. Many of these
geothermal areas are associated with the Rio Grande Rift in central Colorado. Barrett and Pearl
(1978) provide geologic, hydrologic, and geothermometer-analysis descriptions for many of the
state’s major hot springs and geothermal resources.

Wetlands

Wetlands are areas that contain seasonally or perennially saturated soils and specialized, water-
loving plants. Once reviled as unusable and insect infested swamplands, wetlands are now
valued as being ideal for wildlife habitat, ground-water storage, flood attenuation, stream-bank
stabilization, heavy metal and sediment retention, and recreation. Less than two percent of
Colorado’s land is made up of wetlands. The state has lost about half of its wetlands in the 150
years since its pioneer days (Jones and Cooper, 1993).

In Colorado, wetlands take many forms including hillside seeps and slope wetlands, peatlands
(fens), wet meadows, snowmelt depressions, marshes, ground-water flats in closed basins, and
riparian wetlands along floodplains. Colorado’s largest wetland area is found in the San Luis
Valley at the San Luis Lakes near the Great Sand Dunes. This closed-basin, groundwater flat
contains many playas and marshes and is an important wildlife management area.

In recent years, people have begun to understand that there is an intrinsic link between geology
and wetlands (see Brinson, 1993; Noe et al., 1998). Colorado’s wetlands exist because of the
topography created by past and present geologic events and processes (Figure 10). They depend
on off-site sources of water and water pathways that are controlled by topography and subsurface
geology, and the hydrodynamics of the watershed. In sum, the health and viability of the state’s
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Figure 10. The Colorado River has its headwaters in a wetland that occupies formerly glaciated
terrain at LaPoudre Pass, in Rocky Mountain National Park.

wetlands depends not only on managing the wetlands themselves, but also on managing and
maintaining the water sources and pathways within the surrounding watershed areas.

GEOLOGY AND WATER QUALITY

Overall, the quality of Colorado’s surface and ground waters is very good. Both natural and
human-caused processes, however, affect water quality. Many of Colorado’s streams are subject
to natural degradation from high concentrations of metals, salts, and other elements that occur
naturally as a result of the local geology.
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Dissolved Metals and Acid Rock Drainage — Natural acid rock drainage has been active in
Colorado for at least thousands, possibly millions, of years. Acid rock drainage occurs when
water and oxygen interact with metal-sulfide minerals such as pyrite, producing sulfuric acid,
which dissolves metals and carries them into ground water and streams. The North Fork of the
South Platte River in Park County, South Fork of Lake Creek in Lake County, and the upper
Alamosa River in Conejos County are prime examples of this type of natural degradation (Figure
11). In many instances, metals in Colorado’s headwater streams are derived from both natural
and mine-induced sources.
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Figure 11. Areas of natural acid rock drainage in Colorado. From Matthews and others (in prep.);
modified from Neubert (2000).

Evaporites and Salinity — High salinity concentrations are a concern for water quality in the
Colorado River basin. The causes are varied, but geology is an important factor. Thick deposits
of ancient sea salt, in the Pennsylvanian Eagle Valley Evaporite, underlie parts of the river basin
in the Eagle-Glenwood Springs area. Ground water and surface water continually dissolve this
salt body. Recent geologic mapping by the Colorado Geological Survey indicates that this
dissolution process has been going on for several million years and, over this span of time, as
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much as 550 mi® (2,300 km®) of salt deposits may have been carried away by streams (Kirkham
and Scott, 2002). Natural hot springs, such as those near Glenwood Springs and Dotsero, carry
especially large amounts of dissolved evaporite material and aggravate the salinity problems of
the Colorado River. Cretaceous shale formations in western Colorado, particularly the Mancos
Shale, also contribute to the salinity problem.

Shales and Selenium — Selenium, an essential nutrient required for human health, can be toxic
in high concentrations. Elevated levels of selenium occur in several Colorado streams. The
selenium comes from Upper Cretaceous marine shales, particularly the Mancos and Pierre
Shales. When residual soils over these formations are irrigated, the water dissolves selenium and
transports it to nearby streams. Areas of concern in Colorado include the Gunnison River basin,
Grand Valley, Pine River basin, and Middle Arkansas River basin. Certain reaches of these
streams have selenium concentrations above the national maximum contaminant level of five
micrograms per liter.

Radioactive Elements — Naturally occurring radioactive elements can occur in ground water in
many areas of the state and are a health risk in high concentrations. Radon, radium, and uranium
are found in small amounts in most rocks. If rocks that have greater than normal concentrations
of these elements comprise an aquifer, the local ground water may contain unacceptably high
levels of radioactivity. For example, individual water wells in certain areas underlain by the
Cretaceous-Tertiary Dawson Formation in Douglas County, and by Pennsylvanian to Cretaceous
formations in Park County are known to have high concentrations of radioactive elements.

Depending on the radiochemical makeup of the water, different types of filtering or treatments
may be necessary, at varying costs. Filtering treatments may neccesitate difficult waste-disposal
considerations. The blending of more- and less-radioactive waters from different wells has been
used with some success near Castle Rock and in other areas. High radon concentrations may be
treated by bubbling or other methods (James Jehn, 2003, pers. comm.). Water wells should be
tested for gross Alpha, gross Beta, and uranium concentrations, all of which have state drinking-
water-quality standards. There are currently no standards for radon concentrations.

Human Interactions — Human interactions with the local geology are another important cause
of water degradation. Mine waste and tailings piles that expose sulfide minerals are an example
that dates from Colorado’s history; the irrigation of selenium-bearing shales for historic and
modern agriculture use is another. In the mountains, crystalline Precambrian rocks may host
fractured-rock aquifers that have very limited storage. As households multiply in these areas,
creating increased demands from many wells and increasing the number of on-site waste
disposal systems, such local aquifers may be quickly depleted or polluted. This is an important
issue in the mountain suburbs to the west of Denver and in many other areas in Colorado.

Development in floodplains and stream-channel modification also impact water quality by
increasing erosion and siltation, and by introducing chemical pollutants. Modifications that
result in the loss of native riparian vegetation or wetlands will not only reduce habitat, but will
impair the natural treatment capacity of the vegetative system. Significant impacts related to
land use may include urbanization, agriculture, road construction and maintenance, mining, and
timber harvesting. Planning for such activities is essential for maintaining water quality.
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Geology plays an important role in water quality. Some water quality issues in Colorado have
their foundation in the natural interaction between water and rock. This interaction can produce
poor water quality independent of other influences, but existing problems are often exacerbated
when people become part of the equation. The geology and water quality of an area should be
assessed before any development takes place — this will alert planners to potential problems.

GEOLOGIC HAZARDS

Colorado’s population has increased from 3.3 to 4.3 million persons from 1990 to 2000. Ten
metropolitan counties along the Front Range accounted for over 80 percent of that increase.
Although the Front Range urban corridor houses the majority of Colorado’s population, the
central mountains and the western slope were the fastest growing sub-areas of the state in the
1990s. This accelerated growth has focused public attention on the natural resources required to
sustain the state’s wildlife, communities, and business.

Less recognized in the public eye, and poorly understood by most Coloradoans, geologic hazards
and their associated planning and mitigation issues are becoming increasingly critical as the
state’s population continues to grow. Nearly all of Colorado’s populated areas are subject to
geologic constraints and hazards of one form or another. Geologic hazards, by definition, are
naturally occurring or human-influenced geologic processes that constitute threats to health and
safety and property. Geologic constraints are geology-related conditions that may pose less of a
threat, but may still be capable of causing damage. Both geologic hazards and constraints should
be addressed as part of the planning and construction of any development project.

Engineering geologists perform a major role in the recognition and mitigation of geologic
hazards. The primary duty of the Engineering Geologist is the site investigation, in which
geologic hazards and constraints are identified, characterized, and reported. Equally important is
the engineering geologist’s interaction with project planners and developers, who must design
and lay out the project so as to avoid or minimize the hazard areas, as well as the geotechnical,
civil, and structural engineers who must produce the mitigative designs and parameters. If an
engineering design is the answer to a problem, then engineering geology is the means of defining
the correct question that must be answered, or the correct geologic problem that must be solved.
Finally, engineering geologists are responsible for observing and assessing actual site conditions
during construction. Such assessments are needed in order to ascertain whether the planned
mitigative designs remain appropriate or whether design changes are necessary.

The cost of addressing geologic hazards in the preliminary phases of a project, using proper
engineering geologic site investigations and planning, is less that the cost of making changes
later in the project when unplanned-for actual conditions dictate that the plans must be changed
during construction. The cost increases markedly if ground movements are not properly planned
for, and subsequent movements, deformations, and failures occur and remedial actions become
necessary. The benefits of a proper and sufficiently detailed, engineering geology investigation,
and the associated lowering of risks at a site, are enjoyed by owners, contractors, and (for public
projects) users and the tax-paying public at large.
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Colorado is subject to a wide variety of potentially destructive geologic hazards. An abbreviated
introduction to these hazards is included in the following section. Many of the technical papers
in this volume are focused on a particular type of geologic hazard, or are case studies that focus
on a suite of geologic hazards and constraints at a particular location.

Expansive Soil and Bedrock

Expansive soil and bedrock constitute Colorado’s most costly geologic hazard in terms of
damage to buildings, roads, and infrastructure. There are widespread surface exposures of these
materials across the state. This is due, in part, to the tendency of non-resistant, clay-bearing
materials to weather into relatively flat, low topography. Thus, most of Colorado’s populated
areas are “conveniently” located in areas of expansive soil and bedrock on the eastern plains
(Figure 12) and along the valley bottoms in the central mountain and western plateau provinces.
The major expansive bedrock units include the Cretaceous Pierre Shale, Mancos Shale, and
Laramie Formation, the Cretaceous to Paleocene Denver and Dawson Formations, and the
Jurassic Morrison Formation.

Figure 12. These suburban areas near Denver are encroaching into areas where expansive soil and
heaving bedrock are potentially destructive geologic hazards.

Expansive soil problems have been the subject of intensive study in the Denver area since the
1950s. Many innovative approaches to mitigating these soils have been developed by area
engineers. One of the more persistent and destructive problems pertains to the case of expansive,
steeply dipping bedrock in the southwestern suburbs of Denver. There, significant amounts of
differential ground heaving has caused extreme damage to facilities, confounding traditional
engineering approaches for over 20 years. It was not until the mid-1990s that publicly available
studies described the physical framework of the subsurface geology and the differential-
movement mechanisms. Subsequently, at the request of some of the local, county and municipal
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governments, an integrated engineering-and-geologic approach to site exploration and facility
design was formulated and adopted (see Noe, 1997). This approach has met with considerable
success to date.

In their natural state, Colorado’s expansive soil and bedrock are typically dry in near-surface
exposures as a function of the state’s dry climate. Development in such areas increases the
amount of moisture in the ground as a consequence of lawn irrigation, cutoff of evaporation by
impervious surfaces, and poorly executed surface drainage. These areas undergo swelling after
development. Only recently, during a period of severe drought, has another expansive soil
mechanism — shrinking — become a factor in already developed areas. This has become apparent
as several of Colorado’s municipalities have placed restrictions on water use and lawn irrigation.

There are a number of technical papers about expansive soil and bedrock hazards in Colorado in
the “Expansive and Collapsible Soil and Bedrock” chapter of this volume.

Collapsible Soil

Vast areas of Colorado are underlain by silt-bearing soils that are typically dry, but which are
prone to collapse and settlement when wetted. These soils have high amounts of void space due
to disturbance, dissolution, or rapid deposition in a number of depositional environments.
Examples include residual soils overlying the Mancos Shale in western Colorado, and wide-
spread landslide, debris flow, eolian sand, and loess deposits throughout the state.

Some of these deposits are gypsiferous and prone to in-place dissolution and void formation.
Piping of silty soils also forms large voids and cavities. Certain collapsible soils contain clay
particles that may be prone to swelling as well as void collapse. Many western Colorado towns
have experienced soil-collapse problems including Montrose, Delta, Grand Junction, and
Meeker. Several Front Range communities in the Denver, Colorado Springs, and Pueblo areas
have experienced these problems as well.

Collapsible soil hazards in Colorado are the subject of a technical paper in the “Expansive and
Collapsible Soil and Bedrock™ chapter of this volume.

Evaporite and Limestone Karst

The Pennsylvanian Eagle Valley Evaporite in west-central Colorado is a partially extruded
deposit that is exposed in several valley-centered salt anticlines. Although the near-surface salts
have been dissolved, the gypsum deposits remain and are exposed on or near the valley floors.
These deposits are prone to forming karst topography when water sources are introduced,
through processes of local dissolution and sinkhole formation, and can be subject to incremental
or sudden collapse as a result. This is an increasingly important land-use issue for rapidly
developing towns including Glenwood Springs and Carbondale in Garfield County and Eagle
and Gypsum in Eagle County, and for nearby, unincorporated suburban developments.

Although Mississippian-age karsting of the Leadville Limestone has been well documented, not
much is known about modern karsting within this unit. Modern dissolution is indeed occurring,
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as evidenced by the many caves found within the limestone (see “Caves,” in the earlier section
on “Quaternary Geology,” in Part I). It may be that the near-surface exposures of the Leadville
Limestone are sparsely settled, resulting in a low exposure to karst-related hazards.

Evaporite karst hazards in Colorado are the focus of two technical papers in the “Expansive and
Collapsible Soil and Bedrock™ chapter of this volume.

Coal Mine Subsidence

Many of Colorado’s older, abandoned coal fields contain shallow workings that are prone to
collapse, causing subsidence of the ground surface. Many of the original mining towns avoided
the areas over underground workings. Today, several of these towns along the Front Range
Piedmont are growing significantly as bedroom communities, and there is development pressure
to build over undermined areas. Coal mine subsidence is an important land use issue in
Colorado Springs and the Jefferson County and Boulder-Weld coal fields. Coal is currently
mined in northwestern Colorado, where the topography is much more rugged. There is a lower
overall subsidence hazard because the mines are seldom located near populated areas, and
because many mines are surface mines.

The modern, underground mines use continuous longwall methods instead of the older room-
and-pillar mining, resulting in more uniform and immediate subsidence of the ground surface
over deep mines. Stepwise ground subsidence at the shallow Foidel Creek (Twentymile) coal
mine, near Hayden, has resulted in spectacular rockfall as a massive cliff of Cretaceous Mesa-
verde sandstone has undergone incremental subsidence and failure (Figure 13). This human-
caused process is located far from any town site, and the resulting impacts to the property and the
nearby county highway were considered and designed for as part of the mine’s extraction plan.

A more-extensive technical paper on the topic of coal mine subsidence is included in the “Mine
Development and Remediation” chapter of this volume.

In addition to subsidence hazards, burning underground coal seams are found in numerous
locations across the state. These fires have been initiated by spontaneous combustion of coal
dust, lightning, and other means. At least 29 coal fires exist in areas of abandoned, older coal
mines (Rushworth et al., 1989), while others may exist in areas of natural outcroppings. Some
have been burning for as long as a century. A long-lived coal fire in the Marshall area, near
Boulder, and associated coal mine subsidence have placed constraints on nearby development.
In 2002, a long-lived coal fire near Glenwood Springs that had been burning since at least 1910
attracted national attention by being identified as the cause of a 27,000-acre forest fire. The
Colorado Division of Minerals and Geology has a program to monitor and, where possible,
extinguish coal mine fires in Colorado. This is often a costly and difficult effort.

Landslides, Rockfall, and Debris Flows
Landslides, in the most general sense, are features that result from the downslope movement of

rock, soil, and other debris. Gravity is the main driving force for all landslide types. Water is a
driving force as well; it adds weight to the soil or rock mass and, under saturated conditions, can
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Figure 13. This cliff of Mesaverde sandstone is undergoing subsidence from underground coal
mining, resulting in spectacular rockfalls. Photo by Jonathan White, Colorado Geological Survey.

induce buoyant forces that lessen internal shear strength and resistance. Rockfall is a specific
type of landsliding that involves gravitational breakaway and rolling of individual rocks or
groups of rocks. Debris flows are another specific type landsliding that involves water-driven
transport of rock and sediment and other debris as semi-solid debris plugs or as a hyper-
concentrated flow. Some of the longer rockfall and debris flow paths have a characteristic
morphology that consists of an initiation zone, a steep, central acceleration zone or chute, and a
fan-like runout zone at the base (Figure 14).

These three related geologic hazards are found in areas of moderate to steep topography. This
includes many areas of Colorado’s mountains and plateaus, and isolated areas on the plains.
Large landslides are found in virtually every rock formation, especially the Precambrian igneous
and metamorphic rocks, late Paleozoic red beds, Cretaceous shales, and in Tertiary sedimentary
and volcanic rocks. The transported or residual soils that overlie these formations may host
landslides as well. Colorado’s landslides include translational landslides, in which blocks of
rock slide upon bedding or fracture or joint surfaces, and rotational landslides, which form in
more homogeneous or soil-like materials. Landslides have impacted many of the state’s
communities, particularly Colorado Springs, Lakewood, and Grand Junction, in recent years.

Debris flows and rockfall affect several Colorado communities. Towns such as Georgetown,
Glenwood Springs, Aspen, Marble, and Ouray are built on large, coalescing debris-flow fans and
have experienced damaging flow events during their histories. Recent rockfalls have damaged
structures in Vail and Telluride. Colorado’s highway system is subject to serious debris flow and
rockfall hazards. Recent geologic research into alluvial-fan stratigraphy along the I-70 Corridor
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Figure 14. Typical debris flow path in west-central Colorado, near Eagle, showing a well
developed initiation zone, a central chute, and runout fan. Photo by David Noe and Jonathan
White, Colorado Geological Survey.

has revealed a significant connection between wildfire events and subsequent debris-flow and
alluvial-fan flooding activity (Coe et al., in press). This relationship has been illustrated
dramatically in several areas of the state where numerous significant post-wildfire floods and
debris flows have occurred during the 1990s and early 2000s. Recent events of note include
those at Buffalo Creek to the west of Denver (Elliott and Parker, 2001), Storm King Mountain
near Glenwood Springs (Cannon et al., 2001), and along the Animas River valley near Durango
(Cannon et al., 2003, in this volume) (Figure 15).

The state has list of critical landslide, rockfall, and debris flow areas that is maintained and
updated by the Colorado Geological Survey for the Colorado Office of Emergency Management.
Rogers (2003) discusses the results of the latest update to the statewide critical-landslide list and
map in a paper in this volume. The general topic of landslides and related hazards in Colorado,
and their mitigation, is covered in several technical papers in the “Transportation” and
“Landslides, Rockfalls, and Debris Flows™ chapters of this volume.

Not all landsliding has led to undesirable results. Much of Colorado’s famous, rolling ski terrain
consists of landslide complexes that have partially filled older, formerly steep-sided, glacial
valleys. Excellent examples of this are evident at Keystone, Breckenridge, and Vail ski areas.
The resulting lower-slope topography is excellent terrain for beginner to intermediate skiing.
Landslide complexes are often colonized by beautiful and much-photographed aspen groves.
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Figure 15. House inundated by debris flows on a fan along the side of the Animas River valley,
near Durango, which was reactivated following the 2002 Missionary Ridge wildfire. Photo
courtesy of La Plata County Office of Emergency Management.

Thus, indirectly, landslides can be a boon to the state’s tourism and economy when prudently
assessed and utilized.

Stream Flooding

The largest stream flooding in Colorado’s recent geologic history occurred during the
Pleistocene and Holocene ice ages, as a consequence of episodic melting of the great alpine
glaciers. Although smaller by comparison, stream flooding continues to have an important
impact on Colorado’s floodplains today. The two main, natural sources of flooding in the state
are from snowmelt and precipitation events. Given Colorado’s semi-arid climate, which features
inconstant snowfall amounts from year-to-year, and even more inconstant precipitation from
year-to-year and storm-to-storm, its flood history is erratic and flood forecasting is difficult.

The snowmelt-caused flooding usually involves a seasonal, long-period rising and falling of
stream water levels. This affects many of Colorado’s smaller, higher-altitude streams, often on a
yearly basis. In contrast, the precipitation-caused flooding is often a result of single rainstorms
or short, multi-day storm events. All parts of Colorado are prone to orographic (topography-
driven) thunderstorms, which may release prodigious amounts of rainfall over a small area over a
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short period of time. Rainfall amounts of 12 in (30.5 cm) or more are not uncommon for some
of these large storm events. A particularly destructive combination is a large rainfall event over
a drainage basin that has an already-high runoff from upstream snowmelt.

Although most areas have experienced stream flooding, there are two areas of the state where the
flooding hazard is especially pronounced. One is the Palmer Divide, an upland area on the plains
between Denver and Colorado Springs. Historically, this area is subject to intense thunderstorm
activity during the summer. It has been the source area for some of Colorado’s largest flood
events, including the 1965 Plum Creek/South Platte River, and Bijou Creek floods. The other
area is the Front Range, where numerous streams have cut narrow canyons in the Precambrian
granites and gneisses. Major highways follow these canyons. In addition to use by summer
tourists, an increasing number of commuters who have moved into the mountains now travel
many of these canyons daily. Mountain-torrent flash floods from thunderstorms along these
stream corridors have created disasters along these canyons and in towns on the plains below the
canyon mouths, such as Loveland, Boulder, and Morrison.

Colorado’s worst, modern-day flooding disaster was the July 1976 Big Thompson Canyon flood.
An evening thunderstorm dumped 12 inches of rain over a small area below Estes Park, resulting
in a flash flood that left 139 people dead and caused $40 million in property damage to roads,
residences, and motels. The peak flow was 39,000 cfs (1,104 m’ per second), with a water level
of 14 ft (4.3 m) above normal in the Narrows, near the mouth of the canyon. As a result of post-
flood investigations, the U.S. and Colorado Geological Surveys (Soule et al., 1976; Shroba et al.,
1979) found that much of the destruction and geomorphic impact to the area occurred outside of
the modern floodplain. These impacts were caused by local processes that involved sheetflow,
rill erosion, deep scouring in side canyons, debris flows, landslides, and sediment deposition.

In Colorado, the Colorado Water Conservation Board is responsible for flooding issues including
floodplain delineation, regulation, emergency response, and planning. Geologic input is useful
for many of these issues, and may include such items as geomorphic assessments of past and
recent flood flows, geology-related aspects of watershed erosion and stream-sediment yield, and
delineation and modeling of debris-flow and alluvial fans.

Avalanches

Colorado’s high mountain areas are subject to avalanches — gravity-driven flows of snow, ice,
and other debris — during the winter and spring months. Avalanches occur as singular incidents,
and their initiation is controlled by a variety of factors, including topography, aspect, snow
conditions, and weather conditions. They may be as small as a few hundred square feet or as
large as an entire mountainside. Many avalanche areas have events that recur year after year or
after significant snowfalls. Some of the longer avalanche runs, especially those that begin above
timberline and run into steep-sided, glacial valleys have a morphology similar to that of debris
flow areas, consisting of a bowl-shaped initiation zone, a steep, central acceleration zone or
chute that lacks woody vegetation, and a fan-like runout zone at the base (Figure 16). Debris
flows and avalanches may share the same paths, thus constituting a year-round hazard.
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Figure 16. An avalanche path in Vail, Colorado. A forested initiation zone and a well-developed
central chute and runout zone are visible. Houses within the runout-zone fringe have been built
with reinforcement for design-avalanche loads. Photo from Colorado Geological Survey.

The historical tracking of avalanche events and the recognition of avalanche-prone terrain makes
it possible to model and predict their behavior and to map the extent of the hazard. Because of
the extreme forces exerted by avalanches and the extreme destruction they can cause, avoidance
is a primary consideration for avalanche areas. Equally important is defining the extent of less
hazard-prone zones at the fringes of the high-hazard runout area (Mears, 1992). In these zones,
it may be possible to locate facilities based on careful mitigation strategies.
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In Colorado, certain townsites such as Silver Plume, Vail, Marble, and Mount Crested Butte
encroach upon avalanche-prone areas. Some of these towns have instituted avoidance strategies
out of necessity, while others have developed or inhabited areas that remain at risk. Some of the
older mining towns, like Silver Plume, have been the sites of repeated, episodic avalanche
incidents accompanied by loss of structures and deaths (Martinelli and Leaf, 1999).

In addition to inhabited structures, avalanches pose a threat to travelers on the state’s mountain
highways and to backcountry travelers. Approximately 300 avalanches block Colorado’s
highways each winter. Colorado has the highest annual death rate (about 6 people per year, on
average) from avalanches in the entire United States. The Colorado Avalanche Information
Center (CAIC) is charged with the responsibility of forecasting statewide avalanche conditions,
issuing warnings and alerts, giving avalanche-safety training courses, and working with the
Colorado Department of Transportation and ski areas to reduce human exposure to avalanches.
CAIC operates a Web site at http://geosurvey.state.co.us/avalanche/.

Earthquakes and Seismicity

More than 500 earthquakes of various magnitudes have been recorded in Colorado during
historical times (Figure 17). The largest earthquake was in 1882, located near Estes Park, and is
estimated to have been greater than magnitude 6.6. This earthquake knocked out power in
Denver and was felt as far away as Salt Lake City.

Colorado has had several instances of notable, human-induced earthquakes. During the 1960s,
the Denver area experienced over 200 earthquakes, three of which reached magnitudes of greater
than 5.0 in 1967. Subsequent investigations of these earthquakes found that they were triggered
by the 2-mile deep injection of waste fluids by the U.S. Army at the Rocky Mountain Arsenal.
Once the waste-disposal operation was curtailed, the number of earthquakes dropped off
dramatically (Evans, 1966, Hollister and Weimer, 1968).

In northwestern Colorado, the U.S. Geological Survey studied earthquakes at the giant Rangely
oil field that were related to fluid injections. They found that the earthquakes could be turned on
and off repeatedly by varying the injection pressures (Gibbs et al., 1972). In 2000, the U.S.
Bureau of Reclamation began injecting brines deep into the ground in the Paradox Valley of
western Colorado, in an effort to reduce the salinity of water entering the Colorado River. This
operation generated over 3,500 small earthquakes, and was cut back when one earthquake
exceeded magnitude 4.0.

There are at least 272 faults and 27 folds in Colorado that show evidence of movement from late
Cenozoic time to the present (Widmann et al., 2000). Of these, at least 92 faults and 6 folds
show evidence of movement during the Quaternary Period (Widmann et al., 1998) (Figure 18).
The geologic characteristics of several of these faults indicate that they are capable of generating
large earthquakes in the future. Earthquake studies in Colorado are still in their infancy,
compared to many other states, and much study remains to be done regarding the risk of a major
earthquake affecting populous areas of the state. Several papers on the topics of earthquakes and
seismicity in Colorado are found in the “Transportation” and “Faulting/Earthquake Hazards”
chapters of this volume.
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Figure 17. Historical earthquakes in Colorado, including the 1882 earthquake. From Matthews
and others (in prep.); modified from Kirkham and Rogers (2000).

Radon

Radon is a colorless, odorless gas that is a bi-product of the radioactive breakdown of uranium
minerals. Many of Colorado’s geologic formations, particularly the granites and shales, and
residual and transported soil deposits derived from these formations, contain elevated levels of
radon. A study by the Colorado Geological Survey (1991) found that many areas of the state
exceed the 4 pCi/l limit for indoor radon concentrations set by the U.S. Environmental Protection
Agency. In practice, proper venting of “tight” structures may mitigate radon. Many builders in
Colorado choose to not install vents, however, leaving it up to future owners to test for radon
and, if necessary, install retrofit venting systems.

Environmental Hazards

Geologic weathering processes can release a variety of metals, salts, and other elements into the
environment that degrade the soil and water and may be harmful to humans and other organisms.
The effect of local geology on surface- and ground-water quality in Colorado is discussed in the
previous section (“Water Resources and Water Quality”), and is the subject of several papers in
the “Ground Water/Environmental” chapter of this volume.
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Figure 18. Distribution of Quaternary faults in Colorado. From Matthews and others (in prep.);
modified from Widmann et al. (1998).

Land Use Laws

Colorado has enacted several laws that require the identification, mitigation, and disclosure of
geologic hazards. Other state laws require the identification of and planning for mineral resource
areas. In Colorado, the Colorado Geological Survey is responsible for providing geologic-
suitability reviews of technical documents that are submitted to counties, municipalities, school
districts, and special districts for development projects.

A description of these land-use laws and other local government ordinances, regulations, and
codes, and a discussion of CGS review activities, is contained in a paper by Berry and Noe
(2003), in this volume. Two other papers on the incorporation of geologic hazard assessments as
part of land use planning in two Colorado counties are included in the “Land Use Planning”
chapter of this volume.

The scope of any particular engineering geologic assessment for a land use project will vary,

depending on the stage of planning, the type and layout of the project, and the nature of the local
geologic conditions. Colorado’s statutes do not address topical requirements for the scope of

31



investigations or the content of geologic reports, and because there is no registration program for
Profession Geologists in Colorado at this time, there are no applicable oversight documents.

Useful information and general guidelines about what to include in engineering-geologic site
assessments and reports are available in Appendix E of CGS Special Publication 12 (Shelton and
Prouty, 1979), and in web sites from states where registration of Professional Geologists has
been enacted. In addition, many counties and municipalities in Colorado have unique and
specific reporting requirements for land-use investigations and reports.

CONCLUSIONS

1) Colorado contains a wide variety of minerals and mineral fuels. The state’s resources
include precious and base metals, oil and gas, oil shale, coal and coalbed methane,
radioactive minerals, industrial and construction minerals, and gemstones and ornamental
stones.

2) Colorado has finite surface water and ground-water resources. Ground-water resources
currently supply approximately 18 percent of the state’s water needs, and development of
this resource is continuing at a fast pace. Colorado’s principal aquifers include Quaternary-
age alluvial aquifers, basin-fill sediments, sedimentary rock aquifers, and volcanic and
crystalline rock aquifers.

3) Some water quality issues in Colorado have their foundation in the natural interaction
between water and rock. This interaction can produce poor water quality independent of
other influences, but existing problems are often exacerbated when people become part of
the equation.

4) Geologic hazards and their associated planning and mitigation issues are becoming
increasingly critical as Colorado’s population continues to grow. Nearly all of the state’s
populated areas are subject to geologic hazards or constraints of one kind or another.
These include expansive soil and rock, collapsible soil, evaporite karst, coal mine
subsidence, coal-seam fires, landslides, rockfall, debris flows, stream floods, avalanches,
earthquakes, radon gas, and environmental hazards.

5) Colorado’s mineral and water resources, and its geologic hazards, are closely associated with
the state’s geography, surface and subsurface geology, geomorphology, and past and
present geologic processes. An understanding of geology is crucial in order to wisely and
efficiently develop Colorado’s mineral and water resources, and to protect the public from
geology-related threats to life, health, and safety.
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FOREWORD

The Executive Council and Board of Directors of the Association are
pleased to provide the membership with a new series in the Bulletin,
Geology of The World's Cities. Cities are the irrevocable focus of all that
drives civilization forward; cities are the cauldrons that produce the pres-
sures of cooperation and confrontation between peoples and nations; cities
have been the birthplace of culture; cities have been the depletors of
natural resources; cities have been the generators of immense quantities
of wastes that now peril the environment. Cities, for all of their good and
bad, are the fundamental aspect of human life on the planet.

The Association recognizes that each city was originally established for
reasons of geologic influence. These same geologic influences are still
present, both in the city’s shape and structure and as constraints on what
can and should be accomplished to prepare the cities for continued service
in the coming centuries. In offering this series of papers. the Association
hopes to discover elements of geologic influence and impact, so that the
whole spectrum of practitioners can better control the renovation and
rebirth of cities. By example of this series, peoples of various regions and
nations will come to recognize that innovations of others have been ap-
plied to overcome some of the stresses on the people and resources of
cities. To this end. we recognize the long-time influence of our distin-
guished Canadian colleague and native Briton, Dr. Robert F. Legget, who
has labored in speech. text, and example for more than 435 years to bring
this message to us all.

In this premier paper of the series, John E. Costa. an educator, and
Sally W. Bilodeau, a practitioner, have presented the Geology of Denver,
an American boomtown, grown large and commanding. Its presence,
lodged at the eastern edge of the continent’s grealest mountain range,
marks the real transition from east to west in cosmopolitan America. Den-
ver is the great North American city of our resource-conscious times. The
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great energies of Denver are people-generated and people-oriented. Den-
ver runs on a 24-hour day, because it is the great sociologic magnet of the
continent. Little of its humble frontier beginnings remain for detection by
the casual visitor, but its origins are tied to its geologic setting: its devel-
opment has been controlled by its geology; and its future will be guided
by such influences.

Founded in 1838, on the site of placer gold discoveries, Denver has
always served as a resource-oriented supply and operations center. Today
the city serves a vast area of the central United States as a financial,
engineering, scientific, governmental, educational and resource extraction
center. The city that was born of resource extraction remains a key ele-
ment in that activity today.

Denver’s very existence, on the fringe of a great mountain range, dis-
plays the effect of the natural environment on the development of a city.
Its near-region topography varies by nearly 8,000 ft (2,400 m): it lies on
a sedimentary basin some 13,000 ft (3.960 m) thick; it consumes ground
water and surface water at a phenomenal rate; it demands construction
aggregates in alarming quantities; and it produces burdensome quantities
of waste. Denver is affected by significant geologic constraints: both col-
lapse-prone and swelling soils, hillslope instability, induced seismicity,
flooding, and some areas of rising ground water. Denver is a city of the
age and of the decade. The citizens and builders of Denver have learned
to respect its geologic setting!

Papers in this series will be the result of cooperation between engi-
neering geologists, geotechnical engineers, hydrogeologists, environmen-
tal engineers, seismologists, urban planners, and other allied technical
specialists. Most of the papers will be released in the Bulletin along with
other papers. Occasionally a group of cities in regional areas or nations
will be printed in a single Bulletin issue. We welcome your continued
interest in the series, both as concerned readers and as concerned authors.

Allen W. Hatheway. Series Editor,
Department of Geological Engineering,
University of Missouri-Rolla, Rolla,
Missouri 63401

INTRODUCTION

Denver, known as the Mile High City, is the cap-
ital of the State of Colorado. The city is located in
the west-central United States at latitude 39°44'N
and longitude 104°39'W. The city center lies about
I2 mi (19 km) east of the southern Rocky Mountains
within the broad valley of the South Platte River
and within the Colorado Piedmont section of the
Great Plains geomorphic province (Figure 1). Den-
ver itself has an area of 115 mi* (298 kw®} and a
population of about 300,000. However, the Denver
metropolitan area has a total population of 1.7 mil-
lion {including Denver), and sprawls westward into

the foothills of the Front Range and eastward onto
the Great Plains. The term “‘Denver metropolitan
area’” refers to the core city of Denver and its sur-
rounding suburbs, and is represented by the area in
Figure 1.

History of Founding
The Denver area was originally occupied by
American Indians at least 10,000 to 12,000 vears
ago. The land was claimed as French territory be-
tween 1682 and 1763, as Spanish territory between
1767 and 1800, and as French again between 1800
and 1803. Colorado became part of the Louisiana
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Figure 1. Location map of features in the Denver arca discussed in the text. 1. Original site of Montana City; 2. Denver Coliseum:

3. Denver Hilton Hotel: 4. Reach of Clear Creek shown in Figure 13; 5. Ridge Home Siate School: 6. Isaac Newton Junior High

School; 7. Reach of South Platte River shown in Figure 14; 8

. Cedar Run Apartments; 9. Gaging station on South Platte River in
Denver; 1L Regency lon. location of sirong motion seismograph;

11, Rocky Mountain Arsenal deep-disposal well: 12, Trench excavated

across Golden Fault shown in Figure 190 13, Denver Northside Sewage Treatment Plant; 14, Metropolitan Denver Sewage Disposal
District No. 1 Plant; 15, Property Investment landfill: 16, Rooney Road landfill; 17, Arapahoe County landfill; 18, Lowry landfiliy 19,
Site of the National Radium Institute; 20. Levden No. 3 Coal Mine used for natural gas storage; 21, Subdivision built over old
underground Virginia coal mine. Arrow shows direction of view of photograph in Figure 2.

Territory purchased by Thomas Jefferson from Na-
poleon Bonaparte in 1803 for $15 million. The land
also still belonged to the Arapahoe and Cheyenne
Indian tribes, from whom it was eventually pur-
chased in 1861 for $1.25 an acre (Mumey, 1942).
The original site of Denver was near the juncture
of Cherry Creek and the South Platte River, where
water was plentiful and willows and cottonwood
irees offered shade, protection. and game (Figure
1), As early as 1820, it was a favorite camping place
for some of the first white travelers through the re-

gion, including Colonel John C. Fremont, Kit Car-
son, and Major Stephen H. Long. and for Indians
many vears before that,

In the early 1850's, the discovery of placer gold
along the South Platte River and its tributaries
sparked interest in the area: and in 1838, a group of
prospectors from Kansas laid out the first settle-
ment. then called Montana City. on the east bank
of the South Platte River about five mi (8 km) up-
stream from its confluence with Cherry Creek (Fig-
ure 1}. Later in the vear when the gold became de-
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Figure 2. Obligue aerial view of Denver, 1980, looking west-
northwest at downtown area. Southern Rocky Mountains in
background. State Capitol is domed building at top left edge of
photo. (Photo courtesy of Denver Planning Office.)

pleted. the people moved downstream to that
confluence. There, in 1858, two towns were formed
on opposite sides of Cherry Creek as more pros-
pectors arrived. On the southwest bank was Aurar-
ia, named after the Georgia home of William Green
Russell, an early prospector. On the northeast bank
the town of St. Charles was founded; but only one
log hut was constructed since most of the founding
party returned to Kansas for the winter. In late
1858, another group of prospectors arrived from
Kansas. They took over the townsite of St. Charles
and renamed it Denver City after General James W,
Denver, Governor of Kansas Territory. Denver was
thus founded on a jumped claim. By the spring of
1859, the rival towns of Auraria and Denver had a
total population of over 1,000. A year later in April
1860, they merged and adopted the name Denver
City,

Placer gold deposits along the South Platte River
and s tributaries were soon exhausted, but major
discoveries were made in the mountains to the west
of Denver. Early Tertiary intrusions 33 to 70 million
vears old, and rich in gold, silver, zinc, lead. cop-
per, and molybdenum, were the major sources of
mineral wealth. Denver grew primarily as a raithead
and supply center serving the numerous mining
towns in the mountains. The growth of Denver is
documented by the rapid rise in population from
5,000 in 1870 to over 35,600 in 1880. Colorado be-
came the 38th state in 1876; and five vears later, in
1881, Denver became the state capital.

Denver faced two major crises in its early history.
The first crisis occurred in 1866, when the Union

Pacific Railroad announced its westward line from
Council Bluffs, Iowsa, would go through Chevenne,
Wyoming. and the Wyoming Basin, rather than to
Denver and face the rugged southern Rocky Moun-
tains with no easy westward outlet. Faced with the
prospect of isolation, Denver built the Denver-Pa-
cific Railroad in 1870 which joined the Union Pacific
in Cheyenne.

The second crisis in its early history was caused
by Denver’s economy, which was one commodi-
ty—mining, especially silver mining. In response o
recurring discoveries of silver in the mountains and
the large federal market for silver, three large smelt-
ers and numerous companies specializing in mining
equipment located in Denver. Butin 1893, the Sher-
man Silver Purchasing Act was repealed as the
United States shifted from a silver to a gold mon-
etary standard. The price of silver crashed, and ten
banks in Denver failed. William Jennings Brvan, a
frequent presidential candidate, became well
known for his speeches that the nation was being
“crucified on a cross of gold.”

Fortunately, a major gold discovery in Cripple
Creek gave new life to Denver, and the city began
to diversify its economic base. Agriculture on the
Great Plains prospered, especially sugar beets, cat-
tle, and sheep raising. The delightful healthy cli-
mate attracted more people; and by 1900, Denver
had become a tourist center. Since 1943, skiing and
other recreational activities have grown; and many
federal and military agencies have moved to Den-
ver. Large reserves of oil and gas were found north-
east of Denver. Today. Denver is a major industrial,
commercial, tourist, recreational, and governmen-
tal center in the middle of one of the fastest growing
regions in the United States {Figure 2).

Climate

The Denver area is blessed with a semi-arid. tem-
perate-continental climate (Trewartha, 1968) which
is strongly influenced by the Rocky Mountains just
west of the city. In winter, polar air moving south-
ward is deflected east of the mountain front so that
temperatures over the Great Plains can be much
colder than temperatures in the mountains a short
distance west. The eastward flow of Pacific air
masses from the west is disrupted by the Front
Range, causing heavy orographic snowfall in the
mountains while Denver enjoys sunny skies and dry
air. The mountains also block the northward flow
of humid Gulf air masses from the southeast. This
creates an easterly upslope circulation of air, a con-
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dition responsible for Denver’s largest snowfalls in
winter and heaviest rainfalls in spring and summer.

The mean annual precipitation is 13.8 in. (330
mmy), but annual variations range from six inches to
23 in. (152-582 mm). Average annual snowfall is 55
to 39 in. €1,397-1,499 mm). Mean annual evapora-
tion is 50 to 66 in. (1.270-1,524 mm) and the mean
annual temperature is 52°F (11°C), ranging from a
monthly mean of 70°F (21°C) in July to 28°F (=2°0)
in January. Relative humidity averages 48 percent.
Clear days (30 percent cloud cover or less) occur
30 to 60 percent of the time, and cloudy days (80
percent or more cloud cover) occur 16 to 36 percent
of the time (Hansen et al., 1978),

Geologic Setting

Denver is located near the east front of the South-
ern Rocky Mountains in the Colorado Piedmont
section of the Great Plains, the westward edge of
the central stable area of North America. In this
section, the Tertiary sedimentary cover that was
deposited eastward onto the Great Plains from the
erosion of the Rocky Mountains has been eroded
by the South Platte and Arkansas River systems,
exposing the underlving Cretaceous bedrock
{Thornbury, 19635}, The topography of the Colorado
Piedmont is broadly rolling, with local scarps where
resistant bedrock units outcrop. The land slopes
from west to east af a gradient of about 10 ft/mi
(0.0019 m/m) from 5.300 ft (1,615 m) in Denver to
4.000 ft (1,219 m} at the Kansas boundary.

To the west of Denver lies the Front Range of
the Southern Rocky Mountains which extend for
185 mi {298 km) from southern Colorado into Wy-
oming. The Front Range is a complexly faulted an-
tichnal arch of primarily Precambrian crystalline
rocks reaching elevations of over 14,000 ft (4,267
m) {Boos and Boos, 1957). Where the mountains
join the Great Plains, the foothills region consists
of steeply dipping Paleozoic and Mesozoic sedi-
mentary rocks forming hogback ridges and gravel-
covered pediments. The Golden Fault, a high-an-
gled reverse faul, separates the mountains from the
plains (Rocky Mountain Association of Geologists,
1972: Figure 3).

Denver lies near the western edge of one of the
largest structural basins in the Rocky Mountain re-
gion, the Denver Basin (Figure 4). This basin was
formed during the late Cretaceous and early Ter-
tiary time. It is a north-south trending asymmetrical
basin with a gentle dipping east flank. The deepest
part is under the City of Denver where more than

13,000 f1 (3,962 m) of sedimentary rocks ranging in
age from Pennsylvanian to Paleocene are present.
Geologic History

Precambrian granites, metamorphosed igneous
and sedimentary. and velcanic rocks form the
mountains of the Front Range west of Denver. In
the foothills, steeply dipping Paleozoic and Meso-
zoic rocks outcrop and record two invasions of
shallow seas. The voungest rocks are of Mesozoic
and Tertiary age and indicate volcanic activity in
the foothills and in the Front Range (Figure 3), Bed-
rock stratigraphy and a description of rock units are
shown in Figure 5.

At the end of Cretaceous time, uplift in Colorado
that built the Rocky Mountains began as part of the
Laramide Orogeny. Marine and nonmarine Paleozoic
and Mesozoie sedimentary rocks across the uplift
were eroded; and along the eastern margin of uplift
they were steeply tilted, and some were overturned.
As the mountains rose, the land east of the Front
Range subsided, forming the Denver Basin. Thus,
some rocks that oufcrop against the mountains a
few miles west of Denver are thousands of feet be-
low the ground surface under the City of Denver
(Figure 3B). The Denver Basin was a site of depo-
sition for sediments eroded from the mountains, in-
cluding the Arapahoe, Denver, and Dawson For-
mations. Most excavations in bedrock in the City
of Denver will encounter the Denver Formation
which, under the city, dips gently eastward at an-
gles generally less than ten degrees.

The Upper Cretaceous Arapahoe Formation con-
sists of discontinuous beds of light gray to yellow-
brown sandstone and claystone of terrestrial origin.
The Denver Formation is highly variable in texture
and composition, consisting of light gray to brown
tuffaceous silty claystone, tuffaceous arkose, and
andesitic conglomerates. These sediments were de-
posited on a gently sloping surface of low relief in
a climate that was warmer and wetter than the pres-
ent climate (Brown, 1962). The Cretaceous-Tertiary
boundary is present in the lower portion of the Den-
ver Formation. Southward, the Denver Formation
merges into the Dawson Formation, which is simi-
lar to the Denver but is sandier and contains less
volcanic materials. Both the Denver and Dawson
Formations are loosely consolidated and become
finer-grained and thinner eastward away f{rom their
source areas. The weathered volcanic material in
the Denver Formation commonly swells when wet-
ted, and is thus the cause of a major engineering
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problem in the Denver area—swelling soils. North
and east of Golden, potassium-rich basaltic flows
are interbedded with rocks of the upper Denver
Formation, capping North and South Table Moun-
tains. The lavas flowed southeast about 63 to 64
million vears ago from old vents now marked by
intrusive outcrops northwest of Denver. The flows
are about 240 ft (73 m} in total thickness {Van Horn,
1976},

The Green Mountain Conglomerate consists of a
conglomerate, sandstone, siltstone, and claystone
deposited as basin-fill material by a through-flowing
stream draining from the rising Front Range to the
west. The formation is found only on Green Moun-
tain, located southwest of Denver, where it is 600
{1 (183 m) thick (Scott, 1972a; Figure 3).

Bedrock in the vicinity of Denver was severely
eroded prior to the deposition of overlying uncon-
solidated Quaternary surficial deposits. Analysis of
consolidation tests on samples of Denver Forma-
tion from downtown Denver indicate 1,000 to 1,400
ft (305427 m) of Tertiary material once covered the
present bedrock {Committee on Denver Subsoils,
1934). The bedrock surface is very irregular, Nu-
merous paleovalleys filled with unconsolidated
Cuaternary surficial materials underly the city. Al-
{uvial deposits 100 ft (30 m) thick fill an old paleo-
channel of Cherry Creek, which trends northward
from Cherry Creek Reservoir and joins the South
Platte River 9.5 mi (13.3 km) north of the present
confluence (Hamilton and Owens, 1972b; Shroba,
1980},

Surficial Deposits

In some parts of the Denver area, bedrock ap-
pears at the surface and is covered by thin collu-
vium and residuum formed by in situ weathering.
However, most of the bedrock is covered by allu-
vial and eolian deposits to depths as great as 100 ft
(30 my (Figure 6). In the downtown area, depth to
hedrock averages 20 to 40 {1 (6—12 m). The surficial
geology of the Denver area was first mapped by
Hunt (1954) and was the ploneering work on Qua-
ternary stratigraphy in the Denver area. Quaternary
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Figure 4. Structure contours on top of Precambrian basement
rocks outline the Denver Basin. Contour interval 1s 1,000 ft (303
m} {from Matuszezak, 19761

geology and surficial deposits in the Denver area
have been further studied by many investigators
(e.g., Malde, 1955; Scott, 1960, 1962, 1963; Lind-
vall, 1978, 1979a, 1979b, 1980; Shroba. 1989; and
Van Horn, 1976}, Quaternary stratigraphy of the
Denver area is shown in Figure 7.

Rocky Flats Alluvium (Scott, 1960} consists of
boulders, cobbles, pebbles, and sand in a matrix of
locally, red clay. The deposit originated as alluvial
fans deposited on pediments by streams draining
the Front Range. Thick caliche (pedogenic calcium
carbonate) occurs in the upper part of the unit,
where it has not been eroded. This alluvium is rel-
atively old—Nebraskan or Aftonian in age (Scott,

jr—

Figure 3. Generalized bedrock geology of the Denver area (A Map (modified from Emmons et al.. 1896; and Trimble and Machette,

Denver/Arapahoe Formations: Tkda = Dawson/Arvapahioe Formations: KP = Pennsylvanian through upper Cretaceous sedimentary
rocks; PC = Precambrian cystallines teeth on upthrown side of Golden Fault: A-A" = Line of cross-section shown in Figure 3B,
(B): Schematic cross-section (not to scale) along A-A7 (Modified from King, 1969),
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1960); and thus., many of the gravels are highly
weathered. The exception is a large deposit of
Rocky Flats Alluvium northwest of Denver where
80 percent of the gravels are hard quarizite. A very
strongly developed soil occurs in the upper part of
the Rocky Flats Alluvium. The presence of this,
and other paleosols, is important since they can act
as compressible clay layers which could adversely
affect foundation stability. Rocky Flats Alluviam
averages 15 ft (4.6 m} in thickness and occurs on
gently sloping uplands 350 £t (107 m) above present
streams. The most extensive deposits are northwest
of Denver, but Rocky Flats Alluvium is also found
both north and southeast of the city (Trimble and
Machette, 1979},

Verdos Alluvium (Scott, 1960} consists of brown,
well-stratified boulders, cobbles. and coarse sands
weakly cemented by clay and calcium carbonate.
Many gravel clasts are weathered and crumble
when handled. The alluvium was deposited as ter-
race fills and as mantles on pediments by streams
flowing eastward from the Front Range. A distinc-
tive bed of volcanic ash is found near the base of
Verdos Alluvium in about a dozen locations in the
Denver area. This ash is equivalent to the Pearlette
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Ash of Kansas and Nebraska and thus is about
600,000 yrs old. Verdos Alluvium is therefore con-
sidered to be Kansan or Yarmouth age (Scott,
1963). A very strongly developed soil is also found
on top of this deposit and is probably of Yarmouth
age. Verdos Alluvium averages 15 {t (4.6 m) in
thickness and is found 200 to 250 ft (61-76 m) above
present streams. The most extensive deposits are
found in west and southwest Denver, west of the
South Platte River (Trimble and Machette, 1979).

Slocum Alluvium {Scott, 1960} is a moderate red-
dish-brown, well-stratified cobble gravel and clayey
coarse sand containing abundant mica. Upper lay-
ers can be weakly cemented by calcium carbonate.
Many gravel clasts are rotten, and the Slocum de-
posits are distinctly finer grained than older allu-
vium. The Slocum Alluvium was deposited by
streams flowing eastward from the Front Range
(Scott, 1963). The Alluvium is believed to be of late
Illinoian or early Sangamon age. A very strongly
developed soil is found on the top of this alluvium.
The deposits average 25 ft (7.6 m) in thickness and
are found 80 to 118 f1 {24-36 m) above present
streams. In the Denver area. Slocum Alluvium is
found north and northwest of the city, and in the
southwest along the south side of Bear Creek Val-
ley (Trimble and Machette, 1979; Lindvall, 1979b).

Louviers Alluvium (Scott, 1960} is red to vellow-
brown, medium- to coarse-grained, pebbly and cob-
bly arkosic, well-stratified sand and gravel. Small
amounts of calcium carbonate can be found locally
in the upper layers. The alluvium originated as
stream deposits in previously eroded valleys drain-
ing the Front Range. Louviers Alluvium is of early
Wisconsinan age; and, unlike pre-Wisconsinan
gravels in the Denver area, the gravels are not high-
1y weathered. In fact, Louviers Alluvium is the ma-
jor source of commercial sand and gravel in the
Denver area. Alluvial thickness is highly variable,
ranging from six to 100 ft (2-30 m). Louviers Al-
lavium forms terraces 65 ft {20 m) above present
streams and locally extends as much as 30 ft (& m)
below present stream level. The alluvium is found
mostly northwest, west, and cast of the center of
Denver {(Trimble and Machette, 1979).

Broadway Alluvium (Hunt, 1934) is reddish-
brown, fine- to coarse-grained sand and pebbles.
The gravels are generally less than one in. (2.5 cm)
in diameter; and thus, the Broadway Alluvium is
distinctly finer than Louviers. Broadway Alluvium
forms terraces 23 to 40 ft (7.6-12 m} above present
streams. In the Denver area, the alluvium forms a



COSTA AND BILODEAU--GEQOLOGY OF DENVER 273

pronounced terrace along the east side of the South
Platte River through the city. The largest and tallest
buildings of downtown Denver are built on the
Broadway terrace. Broadway Alluvium is late Wis-
consinan (Pinedale) in age and is usually less than
30 £t (9 m) thick.

Loess, consisting of silt with smaller amounts of
clay and sand deposited by the wind, is gen-
erally found downwind from areas of eolian sand
(Figure 6). In south Denver, this boundary lies on
the western edge of the University of Denver cam-
pus (Hunt, 1954; Shroba, 1980) (Figure 6). Loess is
the single most extensive surficial deposit in Denver
{(Committee on Denver Subsoils, 1954; Trimble and
Machette, 1979}, Loess and eolian sand underlie an
estimated 60 percent of the City of Denver. The
loess ranges in age from late Pleistocene to early
Holocene.

Eolian sand consists of well-rounded, very fine-
to medium-grained sand and sandy silt, derived
mainly by wind erosion from both old and voung
alluvium in stream valleys. It covers most of the
uplands east and southeast of the major valleys; but
the deposits thin toward the south and southeast.
The eolian sand is believed to be early-late Holo-
cene in age {(Scott. 1963) and generally extends for
one to two mi {1.6-3.2 km} downwind of the source
areas.

Pre-Piney Creek Alluvium is light brown to vel-
iow-brown, well-stratified, pebbly silt and sand. It
is found 15 to 20 ft (4.6-6 m) above present streams
in localized sites along small tributaries in the Den-
ver area. Pre-Piney Creek Alluvium has a moder-
ately strongly developed soil, and deposits have
been radiocarbon-dated as approximately 5,500 C-
14 yrs old (Scott, 1963).

Piney Creek Alluvium (Hunt, 1954) is common in
nearly every valley in the Denver area. I is a
brownish gray, humus-rich, well-stratified silt,
sand, and clay. Piney Creek Alluvium originated by
sheet erosion from local soil-covered slopes and
averages 10 It (3 m) thick. Scott (1963) believes this
alluvium to be about 2,800 vrs old, based on Car-
bon-14 dates.

Post-Piney Creek Alluvium is usually gravish-
brown, loose humic gravel, sand, silt, and clay
forming the lowest terraces and the modern flood-
plains. It is derived primarily from Piney Creek
Alluvium and is found less than 20 ft (6 m) above
present stream levels. Thickness is usually less than
20 ft (6 m}. No soil has formed on this alluvium,
which has been dated archaeologically and by Car-

bon-14 methods as approximately 1,300 vrs old
{Scott, 1963),

Upper Holocene colluvium is deposited on slopes
by gravity and sheetwash. Thickness is usually
greater than five ft (1.5 m}. and physical properties
vary widely depending on source areas. In various
places around the Denver area, landslides have oc-
curred in bedrock and surficial materials. These
mass movements include slumps, flows, and falls
and are most widespread on the slopes of North
and South Table Mountains, Green Mountain, and
steeply dipping sedimentary formations adjacent fo
the Front Range.

GEOTECHNICAL CHARACTERISTICS

The geotechnical characteristics of overburden
materials and underlying bedrock in the Denver
metropolitan area can be influential factors in de-
termining site-specific building plans and appropri-
ate foundation types. Due to the variable nature of
the soil and rock present (Tables | and 2}, several
methods for determining in situ foundation condi-
tions have been used. Usually an exploration pro-
gram is conducted to determine the general geology
and stratigraphy of the site. Particular attention is
focused on identifving potential geologic con-
straints and suitable foundation-bearing strata. For-
tunately. the geologic environment of the Denver
region is generally favorable for development of a
major urban area. Most of the geologic constraints
present, such as expansive clays and settling soils,
lend themselves readily to engineering solutions.
L.aboratory testing of overburden and bedrock ma-
terials is conducted to define the physical charac-
teristics, engineering properties. and shear strength
parameters of soil and rock units for input into foun-
dation design. Typical foundations used in Denver
include: spread {ootings, bearing walls on grade,
pads with grade beams, belled piers {caissons) with
grade beams, and post-tensioned slabs. Nearly all
foundations are designed to fit site-specific condi-
tions dictated by the geology and soils.

Overburden Material

Allevium, colluvium, eolian sand, loess, and re-
siduum overlie bedrock in the Denver metropolitan
area {Table 1}. The sands, silts, clays, gravels, cob-
bles, and boulders that make up these engineering
soils oceur both as well-defined lavers and as lenses
and pockets. The depth of overburden varies from
fess than a ft (0.3 m) to over 100 ft (30 m). The
elevation of the eroded bedrock surface can change
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Table 1. Engineering characteristics of surficial deposits.

#

Mois-
ture
Con- Unconfined
Dy tent Ace Compressive .
Trask  Density {per- tiv- PVC Strength Unified
Deposit Values Coeff, dbsfy Sp. Gr. cent) it Lp Ip ity (st [T ] Saoil Class.
Colluvium Range 29102 9106 2652070 7230 22-69 NP0 NP-30 — 0 0-3.967 - CH, 5M-5C,
Mean 4.3 99 2.68 i3 44 22 22 1.253 e SO, 5M, CL,
Mo of samples 7 8 & & @ o B 8 — MH
Post-Piney Creek Range 3873 R - —_— NP-29 NP-18 NP-11 — — —_— OW, GP, GM,
Alluvium Mean 1 e — - 13 9 & e —_ 50, CL
No. of samples 3 e - 2 2 2 [ — -
Piney Creek Range — o o 3B 230 1527 e e CL., 8C, G5,
Alhuvivm Mean 148 e R — 42 24 32 — - SM
Moo of samples | — H 7 7 ¥ _ - -
Eolian Sand Range e 98-113  2.57-2.65 3.22  NP-39% NP-26 O NP-I3 — 0§ 626540 SC, 8P, 8M,
Mean — 105 2.61 12 26 NP — 3 73l ML
Mo, of samples e 23 2 23 23 23 - 23 3
Loess Range e B3-114 257077 637 22-ad NP-43 NPL3E e RASE 1.670-15,304¢  CL, ML-CL,
Mean 3.4 100 247 5 41 23 18 0.5 B0 6,473% CH
Mo, of samples | 48 2 4B 33 335 i35 — & 26
Broadway Range 500 — e 24T ONP-2TONP2Z — SC. CL, 5M,
Alluviem Mean 2.z - e . 33 19 14 — 5P
Mo of samples 7 - — — G & Ed e —
Louviers Range L4900 — 265270 — 871 NP-38 O NP3 — 0 4006900 — GW, GP, GM,
Alluvium Mean 89 e 268 - 47 % 1% LR ] - S, SW.SM
Mo, of samples 12 — 2 P 7 7 7 —
Slocum Range — — . NP3 NP2 ONP2D — 5004100 e GW, GP, GM,
Alluvium Mean 2.6 - e 3 17 i4 L7 2430 — SC, 8W
Mo of samples | e — - & & f — -
Verdos Range o — — 31-37 2224 715 T — GP, 50
Alluviem Mean 56 — — - 34 21 13 —_ — .
. Mo, of samples | — — . 2 2 2 _— — -
Rocky Flats Range H.6-2350  — — — 33700 2333 13— — — GM, GP, GC.
Alluviem Mean 1073 - 2.68 — 34 29 25 e — SC.CH, MH,
No. of samples 7 i — o] 5 5 e - L

= Compiled from: Larsen and Brown, 1971; Van Horn,
Shroba, 1980,
B100-300 when wel.

1968 Maberry and Lindvall, 1974 Committee

dramatically over short distances. Usually within a
given building site, the depth to bedrock is fairly
uniform, although changes of up to 20 {1 {6 m) have
been reported. Subsurface conditions are further

on Denver Subsoils, 1934;

complicated by the presence of numerous uncom-
pacted man-made fills.

Shear strength characteristics of the various soil
units are determined by composition, thickness,

Table 2. Engineering characteristics of Denver Formation ®®

{Hsiy {Ihsifiy (5]
Activ- {Ihs/ft¥) Linconfined ifps) {fps) Pry Moisture
Denver Fm. Values Sp. Gr. L Lp ip ity PVC Comp. Sig. ¥p ¥y Density Content
Sandstone Range — 35.74  NP-43 NP-66 05,900 2923972000 6 400-8.800 26604900 97111 413
facies Mean 27 60 28 32 O3 3,600 302,000 7690 3,640 Hil i1
Mo, of samples | 8 8 & e 4 f 3 3 3
Claystone Range 41-99  23-39 2439 2300-19418 3341323684 — — 9f-i1d 1426
facies Mean e a6 35 3 {65 6318 12,841 e H 28
No. of samples — 3z 3z 3z R 33 ki o 18 18

* Compiled from: Van Horn, 1968; Maberry and Lindvall, 1974, Committee on Denver Subsoils, 1934,

¥ Fresh to moderately weathered samples.
¢ Plastic index/percent clay.

Shroba, 1980,
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Figure 8. Geotechnical characteristics of surficial material (compiled from Hamilton and Owens, 1972b; Hart, 1974).

density, consolidation and swell properties, and or-
ganic content. Related foundation problems can be
caused by swelling clays, collapse-prone soils, lat-
eral spreading, subsidence, and mass movements
{Figure 8).

Moderately swelling soils are estimated to be
present in surficial materials over about 50 percent
of the Denver area, particularly in the south, south-
east, and western parts as shown in Figure 8. Ap-
proximately 25 percent of the area is affected by a

high to very high swell potential (Figure 8; Hart,
1974). Swelling soils typically have liquid limits of
45 to 65 percent, and plastic indices of 25 to 35
percent. When tested in a one-dimensional conso-
lidometer. these soils swell 3 to 10 percent under
normal loads of 1.000 psf (479 N/m®), but swelling
pressures can be as great as 30,000 pst (14,364 N/
m?} (Hepworth, 1981} Structural damage can occur
when swelling is as little as one percent. Lightly
loaded structures supported by shallow founda-
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tions, such as single-family houses and highways,
are also adversely affected by swelling soils.

Collapse-Prone Soils

Collapse-prone soils are present over approxi-
mately 25 percent of the Denver area (Figure 8§;
Committee on Denver Subsoils, 1954; Hamilton and
Owens, 1972b). They consist of low density soils
which have high bearing strength when dry, but
when moisture is added, lose much of their strength
and settle or collapse (Simpson, 1973a). Volume re-
ductions are typically 10 to 15 percent. Some loess
and fine-grained colluvium are affected in this man-
ner.

Most Denver-area loess is classified CL in the
Unified Soil Classification System and is typically
2 1o 15 ft (0.6-4.6 m} thick. Natural water content
varies between 6 and 12 percent, and dry unu
weight varies between 73 and 95 psf (36-45 N/m¥).
The loess generally has adequate dry strength to
support structures with foundation pressures up to
approximately 3,000 psf (1,436 N/m?%). CL soils
{loess} cover about 25 percent of the Denver area
{Committee on Denver Subsoils, 1934). Swell-
compression tests on Denver loess indicate strengths
of 1,000 to 6,000 psf (479-2,873 N/m®) in its natural
dry state, but only 100 to 300 psf (48-239 N/m?*)
when moistened. Single-family houses often exert
bearing pressures that are sufficient to cause col-
fapse. Dry unit weights of 90 pst (43 N/m® or more
are generally suitable for single-family houses; dry
unit weights of 85 psf (41 N/m®) or less are indica-
tive of collapse-prone soils (Committee on Denver
Subsoils, 1934). Collapse-prone soils are present in
the east and southeast portions of the Denver area
{(Figure 8), in some places overlying swelling soils.
However, because the swell potential is usually
greater than the settling potential, this geologic con-
straint is depicted as swelling soils in Figure 8.

Lateral Spreading

Lateral spreading is a phenomena by which foun-
dation support can be lost through the horizontal
movement of the foundation-bearing materials.
Some portions of eolian sand deposits within the
Denver metropolitan region can react to foundation
loads in this manner {Maberry, 1972b). Typically,
sands affected are clean, well-sorted, and dry. De-
posits of this nature cover about 20 percent of the
area, generally concentrated in the east and north-
east portions {Figure 8).

Compressible Soils

Another surficial deposit that may cause settle-
ment damage o structures is organic silt, defined
by Simpson {1973¢) as stream-deposited silt that
contains more than 10 percent organic material by
volume. Carbonaceous matter from the partial de-
composition of vegetation has an open structure
and will consolidate to a smaller volume by the ad-
dition of weight. Organic silts are found in most
stream valley floodplains of the Denver area and
the underlying low terraces formed of Piney Creek
Alluvium.

Consolidation of non-compacted fill in and near
old gravel pits has also caused some major foun-
dation problems in the Denver area. Most of the old
gravel pits were concentrated adjacent to the South
Platte River. The fill was not placed as engineered
material. Placement of individual lifts was not con-
troiled, and there was often little or no compaction
effort. Significant amounts of organic matter are
commonly found in such miscellancous fills. Due to
their organic content, mixed composition, and un-
controlled method of emplacement, most of these
old filis are settling, as well as producing explosion-
hazardous methane gas. Many developments locat-
ed on top of uncontrolled fills are also experiencing
landscape and structural distress.

Mass Movements

Overburden materials as well as portions of the
underlying bedrock can alse be affected by soil
creep. earth slumps, debris flows. rock falls, and
other mass movements. Foundation problems and
structural hazards associated with mass earth
movements are generally confined to the foothills
and the steep slopes of the western and southern
sections of the area (Figure 8). Mass movements
are discussed further in the section on geologic con-
straints.

Bedrock Units

The Green Mountain Conglomerate has a very
limited extent in the Denver area. It is present only
at Green Mountain (Figure 3), and is semilithified
and flat lving. It varies from easy to difficult to ma-
chine-excavate and is moderately erodible. There
are active mass movements on the fanks of Green
Mountain; and most of the mountain is considered
to have a relatively high landslide potential (Ham-
ilton and Owens, 1972b; Scott, 1972b). Foundation
problems encountered within the Green Mountain
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Conglomerate relate to the heterogeneous compo-
sition of the conglomerate and its potential for in-
stability because of steep slopes.

The Denver Formation underlies most of the met-
ropolitan area east of the foothills. The Arapahoe
Formation is found north and west of the city, and
the Dawson Formation is located to the southwest.
The three formations are similar in overall lithology
and engineering characteristics, and are, therefore,
not differentiated in this discussion but will be re-
ferred to collectively as the Denver Formation.

The Denver Formation is composed of layers and
lenses of silty claystone, shale, sandstone, and con-
glomerate. Numerous silty channel sands occur.
Some siltstone and claystone beds contain high pro-
portions of montmorillonite and thus exhibit highly
expansive characteristics (Table 2). Siltstone and
claystone are usually easy to excavate; cemented
sandstone and conglomerate require ripping or local
blasting. Where exposed, the Denver Formation is
moderately resistant to erosion.

Generally. the Denver Formation provides ade-
quate bearing strength for most structures and is
the foundation rock for most of the large buildings
in the Central Business District {Table 3; Figure 2).
Difficulties occur when the Denver Formation lies
at such a depth that interception by drilled piers is
economically prohibitive. Associated foundation
problems include expansivity of some claystone
layers located within the zone of seasonal moisture
change, or when the construction process induces
increased moisture. Some sandstones filling Creta-
ceous-aged fluvial channels have proven to be com-
pressible. Denver Formation strata. and some sur-
ficial deposits, may contain sulfate salts which have
corrosive effects on concrete and metal pipes unless
special design procedures are used, such as Type
i1 air-entrained cement and cathodically-protected
metal pipes (Hart, 1974; Committee on Denver Sub-
soils, 1934).

West of the City of Denver, older bedrock units
are exposed in relatively thin bands paralleling the
Front Range (Figure 3). The Laramie Formation
and Fox Hills Sandstone are the first formations
encountered. They consist of sandstone, siltstone,
and claystone. Economic coal beds are present in
the Laramie strata. Rock units are moderately well
consolidated to hard. Excavation of claystone and
siltstone beds is relatively easy; sandstone is mod-
erately difficult. These formations are also moder-
ately resistant to erosion, but some sandstones can
be wind deflated if their surface rinds are disturbed.
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Slope stability is generally good in unsaturated nat-
ural material on slopes up to 25 degrees. Coal zones
northwest of the Denver metropolitan area have
been extensively mined and some subsidence over
mined areas has been reported (Amuedo and lvey,
Inc., 1975). The major foundation problem assocr-
ated with these bedrock formations are potential
expansivity of some claystone lavers.

The Pierre Shale contains thin beds of montmo-
rillonite and mixed-order clay minerals, thus exhib-
iting a moderate to very high swell potential. It is
over-consolidated, generally easy to excavate at
shallow depth. and only moderately erodible. Slope
stability is good where the shale is undisturbed, and
in cuts less than 45 degrees where ground water is
not present.

The Niobrara Formation (including both the
Smoky Hill Shale and the Fort Hays Limestone
members) has a very thin outcrop along the foothills
on the western edge of the Denver area. It is over-
consolidated, moderately easy to excavate, and
moderately erodible. Slope stability is generally
good on natural slopes where ground water is not
present, and in materials of moderate to low swell
potential. Few foundation problems are associated
with Niobrara strata.

The Benton Shale, which is composed of sand-
stone, shale, and limestone, is overconsolidated,
moderately easy to excavate, and moderately erod-
ible. Slope stability is good on natural slopes up to
45 degrees where ground water is not present. Swell
potential is low in sandstones and limestone facies.,
and moderate to very high in shale facies. Foun-
dation problems associated with this formation are
generally related to swell potential.

The Dakota Group consists of interbedded sand-
stone, siltstone, claystone, and conglomerate. The
sandstone is generally hard and very resistant to
erosion. It forms the resistant edge of the Dakota
hogback present along the foothills west of Denver.
The claystone member is soft and rapidly erodible
by sheetwash. The group as a whole is difficult to
excavate and locally requires blasting. Slope sta-
bility is good except along dip slopes where there
may be local danger of rockslides where resistant
sandstone strata are undercut. Foundation suitabil-
ity is generally excellent except along dip slopes
where the rock may slide.

The remaining bedrock formations have only thin
outcroppings in the Denver metropolitan area, and
will not be discussed here. Engineering character-
istics are discussed in Gardner et al. (1971}, Simp-
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son and Hart (1980}, and McGregor and Mec-
Donough {1980).

Exploration and Testing Methods

Exploration and testing methods used to define
the surface and subsurface conditions at potential
building sites include review of technical literature,
surface mapping, and subsurface drilling andfor
trenching. Samples are usually taken at regular in-
tervals or at apparent changes of material, and
tested to determine their engineering characteris-
tics. Field and laboratory tests are mainly per-
formed in accord with specifications of ASTM
{ American Society for Testing and Materials) by in-
house labs of private geotechnical firms or by com-
mercial labs on a custom (piece-work) basis. In a
few labs, test specifications may differ slightly, or
additional non-ASTM tests may be available. Test-
ing is generally performed by trained, supervised
technicians.

Laboratory capability ranges from minimal to ex-
tensive. The best equipped are the central geo-
technical Iaboratory of the 1.8, Bureau of Recla-
mation, and the rock and soil testing facilities of the
Engineering Geology Branch, U.S. Geological Sur-
vey in Denver. Geological Survey testing is auto-
mated, with test control, data sampling and record-
ing performed by computers. This lab is also
developing mobile facilities for appropriate on-site
testing, data recording. and radio telemetry of field
data (Simpson, 1981}

Some common fests used are Atfterberg lmits,
grain size distribution, dry unit weight, one-dimen-
sional consolidation-swell, and moisture content.
The Potential Volume Cha%e {(PV() test was
widely used in the past but is not generally used
today by Colorado geotechnical engineers (Hart,
1974). The PVC( test consisted of a modified floating
ring consolidometer in a loading frame with a prov-
ing ring. An air-dried. recompacted sample is flood-
ed with water and allowed to swell against the prov-
ing ring. After two hours, the moving ring dial is
read and converted to a swell index (Hart, 1974).

The primary design tests favored by most local
geotechnical engineers for swelling soils are the
one-dimensional consolidation-swell test for build-
ings and the California Bearing Ratio (CBR) swell
test for highway subgrades (Hart, 1974; Mock,
19813, Dr. Fu Hua Chen (Chen and Associates) has
developed a classification system for swelling soils
based on three standard AASHO tests. This system
compares the percentage of swell from the consol-

idation-swell test {1,000 psf (479 N/m?®) surcharge),
liquid Hmit, percentage of the sample finer than the
#7200 sieve (0.074 mm), and the Standard Penetra-
tion Test (SPT) blow count. This system classifies
swell as follows (Hart, 1974):

Consoli-
% < #200 Liquid SPT(N) dation Swell
Sieve  Limit  Value Swell (9%) Category

=95 =60 =30 =10 Very high

60-95  40-60  20-30 3««? &  High
30-60 30-40 10-20 e Medium
<230 <230 < 10} < } Low

The U.S. Bureau of Reclamation in Denver devel-
oped the Holtz-Gibbs classification for swell in the
early 1950°s. This system compares the plasticity
index, shrinkage limit, and the percentage of the
sample finer than 0.00]1 mm to the Bureau of Rec-
lamation swell test at 144 psf (69 N/m?) surcharge
as follows (Hart, 1974):

Shrink-
P <0.001 Plasticity age Swell
mm  Index (%) Limit % Swell Category

=28 =35 >11 >33 Very high
20-31 25-41 ? 12 20-30 High
13-23 15-28 16 10-20 Medium
<15 <18 <15 <10 Low

Standard subsurface soil sampling tools used in
the Denver metropolitan region are the California
{Ring) Sampler. the Standard Split Spoon, the Shel-
by Tube, and the Continuous Corer. Both the Cal-
ifornia Sampler and the Standard Split Spoon Sam-
pler are driven into the soil with blows from a 140
1b (64 kg) hammer dropping 30 in. (762 mm). Rela-
tively undisturbed samples two in. {51 mm) in di-
ameter and four to 18 in. (102457 mm) long can be
recovered (Mock, 1981). Larger diameter samples
can be recovered by Shelby Tubes and Continuous
Coring methods. Soil samples are routinely tested
for shear strength, consolidation. and permeability
characteristics.

Foundation exploration during the construction
of the Denver Coliseum resulted in the development
of an early cone penetrometer to test relative den-
sities of coarse alluvial gravels and artificial fill ma-
terial in a former gravel pit underlying part of the



282 BULLETIN OF THE ASSOCIATION OF ENGINEERING GEOLOGISTS

Sourh Platte River o Sner 40h Avonue, 1988

Figure 9. Airphotos of Denver Coliseum construction site, (a}
in 1948 (hy in 1965 following filling of gravel pit with municipal
waste and subsequent urban land uses (Sheridan, 1967).

building site (Peck, 1953). The base diameter of the
penetration cone was 242 in. {64 mmy}, and the driv-
ing hammer assigned a weight of 330 pounds and a
fall of two ft (610 mm). The number of blows re-
quired for each 11 (0.3 m) of penetration was count-
ed. which led to adequate discrimination of artificial
fill material from dense gravel layers. Based on
these penetrometer results, the location for the
structure was moved 30 1 (15 m) east to allow a
spread footing foundation to be located uniformly
on the upper surface of an extremely dense part of
the gravel deposit (Peck, 1953) (Table 3: Figure 9}.
This sampler has not seen much local use since its
first application.

Foundation Types

Typical foundations used in the Denver metro-
politan area are spread footings, bearing walls on
grade, pads with grade beams, drilled piers {or cais-
sons) with grade beams, and post-tensioned slabs
(Figure 10}, The type of foundation depends on the
size of the structure, and the surface and subsurface
conditions of the site. Spread footings and footing
walls are most commonly used for smaller struc-
tures such as homes and buildings less than four
stories high. High rise structures {more than five
storiesy are usually supported by drilled piers (or
caissons} that are founded in bedrock (Table 3}
Drilled piers with grade beams have also been very
successful in areas where swelling clay is present.
They may be straight shaft, straight shaft with shear
rings, or belled.

Building on expansive soils in and around Denver
has encouraged the use of various engineering and
design treatments. Lightly loaded structures buiit
over soils with low swell potential often use spread
footing foundations. With slightly higher swelling
potential, footing walls or grade beams supported
by pads are utilized (Hart, 1974}, Over moderate to
highly swelling soils, small-diameter, heavily-load-
ed, straight-shaft piers are extended to a depth
where moisture changes are minimal. The piers are
commonly used in conjunction with grade beams.
Piers carry structural loads by skin friction along
their surface length and by end bearing pressure at
its base. Piers are commonly 10 to 20 £t 3-6 m)
long and extend three to eight ft {0.9-2.5 m) into
firm bedrock. This design is common in Denver be-
cause it has been very successful in expansive soils.
Many local contracting firms specialize in drilled
pier foundations, making this an economical design.
Belled pier foundations are not extensively used
because the enlarged pier bottom reduces contact
bearing pressures on the potentially expansive ma-
terials. In the 1950°s through the 1960’s. shear rings
consisting of enlarged zones placed at regular in-
tervals along the piers were used. It was believed
that this design increased the friction bearing
capacity: however, later tests showed that it usu-
ally did not make an appreciable difference; the
practice has generally been discontinued.

in highly expansive soils, structural floors are
supported with grade beams and piers. A void space
is left beneath the floor system to eliminate heaving
damage. Edge-stiffened or post-tensioned slabs
have been in limited use around Denver. Chemical
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stabilization of swelling soils is not as common as
special foundation design (Hart, 1974).

Floating slabs are commonly used for on-grade
floors. Foundation slab-on-grade construction was
used on many post-war houses in Denver through
the early 1950"s. Costly damage to these houses re-
sulting from expansive soils has virtually halted the
use of this foundation type for houses in areas of
potential expansivity (Hart, 1974). Presently, slab-
on-grade construction is usually confined to drive-
wavs, garages, and patios. On moderately swelling
soils, slabs can be supported on grade after swelling
soils are removed and replaced with non-swelling,
impervious soils with low liguid limits.

Homeowners responsibilities in swelling soil
areas of Denver include proper drainage and land-
scaping. Slopes as much as 1110 (V:H) away from
house foundations are in use. Water must not be
allowed to pond near foundations, and drain spouts
should discharge at least four £t (1.2 m} from build-
ngs.

Highways in the Denver area have been damaged
by swelling soils mainly of the A-6 and A-7 AASHO
groups, and by borderline soils between the A-4 and
the A-6 and A-7 AASHO groups (Lamb and Hanna,
19733, Treatment consists of removing swelling
soils and reworking them or replacing them with
other selected, nonexpansive fill materials (Hart,
1974). Depth of excavations is determined by plas-
ticity index: 10 to 30, two ft (0.6 m}; 30 to 30, three
ft (0.9 m}; and over 30, four {1 (1.2 m} (Sealy, 1973).
The use of flexible pavements such as asphalt, rath-
er than concrete rigid pavements, has reduced the
cost of repairs.

Several different methods of dealing with col-
lapse-prone soils in Denver have been successful.
Impervious foundation and drainage designs have
been used to prevent wetting of the soil for the ex-
pected lifetime of the structure. Another method
used has been to precollapse the soil prior to con-
struction by deep soaking or through the use of vi-
bratory equipment. Some thin deposits are removed
prior to construction. The use of drilled pier foun-
dations has been popular in those areas where firm
foundation material is present at relatively shallow
depths below the collapsible soils.

MATERIALS
Sand and Coarse Aggregate

The Denver metropolitan area was originally en-
dowed with nearly 900 million tons (816 million

tonnes) of high quality gravel plus 40 million tons
(36 million tonnes) of high quality sand, located in
only five percent of the metropolitan area (Inter-
County Regional Planning Commission, 1961). In
1933, Denver County supplied 90 percent of its sand
and gravel requirements plus those of adjacent
Douglas, Adams, and Jefferson Counties. By 1930,
Denver's contribution had dropped to only 20 per-
cent. As early as 1937, the Colorado Sand and
Gravel Producers Association (1957} predicted that
without proper controis, all the available high-qual-
ity gravel resources within a 10-mi {16-km} radius
of downtown Denver would be depleted by 1977.

High quality sand and gravel in the Denver met-
ropolitan area is restricted largely to floodplains and
low terraces of major streams. These deposits are
the youngest, least weathered, and least cemented.
Rocky Flats, Slocum, and Verdos Alluviums are
generally coated with clay and/or calcium carbon-
ate, which inhibit binding with cement and are dif-
ficult to remove. These lower quality deposits are
found in higher terraces and pediments, can be
weathered, and contain an abundance of unsound
clasts. Other sand and gravel deposits in the Denver
area are found in alluvial fan, pediment, dune, and
valley-fill deposits (Figure 11) as well as in flood-
plains and below stream terraces.

The Colorado Geological Survey has used the fol-
lowing general guidelines for identifying commer-
cial gravel deposits:

—Five-acre (2-ha) tracts with at least 15 ft (4.6 m)
of gravel can be considered economic.

—The maximum stripping ratio for commercial val-
ley deposits approaches one unit of overburden
for three units of resource (1:3).

—The maximum stripping ratio for terrace and up-
land deposits can be one to one {111}

—Large tracts of high-quality aggregate without
overburden may be as little as two ft (0.6 m) thick
and still constitute a commercial deposit.

—Commercial gravel deposits should contain a
minimum of 30 percent gravel-sized material by
weight {(Schwochow et al., 1974},

Trimble and Fitch (1974) consider a minimum grav-
el content of 20 percent of the deposit to be the
lower Hmit under the most adverse foreseeable con-
ditions.

The most significant deposits of commercial grav-
el are located along the South Platte River and Clear
Creek. and in the Rocky Flats alluvial fan located
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Figure 11, Idealized block diagram showing geomorphic relations among aggregate-bearing landforms. Lowland forms include: valley
fill (V), fload plain (F), and terraces {Tl—vyoungest, T3—oldest). Upland forms include gravels {U), alluvial fan (A), and wind-deposited
sand {E). Potential gquarrv-aggregate deposits include fine-grained intrusive igneous rocks {Q1}, fine-grained extrusive rocks (Q2}, and
coarse-grained igneous and metamorphic rocks {Q3) (from Schwochow et al., 1974),

northwest of the city (Figure 12) (Schwochow,
1980). The Rocky Flats alluvial fan contains up to
80 percent guartzite derived from outcrops imme-
diately west of the fan in Coal Creek Canyon, How-
ever, this deposit contains a large amount of over-
sized material. The cobbles and boulders may be
suitable for rip-rap, but they are rounded and so
may be unstable and hard to place.

Louviers Alluvium is the major source of com-
mercial sand and gravel in Denver, especially along
Clear Creek and the South Platte River. Clear
Creek Valley contains some of the highest quality
gravels available in the Denver area. As a by-prod-
uct of gravel mining in Clear Creek, operators ex-
tract about one ounce of gold for each 1,500 tons
(1,361 tonnes) of material processed (Hansen et al.,
19763,

Prior to construction of the Cherry Creek Dam
and Reservoir in the Southeast Denver metropoli-
tan area (Figure 1), the Bureau of Reclamation con-
ducted extensive tests on three sources of coarse
aggregate for concrete appurtenances to the earth-
fill dam. The coarse aggregates tested included Lou-
viers Alluvium from Clear Creek near Golden,
crushed granite from a rock quarry just upsiream
of Golden on Clear Creek, and crushed basalt from
South Table Mountain in Golden (Figure 12). Some
test results on these three aggregates are shown i
Table 4. Crushed basalt produced a harsh, angular
aggregate, and concrete with slightly higher com-
pressive strength, modulus of elasticity, and mod-
ulus of rupture. The thermal coefficient of expan-
sion for concrete with basalt aggregate was about
eight percent lower than- concrete made with the
other two aggregates. Concrete made with granite

aggregate produced 15 percent less shrinkage on
drying than the others. All concretes made with the
three aggregates had good resistance to freeze and
thaw, produced very good wet and drving durability
tests, and had no alkali-aggregate reaction (Hickey,
19503,

The Denver Hilton Hotel in downtown Denver
cost 520 million and was completed in 1960 (Figure
1y. Its most striking feature is the grill-work of pre-
cast concrete framing the exterior walls. All the ag-
gregate used in the facing consisted of pea gravel

Table 4. Test resuits of coarse aggregate from the Denver
Metropolitan area.

Glen- Fi. Hays
Louviers Granite Basalt non 1s
Alluvium (Clear  {South is {Nio-
{Clear Creek  Table (Lykins brara
Creeky Canvony Mt Fm) Fm

Sp. gr. 2.65 2.68 273
24 hr absorp (%) 0.7 .32 .98
Los Angeles

abrasion test,

Floss, W rev, 123 8.6 5.9
% loss 500 rev.

(35% loss Hmity 41.22 322 27.45 444 24.44
Magnesium sul-

fate soundness

test, % loss.

5 gycles

(10% loss imity 9.8 480 13.00

(From Hickey. 1930}
8 2 tesis.

B3 tests.

© 4 tests.

4 Van Horn, 1976,
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Figure 12. Generalized location of economic mineral resources, Denver metropolitan area. g = quarizite; x = igneous and meta-
morphic rock quarries; gr = gravel in Rocky Flats alluvial fan; es = eolian sand; sg = sand and gravel: s = silica sand: g » gypsum;
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excavated and screened from the Broadway Allu-
vium underlying the construction site. This gravel
was used because of its light pink color, soundness,
resistance to weathering, and durability. Completed
concrete wallings were acid-etched to expose the
gravel aggregate (Anonymous, 1959).

Major sand resources occur along Sand and Cher-
rv Creeks and the South Platte River. The material
is used for plaster, cement, mortar, blasting, filtra-
tion, golf course sand traps, and concrete sand
(Schwochow et al., 1974).

The Denver metropolitan area uses more than
twice the per capita national average tonnage of
sand and gravel, with a value exceeding $22 million
per vear (Soule, 1974; U.S. Department of Housing

and Urban Development, 1978). The metropolitan
use represents 41 percent of the state’s total sand
and gravel production. In 1977, the average price
of sand and gravel {$2.00/ton} was double that of
1967, while the price of crushed rock aggregate in-
creased only 44 percent to $2.53/ton (Schwochow,
1980).

Because of the widespread distribution of sand
and gravel deposits and the low unit value of the
product, industry must be locally oriented in its pro-
duction and consumption. Unfortunately, many
high-quality deposits are now inaccessible in the im-
mediate Denver area because of encroachment by
conflicting land uses (Figure 13). Four times as
much aggregate has been lost through expansion of
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Figure 13, This area ¢A) is underlain by 20 ft (6 m) of high quality sand and gravel. Three attempls were made in the 1940°s to obtain
operating permits to mine this land. All requests were denied because of protests from locad residents. After the third denial, the land
owner sold the property to a housing developer: and as shown (B}, the sand and gravel resource has been permanently lost {Sheridan.,
1967y {see Figure 13, The principal area of sand and gravel {sg) is outlined in B.

suburbs into areas containing usable deposits than
has been consumed in construction {Sheridan,
1967). Well over one-third of the Clear Creek re-
sources have been lost to development in two of
Denver’s western suburbs., Arvada and Whea-
tridge. Along Cherry Creek only 10 million tons (9

million tonnes) of the original 3¢ million tons (27
million tonnes) of sand were mined before en-
croachment rendered the remaining two-thirds of
the resource inaccessible {(Inter-County Regional
Planning Commission, 1961). The pools of Chatfield
and Bear Creek Dams, two recently completed
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flood-control structures, have precluded the use of
enormous guantities of high-quality sand and gravel
on the South Platte River and Bear Creek. The re-
maining large resources of gravel in the Denver area
lie to the north of the city in Adams County along
the South Platte River from the confluence of Clear
Creek north for approximately 11 miles (Figure 12;
Schwochow, 1980}, These deposits are of lower
quality than deposits previously mined in the Den-
ver areas since they contain a smaller percentage
of gravel-sized stones, and more sand.

As a consequence of lobbying efforts by sand and
gravel producers, in 1973 the State of Colorado en-
acted legislation requiring that areas of high-quality
commercially-extractable deposits be identified and
that land use be regulated to insure the protection
of this resource.

L.ocal aggregate producers have responded to the
resource shortage problem in Denver with four al-
ternatives {Schwochow, 1980). One company began
operating a unit train to bring gravel from a pit and
loading site on St. Vrain Creek near Lyons, Colo-
rado, about 45 mi (72 km} north of Denver. The 32-
car train has a total capacity of 3,200 tons (2,903
tonnes} and hauls gravel to an asphalt mixing plant
in Denver. The second alternative is the manufac-
ture of light-weight, expanded aggregate. One com-
pany in Denver operated a clay pit in the upper
member of the Pierre Shale and an adjacent expan-
sion plant south of Boulder until 1976. Future large-
scale expanded aggregate production in the Denver
area must wait further evaluation. The third alter-
native is to mine the lesser-guality sand and gravel
in the South Platte River Valley north of Denver.
The last alternative is the long-ferm development of
crushed rock aggregate.

The rapidly diminishing sand and gravel re-
sources along rivers in the Denver area indicate that
an increasingly larger percentage of coarse aggre-
gate will have to be supplied by crushed rock ag-
gregate (Schwochow, 1980). Rock for crushing in
the Denver area consists of Precambrian granite
gneisses and schists, guartzite, and Tertiary basalts
and monzonite (Figure 12).

Granite gneisses and schists mined for coarse ag-
gregate in the Denver area are all quarried in the
Front Range west of the city in Jefferson County.
Most crushed rock quarries are located at or near
the mouths of canvons because of available trans-
portation routes and proximity to markets. Many
are located along major north-west trending faults,
long inactive. in the mountain front where breccia-

tion of the rock by faulting has performed the “'pri-
mary crushing,” thus reducing production costs.
These quarries produced rock for concrete aggre-
gate, road base, ballast, asphalt binder, and rip-rap.
Generally, coarser-grained metamorphic rocks are
more satisfactory for crushed-rock aggregate than
thinly splitting, highly schistose rocks (Trimble and
Fitch, 1974). In the early 1970°s, one quarry two mi
(3 km) south of Golden provided most of the rip-
rap for Chatfield Dam. The quartzite that crops out
in a northeast trend about two mi (3 km} wide near
the mouth of Coal Creek north of Denver (Figure
12} is one of the best potential sources of high-qual-
ity crushed rock aggregate in the Denver area. The
quartzite is very hard and crushes to produce clean,
angular fragments and very little dust (Schwochow
et al., 1974). Basaltic rocks are quarried from ex-
trusive and intrusive outcrops west and northwest
of Denver near Golden. Basalt was quarried from
South Table Mountain as early as 1903, The
crushed rock is used for road materials, concrete
and asphalt aggregate, and rip-rap, including that
used in the construction of the Cherry Creek Dam
{Argall, 1949).

Recently, several large mining operations have
been proposed in these igneous and metamorphic
rocks. However, the future of crushed-rock aggre-
gate production in the Denver area is uncertain,
despite the increasing demand for the resource.
Numerous mining permits have been denied by
county governments because of concerns of local
residents. Alteration and weathering zones, slope
stability, esthetic, zoning, and land-use problems
are serious limiting factors which will have to be
addressed in the instance of future mining.

Clay

Brick and tile manufacturing is one of the oldest
industries in Denver. Thomas Warren started the
first brickvard in 1839, and by 1860 some brick
buildings were in existence; but the majority of
structures were wood frame, even though bricks
were cheaper than wood (Smiley, 1901). In April of
1863, a fire burned out much of the Denver business
area. Seventy buildings were destroved and scores
of residents were homeless. Damages totaled
$350,000. A city ordinance subsequently was
passed prohibiting construction of wood-frame
buildings. and the city rebuilt with brick. The
“brick code’ in Denver was repealed shortly after
World War 11 for all parts of the city except the
downtown core area where wood-frame buildings
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are still prohibited. Quaternary loess and cohesive
alluvium were the major sources of common brick
material in early Denver (Ries, 1927).

Refractory and structural clays recently mined in
the Denver area are primarily Cretaceous and youn-
ger in age. but small amounts were mined from old-
er formations. Clav-producing units have included
the Dakota, Benton, Pierre, Laramie, Arapahoe.
and Dawson Formations (Crosby, 1977). The Da-
kota Formation is the sole source of refractory clay
in the Denver area, but today, most of the best qual-
ity and easily mined refractory deposits have been
exhausted (Waage, 1952, 1961).

Demand for refractory clays began in the 1860°s
with the construction of the first smelters to process
ores from the mountains west of Denver (Yingst,
1961). 1t is ironic that early ore smelters in Golden
were located within sight of hogbacks containing
high-quality refractory clays, while refractory brick
for the smelters was being imported from Wales
(Lakes, 1909). However, today refractory clays in
the Denver area cannot economically compete with
out-of-state clays (Crosby, 1977).

Nearly all clay produced in the Denver area goes
to structural clay products such as bricks, tiles, flue
liners, flower pots, low-grade ceramics, and sewer
pipes. The major non-refractory clay source in the
Denver area is the Laramie Formation. Some Lar-
amie clay pits south of Golden have been used for
landfill sites (Van Horn, 1976). Structural clays
from the Dawson Formation south of Denver are
sufficiently valuable that economic hauling distance
for this clay to Denver plants is greater than other
clays mined in the area (Crosby, 1977; Figure 12).

Several hundred thousand tons of the upper
Pierre Shale northwest of Denver were mined year-
iy between 1961 and 1976 for expanded aggregate.
The shale bloated two to three times its original
volume when crushed, and rapidly heated to 1,800
to 2,200°F (U.5. Geological Survey, 1968). it had
a density of 30 to 60 lbs/ft? (481-961 kg/m*) and had
good structural strength and thermal- and acousti-
cal-insulating properties.

Building Stone

Dimension stone was originally used in Denver
pioneer days as foundation blocks to support the
full weight of structures. Today, most use in Denver
is as decorative veneers, monuments, paving
blocks, flagging. curbing, landscaping, and window
sills. Among the most popular building stones that
have been used in the Denver area are Lyons Sand-

Table 3.
areq®

Examples of some building stones in the Denver

Stone Structure

Castle Rock Rhyolite,
Douglas Co.

Union Depot, Denver

St. Flizabeth Church, Denver

Trimty Church, Denver

Old Republican Building, Denver

O1d Board of Trade Building,
Denver

Old Civy Hall, Denver

University Hall (Old Mainh
University of Denver

Yule Marble,
Gunnison £o.

State Capitol Building, Denver
Main Post Office, Denver
Federal Reserve Bank, Denver
U8, Customs House, Denver
Colorado State Capitol Annex
Salida Travertine,
Chaffee Co.

Interior of City and County
Building, Deaver

Denver National Bank, Denver

Wellersville Travertine,
Fremont Co.

Denver General Hospital, Denver

Gates Rubber Company, Denver

Cotopaxi Granite,
Fremont Co.

Base of City and County Building.
Denver

State Office Building, Denver

Siate Capitol Building, Denver

State Museum Building, Denver

Gunnison (U Aberdeen™)
Granite, Gunnison
Co.

Platte Canyon Granite,
Jefferson Co.

Fquitable Building, Denver

Masonville Granite
Larimer Co.

1.8, Mint Building, Denver

Lyons Sandstone
Boulder Co.

Boston Building, Denver

Masonic Temple Building, Denver

Central Presbyterian Church,
Denver

Arizona sandstone Brown Palace Hotel, Denver

# Compiled from: U.S. Geological Survey, 1968; Argall, 1949;
Harvey, 1946; Smiley, 1901: Sharps, 1563,

stone whose slabs are quarried for flagstone curbs,
and veneer strips for building facings: Dakota Sand-
stone used for dimension stone and lichen-covered
{andscape rock; Yule Marble from the western slope
of Colorado for dimension stone, floorings, and
steps; and Castle Rock Rhyolite used as rough-
dressed dimension stone, window sills, door arch-
es, and garden walls. Table 5 lists some prominent
buildings in Denver and the kind and source of
stone used in their construction.

The State Capitel building in downtown Denver
is an interesting study of the use of a variety of
native Colorado building stones. In 1889, gray gran-
ite from Gunnison, Colorado, was selected over
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seven other proposed granites as the building stone
for the State Capitol building. The Gunnison Granite
was named “Aberdeen’ after the famous Scottish
gquarry (Hunter, 1914), The rock was to be supplied
free, resulting in a savings of $0.5 million over the
original design calling for sandstone (Moore and
Borland, 1947). The Denver and Rio Grande Rail-
road built six mi (10 km} of track from Gunnison to
the guarry at the expense of the railroad (Moore
and Borland, 1947}, and the stone was then shipped
by rail. The granite quarry employed 156 stone cut-
ters, with an equal number of masons working in
Denver. About 280,000 f1® (7.930 m") of rock was
quarried for the capitol building, and the Gunnison
{("*Aberdeen’”) Granite blocks were selected to be
used for the drilling contest during the 1891 mining
congress in Denver. Work on the capitol was inter-
rupted temporarily in 1891 by a strike by quarrymen
demanding a nine-hour work day and Sundays off,
rather than the customary 10-hour, seven-day shifts
of the time {Moore and Borland, 1947). The state
capitol building was completed in 1894 at a cost of
$3.4 million. The " Aberdeen” quarry was reopened
a year later to supply stone for the exterior steps of
the capitol building, and again in 1911-1912 to sup-
plv stone for the State Museum Building in Denver.

Yule Marble was used for the State Capitol An-
nex, as well as the interior stairs and floors of the
capitol building. This was done with native marble
even though lItalian marble could be bought and
shipped to Colorado more cheaply than Yule mar-
ble could be mined and transported to Denver from
the mountains {Colorado Department of Education,
1979). Colorado rose onvyx from Beulah (Pueblo
County) was used as wainscoating throughout the
interior of the capitol. This onyx took seven years
to install and cost $120,000 (Colorado Department
of Education, 1979).

Limestone, Silica Sand, Gypsum,
Zeolites, Organic Soils

Small amounts of limestone have been mined
from Paleozoic and Mesozoic rocks outcropping in
the foothills north, west, and south of Denver. The
Glennon Limestone member of the Lykins Forma-
tion was mined prior to 1960 for agricultural lime
{Scott, 1963). The Fort Hays Limestone member of
the Nicbrara Formation is nearly pure and has been
mined, crushed, and used as smelter flux in found-
ries in Golden and Denver (Scott, 1962; U.S. Geo-
logical Survey. 1968), and as agricultural and mor-
tar lime {Figure 12}, Fort Havs rock is mined, along

with the Smoky Hills Shale member of the Niobrara
Formation, for portland cement near Lyons, Colo-
rado, 45 mi {72 km) northwest of Denver (Crosby,
19771,

Silica sand is used in the Denver area as molding
sand for iron foundry works, core sand, glass, and
cement manufacture (Scott, 1963: Argall, 1949;
Crosby, 1977). The source rocks are the Dakota
Group sandstones, Lyvons, and Lykins Formation
(U.S. Geological Survey, 1968: Figure 12},

The first reported production of gypsum in Col-
orado was from the Ralston Creek Formation at
Morrison, about 10 mi {16 km) southwest of Den-
ver, which was worked before 1875 (U.5. Geolog-
ical Survey, 1968; Figure 12). Small amounts of
gyvpsum were also mined south of Denver in Doug-
las County and north of Denver from the Lykins
Formation for use in plaster, Portland cement, re-
tardant. and as soil conditioner (Argall, 1949; Wil-
lamson, 1963 Crosby, 1977},

Zeolites were reported from the Table Mountains
in Golden in 1878 where thev occur in cavities and
veinlets as granular masses as alteration products
of silicate minerals in basalt (Figure 12; Gude, 1980;
Emmons et al., 1896}, While this is a valuable min-
eral collecting location, no economic production
has occurred there.
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