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|. EXECUTIVE SUMMARY

Large amounts of carbon dioxide (CO,) are generated from the
burning of fossil fuels(coal, natura gas, oil, and products, such
as gasoline, derived from them), wood, and other biomass.
Despite efforts to limit the burning of carbon, the world
economy will almost assuredly continue to use these fuels for
heat, generating el ectricity, and transportation. Concerns about
the impacts of CO, on global climate and related aspects of
weather and ecological and agricultural change have stimulated
investigations of ways to sequester CO,—that is, keep it from
either getting into or otherwiseremoving it from the atmosphere.

In 2003, the State of California, in collaboration with the
States of Alaska, Arizona, Oregon, and Washington, asked
the State of Nevada to participate in a regional analysis of
CO, sequestration potential, through both terrestrial and
geological approaches. The terrestrial approaches involve
growing more biomass (particularly trees), and the geological
options include proven technologies, such as using CO, to
enhancerecovery from oil fieldsand disposal of CO, insaline
aquifers, and more unconventional approaches. Asthe state
with the least amount of annual precipitation, Nevada has
little potential for growing substantially more biomassrelative
to states along the Pacific Ocean.

In this report we present a preliminary assessment of the
potential for CO, disposal by sequestration in geological
settingsin Nevada using analysiswith geographic information
systems (GIS). The key assumptions made are that for CO,
disposal in salineaquifersitiswisest to (1) avoid underground
disposal in areas of fractured bedrock and restrict the
assessment to parts of alluvia basins that are thick enough to
provide a seal against leakage and have sufficient pressure to
keep the CO, in a condensed phase; (2) stay away from active
faults whose fracture zones may alow leakage of CO, from
underground injection sites; (3) avoid areas that in the
foreseeable future have areasonably high probability of being
explored and developed for mineral, geothermal, or water
resources; (4) avoid current urban areasand areasthat arelikely
to experience significant population growth during the 21st
century; and (5) avoid restricted lands, such as parks and
military reservations. The data sets used in the GIS analysis
are made available in the electronic version of this report, so
that others may reevaluate the approach with different
assumptions and data sets.

There does not appear to be much potential in Nevadafor
CO, sequestration through disposal in saline aguifers. Among
the potential deep parts of aluvia basins, few remain after
eliminating areas of potential potable water, geothermal
resources, and mineral resources. Within theremaining areas,
littleis known about porosities, permeabilities, or salinities of
aquifers at depths greater than 1 km. Furthermore, such an
approach would require changing Nevada law, which has a
long-standing philosophy of protecting all water resources,
regardless of salinity. If allowed at all, asequestration facility
would be constrained by federal and state laws to obtain a
National Pollutant Discharge Elimination System permit and
applicable permits from the Underground Injection Control
Program of the Nevada Division of Environmental Protection.

There also does not appear to be much potential in Nevada
for conventional approaches to CO, sequestration through
enhanced oil recovery, in part because the ail fieldsin Nevada
tend not to have much associated natura gas, implying that
gas originally associated with the fields has escaped. Injected
CO, would likely leak to the surface as well. In addition, the
oil fieldsin Nevada are small relative to fields in many other
parts of the United States, and some of the Nevada fields are
considerably hotter than ideal conditions for maintaining a
dense CO, phase underground.

There is some potential for disposal of CO, in mined
caverns in salt formations in basins in southern Nevada,
northwestern Arizona, and southwestern Utah. The highest
potential for this approach is likely to be in northwestern
Arizona, where thick salt deposits are well described and are
being investigated for storage of natural gas.

Chemical reaction of CO, with mafic rocks (basalt, gabbro)
and ultramafic rocks (serpentinite, dunite, peridotite) has the
potential to capture CO, in synthetic minerals, which, in turn,
could be used to isolate municipal and industrial wastes.
Enough of these rocks are exposed in Arizona, California,
Nevada, Oregon, and Washington to meet the expected needs
for CO, sequestrationintheregion. Ultramafic rocksare more
favorable than mafic rocks both volumetrically and
thermodynamically. Reaction of CO, with mafic or ultramafic
rocks would be a long-term solution requiring considerable
research to design, perfect, and demonstrate the cost-
effectiveness of the chemical reactorsand associated facilities.

For Nevadato be considered apotentia sitefor significant
amounts of CO, sequestration in geological settings,
considerably more work would need to be done to (a) assess
the thicknesses and volumes of salt formations in southern
Nevada, (b) demonstrate a cost-effective process for chemical
reaction with ultramafic or mafic rocks, and (c) assess the
volumes of ultramafic and mafic rocks that are located in
optimal areas. Given the safety concernsregarding CO, storage
near urban areas, known thick salt deposits in northwestern
Arizonamay be abetter choice than potential Nevadasitesfor
storage in salt formations. Although Nevada occurrences of
ultramafic and mafic rocks have the advantage of being remote,
considerably larger areas of ultramafic rocks are known in
Cadlifornia, Oregon, and Washington, and enormous volumes
of basalt occur in eastern Oregon and Washington.

[I. INTRODUCTION

A recent report by the U.S. Government (U.S. Climate Change
Science Program and the Subcommittee on Global Change
Research, 2004) stated:

“Carbon isimportant as the basis for the food and fiber
that sustain and shelter human popul ations, asthe primary
energy source that fuels economies, and as a major
contributor to the planetary greenhouse effect and
potential climate change. Carbon dioxide (CO,) is the
largest single forcing agent of climate change, and
methane (CH,) is also asignificant contributor.



Atmospheric concentrations of CO, and CH, have
been increasing for about two centuries as a result of
human activitiesand are now higher than they have been
for over 400,000 years. Since 1750, CO, concentrations
in the atmosphere have increased by 30% and CH,
concentrations in the atmosphere have increased by
150%.

Approximately three-quarters of present-day
anthropogenic CO, emissions are due to fossil fuel
combustion (plus a small amount from cement
production). Land-use change accountsfor therest. The
strengths of CH, emission sources are uncertain due to
the high variability in space and time of biospheric
sources. Future atmospheric con-centrations of these
greenhouse gases will depend on trends and variability
in natural and human-caused emissions and the capacity
of terrestrial and marine sinksto absorb and retain carbon.

Decisionmakers searching for options to stabilize or
mitigate concentrations of greenhouse gases in the
atmosphere are faced with two broad approaches for
controlling atmospheric carbon concentrations: 1)
reduction of carbon emissions at their source-such as
through reducing fossil fuel use and cement production
or changing land use and management (e.g., reducing
deforestation); and/or 2) enhanced sequestration of
carbon-either through enhancement of biospheric carbon
storage or through engineering solutions to capture
carbon and storeit in repositories such asthe deep ocean
or geologic formations.

Enhancing carbon sequestration isof current interest
as a near-term policy option to slow the rise in
atmospheric CO, and provide more time to develop a
wider range of viable mitigation and adaptation options.
However, uncertainties remain about how much
additional carbon storage can be achieved, the efficacy
and longevity of carbon sequestration approaches,
whether they will lead to unintended environmental
consequences, and just how vulnerable or resilient the
global carbon cycle isto such manipulations.”

Table 1. Carbon and CO,,.

Carbon, C (12.0111 grams per mole)
Oxygen, O (15.9994 grams per mole)

Burning carbon:
C [inwood, grass, and fossil fuels - natural gas, petroleum (and
its products - gasoline, diesel, and heating oil), and coal]
+ O, [from the atmosphere] = CO, [into the atmosphere]

With this reaction, one ton of C yields 3.664 tons of CO,; 1 gigaton of C
yields 3.664 gigatons of CO,.

1 gigaton = 10° metric tons = 1 billion metric tons

1 gigaton of water (with a density of 1.0 g/cm?) occupies a volume of
1 kmé.

Typical density of liquid or supercritical CO, at pressure and temperature
in the subsurface = 0.5 to 0.75 g/cm?®

One gigaton of liquid or supercritical CO, at a density of 0.75 g/cm?
occupies a volume of 1.33 km3.

1 ton of CO, as a gas at a temperature of 0°C and 1 atmosphere of
pressure occupies a volume of 467 m®.

1 barrel = 42 gallons = 158.76 liters = 0.15756 m*®

1 km?® = 1 billion m® = 6.35 billion barrels

A. Background on the Need to Address CO,

Large amounts of carbon dioxide (CO,) are generated from
the burning of fossil fuels(coal, natural gas, oil, and products,
such asgasoline, derived from them), wood, and other biomass.
Worldwide, humans put approximately 6.5 gigatons (6.5 billion
metric tons) of carbon into the atmosphere each year from the
burning of fossil fuels (Service, 2004). Some handy conversions
regarding carbon and CO, arelisted intable 1. TheU.S. alone
burns approximately one gigaton of coal per year (U.S. Energy
Information Administration, 2004) and has vast resources of
coal. Service (2004), in interviewing Massachusetts I nstitute
of Technology economist Howard Herzog, stated:

“Generating electricity with coal and storing the carbon
underground still costs only about 14% as much as solar-
powered electricity. And unlike most renewable energy,
companies can adopt it more easily on alarge scale and can
retrofit existing power plants and chemical plants. That's
particularly important for dealing with the vast amounts of
coal that are likely to be burned as countries such as China
and India modernize their economies. ‘Cod is not going to
go away,’” Herzog says. ‘People need energy, and you can't
makeenergy transitionseasily.” Sequestration, headds, ‘ gives
ustimeto develop 22nd century energy sources.” That could
give researchers a window in which to develop and install
the technologies needed to power the hydrogen economy.”

Although no coal isproduced in Nevada, coal isthe primary
source of energy for generation of electricity in Nevada. Thus,
burning of coal isthe major industrial contributor of CO, tothe
atmospherefrom Nevada. Other contributorsin Nevadainclude
power plants, homes, businesses, and other facilities that burn
natural gas, heating fuel, diesel fuel, and petroleum; cement
and lime plants (that heat carbonate rocks, particularly
limestone, to drive off CO, and produce reactive lime); and
aircraft, trains, trucks, and automobiles.

According tothe U.S. Energy Information Administration
(2004), in 2002 Nevada's coal-fired power plants, which had a
capacity of generating 2,658 megawatts of electricity, released
16.6 million metric tons of CO, while producing 16.4 million
megawatt-hours. In the same year Nevada's gas-fired power
plants, which had a capacity of generating 1,485 megawetts,
released 5.8 million metric tons of CO, while producing 12.2
million megawatt-hours. Total CO, emissions from Nevada
power plants in 2002 were 22.4 million metric tons,
corresponding to 6.1 million tons of carbon (table 1).

Despite efforts to limit the burning of carbon, the world
economy will almost assuredly continue to use these fuelsfor
heat, generating electricity, and transportation for several
decadesto come. Concernsabout theimpactsof CO, onglobal
climate and related aspects of weather and ecological and
agricultural change have stimulated investigations of ways to
sequester CO,—that is, keep it from either getting into or
otherwise removing it from the atmosphere.

In 2003, the State of California, in collaboration with the
U.S. Department of Energy and the States of Alaska, Arizona,
Oregon, and Washington, asked the State of Nevada to
participatein aregiona analysisof CO, sequestration potential,
through both terrestrial and geological approaches. The



terrestrial approaches involve growing more biomass
(particularly trees), and the geological optionsinclude proven
technologies, such as using CO, to enhance recovery from oil
fields and disposal of CO, in saline aquifers, and more
unconventional approaches. Asthe state with theleast amount
of annual precipitation, Nevadahaslittle potential for growing
substantially more biomass, relative to states along the Pacific
Ocean. The Nevada Bureau of Mines and Geology (NBMG)
agreed to conduct a preliminary assessment of the potential
for geological sequestration in Nevada. This report presents
the methodology and results of this assessment.

B. Environmental, Health, and Safety Issues

The primary objective of geologic sequestration is remova of
CO, that might otherwise have entered the atmosphere; therefore,
|eakage needsto be minimized or altogether avoided. Prevention
of leskageisalso needed to avoid adverse environmental, hedlth,
and safety impacts. The oil industry, which has several decades
of experiencein handling CO, for injection into the ground, has
not experienced major incidentsregarding its use of concentrated
CO,. Although it is probably safe to assume that large-scale
sequestration can be engineered to essentially avoid or acceptably
minimize adverseimpacts, it isimportant to recognize the hazards
of CO, in concentrated form.

Sequestration of CO, raises health and safety concerns
for two primary groups of people: workers at the site of
injection and the general public living or recreating near the
site of injection or the pipelines used to transport the CO, from
its source (power plant or other industrial facility). Although
CO, occurs naturally in the air we breathe, when concentrated
it canbealethal gasthat displaces oxygeninair and can quickly
suffocate animals. Plants, which use oxygen aswell, can also
be killed by excessive CO, in soil gas and air. Underground
miners have long been aware of the hazards of CO,, and care
is taken in underground mines to flush through ventilation
systems CO, that seeps into some mines naturally. Because
CO, isdenser than the nitrogen and oxygen gases that dominate
the air we breathe, CO, escaping from the ground or from
pipelines and storage facilities tends to move into low areas,
unless there is sufficient wind or moving air to disperse it.

Recent natural disasters attest to the dangers of CO,. On
21 August 1986, Lake Nyos, a volcanic lake in Cameroon,
western Africa, suddenly released approximately 80 million m?
of CO,, which asphyxiated approximately 1,800 people on the
flanks of the volcano at distances up to 25 km (Krgjick, 2003;
Service, 2004). Two years earlier in Cameroon, CO, killed 37
people nearby at Lake Monoun. In the United States, volcanic
CQ, is the cause of massive tree kills near Mammoth Lakes,
first noticed in 1990 (Sorey and others, 1996). The Camaroon
incidents may be worst-case scenarios for the type of accident
that could occur at alarge CO, injection facility. For comparison,
onemoderate-size (1,000-megawatt) coal-fired el ectrical power
plant that burns 2.5 million metric tons of carbon per year will
generate4.7 billion m® of CO, per year. Although acatastrophic
release of CO, could be devastating to anyone nearby, there is
sufficient industrial experiencein transporting CO, by pipeline
and injecting it for enhanced oil recovery that the U.S.
Department of Energy is seriously investigating the potential
for large-scale disposal by geological sequestration.

In reviewing the risks associated with CO, pipelines that
would need to be constructed to transport large volumes from
sourcesto underground-injection sites, Barrieand others (2004)
stated:

“Public perception isthat thereis significant experience
with pipeline design and that CO, is relatively benign.
Those in industry know that thisis not the case and that
special design considerations need to be implemented
when constructing facilitiesfor processing and pipelining
CO,. Significant information has already been published
detailing the hazards of CO, and the dangers presented
by relatively low releases.”

Wickham (2003) reported 72 accidental deaths from 1975
through 1999 associated with the use of carbon dioxide in total
flooding, a technique for extinguishing industrial and marine
fires. Henoted that death can occur in amatter of minuteswhen
CO, concentrations exceed 17%, and adverse health effects can
be experienced with prolonged exposure at concentrations as
low as 2%. The Occupational Safety and Health Administration
(http://lwww.osha.gov/) warns about deaths from industrial
accidents involving asphyxiation from CO,.

To keep CO, in a compressed, liquid state, CO, pipeline
pressures must be higher than those used typically in natural
gas pipelines. Extra precautions and different designs are
therefore necessary for CO, pipelines. Nonetheless, CO,
pipelines have been in operation for many years, and the
industry has done well to reduce the risks associated with CO,
releases (Barrie and others, 2004). The U.S. Department of
Transportation requires reporting of accidents and incidents
involving CO, and other hazardous liquid pipelines. For the
period from 1 January 1990 through 1 November 2004, the
U.S. Department of Transportation (2004) reported 14 incidents
involving CO, pipelines, with the highest annual |ossin 2004—
8,180 barrels (1,299 m®) of CO,. Fortunately, no fatalities
occurred associated with these leaks.

Section Il of this report discusses key subsurface
characteristicsthat are needed to assure that CO,, onceinjected
into the ground, will stay therewithout slow leakage that would
ruin the objective of keeping it out of the atmosphere or without
rapid leakage that could be an environmental, health, or safety
concern. Key geologic concerns are having a thick enough
seal to keep the CO, in adense phase and avoiding faults and
fractures that could serve as pathways for fluid flow. Key
socioeconomic concerns are economic benefits of extraction
of mineral, energy and water resources; proximity to urban
areas, largely for safety concerns; and land-use restrictions,
particularly in parks, wilderness areas, military reservations,
and the Nevada Test Site.

C. General Logic for Near-Term and Long-
Term Solutions

Near-term options for disposal of CO, in geological settings
involve proven technologies—enhanced oil recovery (EOR)
and injection into saline aquifers (Bartlett, 2003; Friedmann,
2003; White and others, 2004). Use of CO, in EOR projects
has been demonstrated for many yearsin the Permian Basin of



western Texas (Dutton and others, 2005) and elsewhere, but
these projects did not attempt to keep the CO, in the ground
permanently, and leakage to the surface does occur (Klusman,
2003). Inorder to stabilize atmaospheric concentrations, leakage
of less than 0.01% per year for geological sequestration may
be needed (S.M. Benson, personal commun., 2003). A large-
scale demonstration project for both EOR and CO, sequestration
is underway at the Weyburn oil field in Saskatchewan
(Friedmann, 2003; White and others, 2004; Service, 2004); CO,
is piped to the oil field from a plant in Beulah, North Dakota,
which uses coal to produce a hydrogen-rich gas.

Demonstration projects are also underway to evaluate CO,
injection into salineaquifers. A projectintheFrio Formationin
Texas shows promise for demonstrating disposal in permeable
sandstones in states along the Gulf of Mexico (Bartlett, 2003;
www.beg.utexas.edu/environglty/co2seq/publications.htm). At
the Sleipner West natural gasfieldinthe North Sea, the producing
company isinjecting co-produced CO, into saline aquifersasa
means of avoiding aNorwegian tax on CO, emissions (Bartlett,
2003; Friedmann, 2003). In a reconnaissance evaluation of
possible sites for CO, sequestration in saline aquifers in the
United States, Hovorka and others (2000) noted little potential
in basin-fill sediments and carbonate aquifersin the Basin and
Range province of Arizona, Cdlifornia, and Nevada, aconclusion
reinforced by this report.

Less proven technologies for CO, sequestration include
isolation in coal seams, thereby enhancing the recovery of
coalbed methane, and oil shales, thereby enhancing oil recovery
(Friedmann, 2003; Pinsker, 2003) and chemical reaction with
rocks (Goff and Lackner, 1998; Friedmann, 2003; Reed, 2003;
Cipolli and others, 2004). Nevada contains little coal or il
shale, but there are abundant exposures of rocks that could be
used in chemical reactions.

D. General Aspects of the Geology of Nevada

The general geology of Nevada is summarized in table 2
(modified from Price, 2004, and references therein). Of
particular importanceto CO, sequestration are repeated tectonic
events during the Paleozoic, M esozoic, and Cenozoic erasthat
have fractured the rocks to such an extent that natural gas
generally has escaped to the surface. Ongoing crustal extension
is responsible for the current basin-and-range topography in
Nevada. Essentially every mountain range is bounded on one
or both sidesby afault that has been activein Quaternary time.

Nevada's energy and mineral production (fig. 1) isclosely
linked toitstectonic history. Deep circulation of meteoric water
along faultshel psmake geothermal resourcesabundant. Igneous
activity during the Jurassic, Cretaceous, and Tertiary Periodsis
responsiblefor theformation of many of themetallic oredeposits
scattered throughout the state. Exploration for oil and gas has
occurred throughout much of the state (Garside and others,
1988), but oil has been produced commercialy from only two
localities, Railroad Valley in Nye County and Pine Valley in
Eureka County. Minor amounts of natural gas have been
produced from some wells, but the amounts are too small to
justify building gas pipelinesto marketsin urban areas. In many
cases, oil hasalso migrated to the surface to form seepsat springs.

We have constructed aconceptual model of oil and potential
CO, reservoirs and seals in Nevada (fig. 2). In generdl, oil
occurs in two broad types of reservoirs in Nevada: fractured
and permesabl e Paleozoi ¢ sedimentary rocks (mostly limestones
but locally a so sandstones) and fractured Tertiary ash-flow tuffs.
Ideal reservoirsfor CO, sequestration would be permeable (but
unfractured) sandstones. Such sandstones may occur in the
Paleozoic section and in the Tertiary valley-fill sequences in
thebasins. Sealsfor the il reservoirsinclude Paleozoic marine
shales, Tertiary lacustrine shales, and the non-welded, clay- or
zeolite-altered upper zones of ash-flow tuffs. Theserocks could
aso form sealsfor CO, reservoirs. The best seals appear to be
above the Paleozoic-Tertiary unconformity. Some Paleozoic
shales may be adequate seals, but these would have to be
thoroughly tested if they were to provide the primary deterrent
to escape of CO, from a potential reservoir.

[Il. FACTORS AND MAPS CONSIDERED
IN THE ASSESSMENT

In this section, we describe the assumptions, factors, and maps
considered in assessing areas for possible CO, sequestration
in saline brine formations in Nevada, and we discuss the
potential for CO, sequestration through enhanced oil recovery.
Details of the analysis methodology using a geographic
information system (GIS) are provided in the appendix. Copies
of al GlSlayersused intheanalysisare supplied in the compact
disc accompanying thisreport, so that users may choose other
assumptions and approachesin reanalyzing the data. Weusea
simple, binary approach; that is, in considering each factor, an
areaiseither favorable or not favorable for CO, sequestration.
In the final analysis, we combine the areas in the GIS to
determine remaining areas for possible consideration.

A. Restriction of Consideration to the Deeper
Parts of Alluvial Basins

Areas of bedrock outcrop (fig. 3) are eliminated from
consideration for CO, sequestration, because basin-and-range
extensional deformation, coupled with earlier fracturing
associated with crustal shortening (table 2), has so thoroughly
fractured the bedrock that it is unlikely to contain seals that
are adequate to prevent escape of CO,,

The pressure needed to keep CO, in aliquid or dense
supercritical state depends on temperature (fig. 4). The
pressure at the critical pointis 7.4 megapascals (1,070 pounds
per square inch), which corresponds to a depth of 753 m, if
one assumes hydrostatic pressure (pressure of a column of
water with a density of 1.0 g/cm®). A minimum depth of 800
m has been assumed for consideration of CO, sequestration
in other studies (e.g., Downey and Clinkenbeard, 2005). As
illustrated on figure 4, if temperatures are higher than typical
geothermal gradients (25 to 30°C/km) would predict at that
depth, the supercritical CO, fluid density would be lower, and
less CO, could be accommodated in the formation than in the
preferred case for sequestration. Temperatures in some oil
fields in Nevada are considerably higher than would be
predicted from typical geothermal gradients (fig. 4), and



Table 2. Geologic time scale with major events in Nevada history (modified from Price, 2004).

Million years before present

CENOZOIC
Quaternary

Tertiary

Modern earthquakes, mountain building, basaltic and rhyolitic volcanism, and geothermal activity are expressions of Basin and Range extension
that began in the Tertiary Period. The crust is being pulled apart in Nevada, causing valleys to drop relative to mountains, and right-lateral strike-
slip faults in western Nevada accommodate approximately 20% of the motion between the Pacific and North American plates. Prior to 10,000
years ago, ice ages caused glaciers to form in the higher mountains and large lakes to develop in valleys.

Basin and Range extension began about 30 to 40 million years ago. Igneous activity during the Tertiary Period was caused not only by extension
but also by subduction (descent of oceanic crust into the Earth’s mantle) of oceanic plates beneath the North American Plate and, in northern
Nevada, by motion of the crust over the Yellowstone hot spot in the mantle. Numerous Nevada ore deposits, including most major gold and silver
deposits and the copper ores near Battle Mountain, formed during this time. Gypsum deposits formed from evaporating lakes in southern
Nevada. Tertiary basalts are abundant in several parts of the state.

65
MESOZOIC
Cretaceous

Triassic

The Cretaceous Period and Mesozoic Era ended abruptly with the extinction of dinosaurs and many marine species. Numerous granitic igneous
intrusions, scattered throughout Nevada, originated from subduction along the west coast of North America. Much of the granite in the Sierra
Nevada formed at this time. The igneous activity caused many metallic mineral deposits to form, including the copper-gold-silver-lead-zinc ores
near Ely in White Pine County, copper-molybdenum ores north of Tonopah in Nye County, and tungsten ores in several mining districts. In
southern and eastern Nevada, sheets of rocks were folded and thrust from the west to the east during the Sevier Orogeny (mountain building),
which began in Middle Jurassic time and ended at or beyond the end of the Cretaceous Period.

A subduction zone to the west caused igneous intrusions (including the gabbroic complex near Lovelock), volcanism, and associated ore
deposits (e.g., copper deposits near Yerington). Sandstones, including those in the Valley of Fire, were deposited in southeastern Nevada, and
sedimentary gypsum deposits formed in northwestern Nevada.

The general geography of Nevada during the Triassic Period was similar to that during the Jurassic Period-igneous activity in the west and
deposition of sedimentary rocks in continental to shallow marine environments to the east. Explosive volcanism produced thick ash-flow tuffs in
west-central Nevada. Economically important limestone, gypsum, and silica-sand deposits formed in southern Nevada. The Sonoma Orogeny,
which began during Late Permian time and ended in Early Triassic time, moved rocks from the west to the east along the Golconda Thrust in
central Nevada. The large marine reptiles at Berlin-lchthyosaur State Park lived during the Triassic Period.

251
PALEOZOIC
Permian

Cambrian

Volcanism to the west and deposition of thick limestones to the east were characteristics of much of the Paleozoic Era in the Great Basin. Some
marine gypsum deposits formed in southern Nevada.

The Antler highland, which formed earlier, was eroded and shed sediments into the basins to the east. Carbonate rocks
were deposited in eastern and southern Nevada.

During the Antler Orogeny, from Late Devonian to Early Mississippian time, rocks were folded and thrust from the west to the east. Rocks thrust
from the east include fragments of oceanic crust, including some basalts, serpentinites, and deep-water sedimentary rocks. The Roberts
Mountains Thrust, below which many of the gold deposits in north-central Nevada occur, formed at this time. Conglomerate, sandstone, siltstone,
and shale were deposited in the thick basin of sediments derived from the Antler highland, and carbonate rocks were deposited further east.

Limestone was deposited in eastern Nevada, and shale, chert, and economically important barite were deposited in northeastern and central
parts of the state. No record of middle to lower Paleozoic rocks exists in the western part of the state. The quiet, shallow-marine tectonic setting
that persisted earlier in the Paleozoic Era began to change, as small land masses from the Pacific Ocean collided with western North America.

Carbonate rocks (dolomite and limestone) in the eastern part of the state and silica-rich rocks (shale, sandstone, and chert) in the central part of
the state record similar deposition to that during the rest of the middle to early Paleozoic Era.

Marine deposition during the Ordovician Period was similar to that during the rest of the early Paleozoic Era, with the exception of basalts
(metamorphosed to greenstones) locally interbedded with sedimentary rocks found today in the central part of the state. Some sedimentary
barite deposits and copper-zinc-silver ores formed in sea-floor sediments during this time.

Middle and Upper Cambrian deposition resembled that during much of the Paleozoic Era, with carbonate rocks to the east and shale plus
sandstone to the west. Lower Cambrian and uppermost Precambrian rocks are characterized by quartzite and metamorphosed siltstone throughout
much of Nevada.
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PRECAMBRIAN

The oldest rocks in Nevada (at least 2,500 million years old in the East Humboldt Range in northeastern Nevada and at least 1,700 million years
old in southern Nevada) are metamorphic rocks. Precambrian rocks also include granites (about 1,450 million years old) and younger sedimentary
rocks. Beginning approximately 750 million years ago, Antarctica and Australia may have rifted away from western North America, setting the
stage for the development of a western continental margin that is similar to the Atlantic coast of today. A shallow marine, tectonically quiet setting
persisted in eastern Nevada for the next 700 million years.
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Figure 1. The location of oil fields, major mines, and geothermal power plants in operation in Nevada in 2004.
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abundant hot springs throughout the state attest to shallow, hot
rocksin many locations. Given the absence of reliabledataon
temperature gradientsin many areas, we have used asomewhat
more conservative figure of 1,000 m as a minimum depth for
consideration of CO, sequestration in Nevada.

The United States Geological Survey (USGS) has
interpreted publicly available gravity data, calibrated with
known depthsfrom exploration drilling, toinfer areasthat have
at least one km of valley fill (fig. 5). We exclude from
consideration any areas that are not considered in this USGS
analysis to have at least one km of valley filling sediments
and/or volcanic rocks.

The NBMG is the officia repository for information
about wellsdrilled for oil and gasand geothermal exploration
and development in Nevada. Using the conceptual model of
potential CO, reservoirs and seals (fig. 2), we extracted
important geol ogic datafrom thewell records (table 3). These
dataare summarized in NBM G Open-File Report 04-1 (Hess,
20044). Thesedatamay be helpful inamoredetailed analysis
of the potential for CO, sequestration at a later time, and
they areuseful in ng the potential for CO, sequestration
using EOR.

B. Proximity of Active Faults to Potential CO,
Sequestration Sites

We use the Quaternary fault database of the USGS (http://
gfaults.cr.usgs.gov/) and the database prepared by Craig M.
dePolo (NBMG work in progress) for locations of faults
(fig. 6). The former database has been checked by NBMG
earthquake experts. There are two broad types of Quaternary
faultsin the Basin and Range province in Nevada—strike-slip
faultsand normal faults. Some faults have moved with oblique
dlip (acombination of normal and strikedlip). Faultscommonly
have zones of fracturing, which could allow CO, to escape. In
fact, it is likely that CO, would escape along these faults,
because many Nevada petroleum seeps and hot springs occur
along faults. We therefore exclude from consideration areas
that are close to faults. For normal faults, we exclude an area
1.93 kmwide on the hanging wall (down-dip side) of thefault.
The 1.93-km figure corresponds to the surface projection of a
60-degree dipping fault to a vertical depth of 3 km plus an
additional 200 minto the hanging wall to account for azone of
fault gouge, breccia, and fractures(fig. 7A). Inthe GISanalysis,
we actualy use a 1.93-km zone on both sides, because the
footwall is already excluded as bedrock or as areas of alluvial

1 km = 3,281 feet

Unconformity at
base of Tertiary

Shale (seal)

Limestone
(not a CO; reservoir)

Pre-Tertiary sedimentary rocks

Shale
(source rock)

~ VTN
AN AN AN
"\ basement at depth
-1\

N

PANAS
TN

\ . / .
- Granitic pluton or crystalline

Non-welded, clay- or zeolite-
altered ash-flow tuff (seal)

Fractured, welded ash-flow tuff
(not a CO; reservoir)

Sandstone (reservoir)

Limestone (not a CO; reservoir)
Fractured quartzite or sandstone
(not a CO; reservoir)

/< Range-front fault (possibly listric
at depth)

- Potential CO; reservoir
I:I Potential oil reservoir

I:I Potential seal to the escape of CO»

Figure 2. Cross-sectional conceptual model of potential CO, reservoirs and seals in Nevada.
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Figure 3. Map showing the
distribution of bedrock (gray,
representing consolidated rocks
of Tertiary and older age) versus
Quaternary-Tertiary alluvial
deposits (white) in Nevada. Areas
of Quaternary glacial drift, which
are generally thin and occur
mostly in mountains, are
included with the bedrock. Major
lakes are shown in black.

40

Figure 5. Map showing where valley-
filling alluvium and volcanic rocks exceed
1 km in thickness (white areas, modified
from Dohrenwend and others, 1996).
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Figure 4. Phase relations, with lines of equal density, for CO, (modified from Roedder, 1984). TP = triple point (-56.6°C, 0.5
megapascals), at which solid, liquid, and gaseous CO, coexist. CP = critical point (31.0°C, 7.38 megapascals), above which the
distinction between gas and liquid cannot be made with increasing pressure or temperature. ES = bottom-hole temperature
(93°C at 1,830 m) in the Eagle Springs oil field (Shevenell and Garside, 2005, and www.nbmg.unr.edu/geothermal/gthome.htm).
BF = reservoir temperature (120-130°C at about 1,625 m) in the Bacon Flat-Grant Canyon oil fields (Hulen and others, 1994).
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cover lessthan onekilometer inthickness. For strike-dip faults,
we exclude an area 500 m on either side of the fault (fig. 7B).
We feel that this is a reasonable minimum number,
corresponding to the typical 1-km width of brecciaand gouge
along the San Andreas fault in California but somewhat less
than the 2-km-wide zone of fault splays along well mapped
strike-dlip faultsin Nevada. Before any sitein Nevadawould
be used for CO, sequestration in saline brines or EOR, the
geological framework of the sitewould need to beinvestigated
in detail to locate the three-dimensiona distribution of fault
splays, gouge, and breccias.

We use the probabilistic seismic hazard analysis by the
USGSto report the expected peak acceleration (expressed asa
percentage of the acceleration due to gravity, %g) with 2%
probability of exceedance in 50 years (http://
eghazmaps.usgs.gov/html/us2002.html) for the state, including
those areas that may be potential CO, sequestration sites (fig.
8). We did not eliminate any areas based on these values of
seismic intensity and ground motion. Should sites be chosen,
the engineers designing the facility should take into
consideration these values and any (deterministic) val ues based
on credible scenarios on nearby faults. Furthermore, should

CO, pipelines be built across faults in Nevada, care must be
taken to design them to accommodate the maximum likely slip
resulting from earthquakes on specific faults.

C. Proximity to Extractable Geological
Resources

1. Mineral Resources

Nevada is a mgjor producer of nonfuel mineral resources,
generally ranking second or third among the 50 statesin recent
years in terms of total dollar value of annual production.
Nevada production is the reason why we are in the midst of
the biggest gold-mining boom in American history (fig. 9).
Gold and silver dominate the mining activity, but many other
commodities are currently being mined [barite, copper,
magnesite, lithium, the specialty clays, sepiolite and saponite,
other clays, construction aggregate (sand, gravel, and crushed
stone), lime, diatomite, gypsum, raw materialsfor cement, silica
(industrial sand), dimension stone, semiprecious gemstones,
perlite, salt, kalinite (potassium alum), zeolites, and mercury
as a by-product of gold and silver processing]. In the past,
Nevada has been a magjor producer of antimony, arsenic,

Table 3. Information recorded from records of deep wells drilled in Nevada (Hess, 2004).

DEFINITIONS
CO, reservoir rock = sandstone, conglomerate, sand, or gravel

Seal rock = shale, mudstone, claystone, mud, clay, halite, gypsum, salt, or nonwelded (possibly clay- or zeolite-altered) ash-flow tuff

NEITHER A CO, RESERVOIR ROCK NOR SEAL =
limestone, dolomite, fractured volcanic rock, fractured sandstone, quartzite, metamorphic rocks, or granite or other igneous rocks

Data collected from well records, if available, in wells within areas not otherwise excluded for consideration of CO,
1. Total depth of well.
2. Are there potential CO, reservoir rocks in the well below 1 km (3281 ft) depth? If no, go to next well.
3. Is there a potential seal below 1 km and above that reservoir rock? If no, go to next well.
4. Depth to base of Cenozoic/Tertiary volcanic rocks and alluvium.
5. Depth to base of deepest reservoir rock in pre-Tertiary sedimentary package.
6. How fresh is the water in this deepest reservoir rock? (Total dissolved solids - TDS?)
7. How porous is this deepest reservoir rock? % of porosity?
8. How permeable is this deepest reservoir rock? K in millidarcy?
9. Thickness of the thickest single pre-Tertiary reservoir rock.
10. How fresh is the water in this thickest pre-Tertiary reservoir rock?
11. How porous is this thickest pre-Tertiary reservoir rock?
12. How permeabile is this thickest pre-Tertiary reservoir rock?
13. Total thickness of all pre-Tertiary reservoir rocks.
14. Thickness of the thickest single pre-Tertiary seal rock above the deepest reservoir rocks.
15. Total thickness of all pre-Tertiary seal rocks above the deepest reservoir rocks.
16. Depth to base of deepest reservoir rock in Tertiary sedimentary package below 1 km.
17. How fresh is the water in this deepest reservoir rock in Tertiary package?
18. How porous is this deepest reservoir rock in Tertiary package?
19. How permeable is this deepest reservoir rock in Tertiary package?
20. Thickness of the thickest single Tertiary reservoir rock below 1 km.
21. How fresh is the water in this thickest single Tertiary reservoir?
22. How porous is this thickest single Tertiary reservoir?
23. How permeable is this thickest single Tertiary reservoir?
24. Total thickness of all Tertiary reservoir rocks below 1 km.
25. Thickness of thickest single Tertiary seal rock below 1 km.
26. Total thickness of all Tertiary seal rocks below 1 km.
27. Total thickness of all Tertiary seal rocks below 1 km and above shallowest reservoir rock.
28. Thickness of halite beds below 1 km.

FACTORS THAT CAN NOW BE DERIVED FROM THESE NUMBERS

A. Total thickness of potential reservoir rocks = #13 + #24
B. Total thickness of potential seal rocks above the deepest reservoir rock and below 1 km = #15 + #26
C. Reservoir rock to seal rock ratio = #A/#B, ~ sand/shale ratio




Figure 8. Map showing expected peak acceleration (as percentage
of the acceleration due to gravity) with 2% probability of
exceedance in 50 years from the USGS probabilistic seismic
hazard analysis (http://eghazmaps.usgs.gov/2002April03/CNU/
CNUpga2500v4.gif).

Figure 6. Distribution of Quaternary
faults in Nevada with buffered zones
next to faults.
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Figure 7. Cross sections of active faults typically found in Nevada.
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fluorite, iron, lead, manganese, molybdenum, tungsten, and
zinc, and resources exist of a number of additional metals,
industrial minerals, and uranium. For some of these
commodities, Nevadawill undoubtedly be aproducer againin
the future.

Hess (2001) identified over 100,000 point locations of
mine shafts, prospect pits, adits, open-pit mines, quarries, sand-
and-gravel borrow pits, and other excavationsin Nevada (fig.
10). Although thisdatabasewasnot directly used intheanalysis
of mineral resources, it illustrates the broad geographic
distribution of mineral resourcesin Nevada.

We exclude from consideration for potential CO,
sequestration any areas that are likely to experience mineral
production in the future, with the exception of sand and gravel
resources, which are mined from shallow (generally less than
100 m deep) quarriesand blasting israrely needed to bresk the
rock. Mining of these resourceswould not necessarily impinge
on the safety of a deeper CO, sequestration site. Most of the
other mineral commodities are mined from underground
workings or large open pits. Deep exploratory drilling, the
opening of mine workings themselves, and ground shaking
from blasting could adversely affect the integrity of a CO,
sequestration reservoir. Furthermore, leakage of CO, from a
reservoir at depth could kill people underground and in low
areas in the open-pit mines.

There are several approaches that could be taken to
evaluate areas of potential mineral-resource development. The
USGS (Cox and others, 1996a, b, and ¢) used various geological
and Gl Sapproachesto identify tracts of land that they consider
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permissive for several types of metal deposits, including
epithermal deposits (fig. 11), pluton-related deposits (fig. 12),
and deposit types not directly related to plutonic activity (fig.
13). When combined, the three USGS maps would eliminate
from consideration nearly al of the state (fig. 14).

Another approach to eval uating areas of potential mineral-
resource development isto uselocations of existing minesand
prospects. Tingley (1998) outlined mining districts (fig. 15)
using similarities in geological environments and, to a lesser
extent, commodities produced. To test how well this map
captures known mineral deposits, we compared the mining
district outlines with two databases on mineral occurrencesin
Nevada—(1) the combined Mineral Resource Data System
(MRDS) database of the USGS and the Mineral Industry
Location System (MILS) database of the former U.S. Bureau
of Mines and (2) an NBMG database on gold and silver
resourcesin Nevada (Davisand Tingley, inreview). Thelatter
database includes known deposits, mostly with well defined
resources, many of which have yet to go into production.

Many MRDS/MILS data points lie outside the mining
district outlines(fig. 16), because theselocations often represent
singleminesfor which adistrict designation was not warranted.
Ninety-five percent of the MRDS/MILS data pointslie within
abuffer of 5 km around the mining district outlines; 99% are
within a 12-km buffer; and 100% are within 42 km of the
mining district outlines. Most, but not all, of the locations
from the NBMG database on gold and silver resources in
Nevadafall within the outlines of the mining districts (fig. 17).
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Figure 9. U.S. and Nevada gold production from 1835 through 2004 (Price and Meeuwig, 2005).
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Figure 10. Locations of mine
shafts, prospect pits, adits, open-
pit mines, quarries, sand-and-
gravel borrow pits, and other
mineral-resource excavations in
Nevada (from Hess, 2001).

Figure 12. Tracts permissive for
pluton-related deposits (dark
areas, Cox and others, 1996a).

12

Figure 11. Tracts permissive for
epithermal deposits (dark areas,
Cox and others, 1996b).

Figure 13. Tracts permissive for
deposit types not directly related
to plutonic activity (dark areas,
Cox and others, 1996¢).




Figure 14. Combined tracts
permissive for metal-bearing
mineral resources (dark areas,
derived by combining dark areas
from figs. 11, 12, and 13).

Figure 16. Locations of points
(individual mines) in the combined
MRDS/MILS database (Source: USGS
and U.S. Bureau of Mines)
superimposed on the outlines of
mining districts (fig. 15).
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Figure 15. Locations of mining
districts (Tingley, 1998). Metal-mining
districts are shown with dark
shading; districts that produced only
industrial minerals are shown with
light shading.

Figure 17. Locations of points
(individual gold and silver deposits) in
the NBMG database on gold and silver
resources superimposed on the outlines
of mining districts (fig. 15).



We compared the MRDS/MILS data points with the
NBMG database. With few exceptions, the bulk of the deposits
in the NBMG database fall within 5 km of a MRDS/MILS
location (fig. 18). A combination of these maps provides us
with our best estimate of the areaslikely to experience mineral-
resource development; these are areas to be excluded from
consideration for CO, disposal (fig. 19). We chose to include
features from three databases:

(1) a5-km buffer around the MRDS/MILS locations,

(2) a5-km buffer around the NBM G database of known gold
and silver resources, and

(3) outlines of mining districts.

We chose not to add a buffer around the mining districts
because the 5-km buffer around the other locations largely
covers those outlines and because many of the outlines for
industrial minerals reasonably cover the areathat is likely to
experience production.

Although we can use this approach to predict the most
likely areasfor metallic mineral-resource exploration, it is not
possible to predict where everyone may choose to explorein
the future. As an example, the Carlin trend, a belt of gold
deposits in north-central Nevada, which accounts for 12% of
all the gold ever mined in the United States and a bit more
than 1% of al the gold ever mined in the world (Price and
Meeuwig, 2005), had little activity before the discovery of the
Carlin deposit in 1961. Since then, many Carlin-type gold
deposits have been discovered aong the Carlin trend and the
subparallel Battle Mountain-Eurekatrend, areas which before
1961 would have been beyond the 5-km buffers of known
deposits. The impact of withdrawal of federal lands from
mineral exploration and devel opment, which may be necessary
for CO, disposal in deep wellsin Nevada, is discussed in the
section on Legal 1ssues.

2. Petroleum and the Potential for CO, Sequestration
through Enhanced Oil Recovery

Significant production of oil in Nevada has come only from
Railroad and Pine Valleys (fig. 20). There is, however,
considerable excitement about the potential for oil and gas
discovery in deep zones bel ow thrust faults. We do not attempt
to eliminate any areas of potential oil and gas discovery from
consideration for CO, sequestration (unless those areas are
eliminated for other reasons), because such areas may beideal
for use of CO, in enhanced oil recovery. Before any enhanced
oil recovery using CO, would be undertaken, however, care
must be taken to ensure that the reservoirs would not leak
beyond thelimitsrequired for effectivelong-term sequestration.
We suspect that the reservoirs would, in general, be leaky,
because the active extensional tectonic environment in Nevada
has probably limited natural gas accumulations.

There is some potential for use of CO, in enhanced oil
recovery in Nevada, but the ability for the Nevadaoil reservoirs
to trap and retain the CO, is questionable. Some of the oil
fields are hot, and the amount of CO, sequestered would
therefore be less than in an equal volume of reservoir rock at
the same depth in a cooler area (fig. 4). The fields are also
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small, relative to many fields in the United States. Only two
Nevada fields have produced over 10 million barrels, and
cumulative production from all 15 fields is only 48 million
barrels (Davis, 2004). To put thisin perspective, one gigaton
of CO, at adensity of 0.75 g/cm® would occupy a volume of
8.5 hillion barrels. That is, much larger oil fields than those
discovered thus far in Nevada will be needed for significant
CO, sequestration. Some of the fields (particularly in Pine
Valley) are shallower than the minimum depth of 800 m for
liquid or supercritical CO,. The potential for CO, sequestration
through enhanced oil recovery in Nevadais aso likely to be
further limited because of leakage. Theseoil fieldstend not to
have much associated natural gas, implying that gas that was
probably associated with the fields has largely escaped. We
do know that gas was associated with these oil fields, because
small amounts of gas have been reported in some of thefields,
and one in Huntington Valley (Jiggs No. 10-1 of Wexpro Co.)
discovered significant quantities of gas but was too far from
market to be economic. Injected CO, would likely leak to the
surface aswell, although the time scale for such leakageis not
known. Thetiming of oil and gas generation in Nevadais not
well known, and it almost assuredly occurred at different times
at different places, given the repeated history of thrusting and
intrusion (table 2). The fact that some source rocks near the
producing oil fields in Nevada are immature and the hot
temperatures of some of the fieldsimply that oil and gas may
be generated today, in which case leakage of natural gas has
likely been fairly rapid.

In addition, the larger fields in Railroad Valley, one of
which (the Kate Spring Field) does have a small amount of
natural gas (Davis, 2004), are distant from any natural gas
pipelines and major industrial sources of CO,. A relatively
close source could arise in the future, however, if the 1,600~
megawatt coal-fired power plant proposed in White Pine
County (Public Utilities Commission of Nevada, 2005) comes
on line as expected by 2010 or shortly thereafter.

3. Geothermal Resources

Nevada is a significant producer of electrical energy from
geothermal resources (worth on the order of $100 million per
year; Hess, 2004b). Geothermal resources are also used in
Nevadafor space heating and other industrial purposes, notably
for drying garlic and onions. Hot springsand wells (with water
warmer than 37°C) and warm springs (with water warmer than
20°C and 10°C abovethe average annual surface temperature)
occur throughout the state (Shevenell and Garside, 2005), but
most of the commercial geothermal developments have been
in the northern part of the state (fig. 1). Known geothermal
areasarelikely to be problematic for CO, sequestration because
densities of the supercritical CO, will belower thanisoptimal
for economical sequestration (fig. 4).

The Great Basin Center for Geothermal Energy at the
University of Nevada, Reno has analyzed the potential for
geothermal devel opment in Nevada, largely using regional heat
flow and state of stress as deduced from geodetic observations
(fig. 21, Coolbaugh and others, 2005, in press). Primarily using
locations of known hot and warm springs and wells,



Figure 18. Locations of points
(individual gold and silver deposits)
in the NBMG database on gold and
silver resources superimposed on
the 5-km buffers around locations
(individual mines) in the combined
MRDS/MILS database.

Figure 20. Gray shade indicates
areas of reported oil production in
Nevada. Black dots indicate oil
production wells with greater than 1
km of Quaternary-Tertiary valley fill.
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Figure 19. Areas
likely to experience
mineral-resource
development, with the
exception of sand and gravel
in Nevada (dark areas). This
map combines a 5-km buffer
around the MRDS/MILS locations
with a 5-km buffer around the NBMG
database of known gold and silver
resources, and outlines of mining districts.
Note that a broader area is indicated by the
USGS in their analysis of tracts permissive for
metal-bearing mineral resources (fig. 14).

Figure 21. Simplified
geothermal potential map
of Nevada, adapted from
Coolbaugh and others (in press).
Gray areas have a higher than
average probability of hosting high-
temperature (greater than or equal to 150°C)
geothermal resources compared to the rest
of the Great Basin. Circles are known geothermal
systems with estimated reservoir temperatures
greater than or equal to 150°C.




Trexler and others (1983) outlined broad areas in Nevada as
having potential for geothermal resource development (fig. 224).
Blackwell and Richards (2004a and 2004b) used a combination
of data from bottom-hole temperatures and heat-flow
measurements of various petroleum and geothermal exploration
wellsto estimate temperatures at 4 km below the surface. Asan
additional comparison, areas with temperatures greater than
150°C at 4 kmare considered by Blackwell and Richards (2004b)
to have the most potential (fig. 22b).

In comparing the locations of known geothermal anomalies
(hot and warm springs, hot and warm wells, and holes with
measured moderate and high heat flow from Shevenell and
Garside (2005) with figures 21, 22a, and 22, we note that a
buffer of 20 km from these geotherma anomalies includes
nearly all the high and moderate potential areas shown on
figures 21 and 22a. We have therefore chosen a buffer of 20
km from these known geothermal anomalies for the areas to
exclude from consideration for CO, sequestration on the basis
of potential geothermal resources (fig. 23). Although a more
sophisticated approach may have been to elongate the buffer
zonesaong faultsthat control the geothermal systems, we know
too little about the controlling faults to do this throughout the
state (Faulds and others, 2004).

4. Water

Nevada is the driest state in the nation in terms of average
annual precipitation. Water is a precious resource for many
reasons—industrial and urban sustainability and growth,
ecological health, agriculture, recreation, and other cultural
values. Sustaining adequate water resources is vital for
Nevada's future. One of the principa aquifersin the stateis
the Deep Carbonate Aquifer of eastern Nevada (Thomas and
others, 1986; fig. 24). Itisbroadly definedtoincludetheentire
package of Paleozoic carbonate rocks stretching from the
northeastern part of the state south-southwestward into
California, with a general drop in the elevation of the
potentiometric surface in that direction. The aquifer is
recharged primarily through rain and snowmelt in the high
mountains. The carbonate rocks underlie many of the valleys
aswell. For example, the water co-produced with petroleum
in carbonaterocksin Railroad Valley isdominantly fresh water
and is considered aresource for future use. Thisaquifer feeds
important springs and wetlands in the region. We eliminate
areas potentially underlain by the Deep Carbonate Aquifer from
consideration for CO, sequestration.

By eliminating all areas potentially underlain by the Deep
Carbonate Aquifer, we are also eliminating the possibility of
using deep (> 1 km) saline aquifers that may occur above the
Deep Carbonate Aquifer in the Tertiary basins of eastern and
southern Nevada. We anticipate that such situations arerare,
because the Deep Carbonate Aquifer, itself recharged by rain
and snowmelt high in the mountains, tends to recharge the
overlying Tertiary aquifers, asin LasVegasValley. Thereare
two major reasons for eliminating these areas: (1) drilling
through any deep saline aquifersin search of potablewater in
the Deep Carbonate Aquifer could hinder the integrity of a
CO, sequestration site; and (2) depending on the density of
the brine-CO, fluid and the rel ative heads of the brine and the
deeper aquifer, the brine could sink into and contaminate the
Deep Carbonate Aquifer.
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There are other areas of significant potable groundwater
resources outside the Deep Carbonate Aquifer. For example,
some large gold-mining operations in northern Nevada pump
substantial quantities (tens to hundreds of thousands of liters
per minute) of high-quality water from aluvial and bedrock
aquifers. Beforeany project to disposeof CO, insalineaquifers
were to be undertaken, the local hydrogeology would need to
beinvestigated in detail to understand impacts on useable water
resources. In addition, as discussed in the section on Legal
Issuesin thisreport, the State of Nevada considers all waters,
regardless of salinity, as potential resources.

D. Proximity to Urban Areas and Areas of
Future Urban Growth

Because of safety issues, we do not feel that it would be wise
tobuild aCO, sequestration facility near urban areas. We have
therefore eliminated from consideration areasthat are currently
densely populated or may be developed during the 21st century
(fig. 25). We eliminate from consideration a 30-km buffer
around current urban areas (as mapped from 2000 data of the
U.S. Census Bureau), a 10-km buffer around current towns
not classified as urban areas, and a 10-km buffer along major
highways connecting urban areas (specifically, U.S. Highway
395, 1-15, 1-80, U.S. Highway 50 from Lake Tahoeto Fallon,
U.S. Highway 95 from Indian Springs to Laughlin, U.S.
Highway 93 from Apex to Hoover Dam, and Nevada Route
160, which goes through Pahrump). These buffers are
reasonable given the remarkable urban growth in Nevada
during the 20th century. For example, Las Vegas was not an
urban area at the beginning of the 20th century, but by the
beginning of the 21st century, nearly the entire 20x30-km valley
had been converted to urban and suburban development.

E. Restricted Lands

Approximately 86% of Nevada is managed by the federal
government, largely by the Bureau of Land Management
(BLM), the U.S. Forest Service, the Nationa Park Service,
the Department of Defense, and the Department of Energy.
Nevada contains many areas in which a CO, sequestration
facility could not be permitted, in part because of the difficulty
of building apipelineinto thefacility. Theseinclude National,
Regional, and State Parks; National Recreation Areas;
Wilderness Areas (but not Wilderness Study Areas); Military
Reservations; and the NevadaTest Site. Theseareashave been
eliminated from consideration (fig. 26), becauseit is unlikely
that permission for building aCO, sequestration facility would
be granted by the controlling agencies. We did not consider
the possibility of directional drilling into theserestricted lands,
nor did we consider the possihility that Congress could act to
alow CO, sequestration in these areas as a general benefit to
thepublic. Permission might be granted in some other reserved
lands, such asBLM Areasof Critical Environmental Concern,
National Conservation Areas, Indian Reservations, and
National Wildlife Refuges. Should further consideration be
givento specific areas, care should betaken to avoid areas that
may be converted to arestricted status.



Figure 22a. Areas of potential for
geothermal development (gray)
according to Trexler and others (1983).

Figure 22b. Areas of potential for
geothermal development (gray)
according to Blackwell and
Richards (2004b), using their areas
with temperatures in excess of
150°C at 4 km depth.

—

Figure 23. Areas excluded from
consideration for CO, sequestration
on the basis of potential geothermal

resources. This map uses a buffer of 20

km from the locations of known hot and warm
springs, hot and warm wells, and moderate to
high heat flow wells shown on NBMG Map 141

(Shevenell and Garside, 2005).

Figure 24. Distribution of the Deep
Carbonate Aquifer, the principal
deep aquifer in eastern and
southern Nevada.
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be developed during the 21st century.

The gray areas include a 30-km buffer L
around major current population centers and Q
a 10-km buffer around highways along which
significant development has been taking place.

N\ |

F. Other Data Considered
1. CO, Generators

Ideally, a sequestration site will belocated close to the site of
CO, generation. The largest generators of CO, are generally
power plants, refineries, and lime and cement plants (fig. 27).
In Nevada, large coal-fired power plantsarelocated near Battle
Mountain (Valmy plant, Humboldt County), Laughlin
(Mohave plant, Clark County), and Moapa (Reid Gardner
plant, Clark County). New coal-fired power plants have been
proposed in the Gerlach area in northern Washoe County in
the northwestern part of the state (Sempra Energy’s Granite
Fox project), in White Pine County in the eastern part of the
state (White Pine Energy Associates), and in Boulder Valley
in Eureka County in the northern part of the state (Newmont
Mining Company), and Sierra Pacific Power has proposed
expanding the Valmy operation.

Nevada also has several natural gas-fired (and oil-fired)
power plants; among the largest are the Clark Station in Las
Vegas Valley in Clark County, the Fort Churchill plantin Lyon
County, the El Dorado plant southwest of Boulder City in Clark
County, and the Tracy plant near Reno-Sparks in Washoe
County. Additional gas-fired plants cameinto servicein 2003
and 2004 at Apex, North Las Vegas, and Primm in Clark
County, and others have been proposed to the Public Utilities
Commission of Nevada (http://www.puc.state.nv.us/) to meet
the demands of the region’s increasing population. Natural
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Figure 26. National, Regional, and State
Parks, National Recreation Areas,
Wilderness Areas, Military Reservations,
and the Nevada Test Site.

gasisalso burned in the production of wallboard from gypsum
in Clark and Washoe Counties.

The only significant, albeit small, oil refinery in Nevada
isin Railroad Valley. Much of Nevada's petroleum is trucked
or railed tothe Salt Lake City areafor refining. A small refinery
near Tonopah in Nye County is no longer in operation.

The only major operating cement plant in Nevada (with
production over 500,000 short tons per year) isat Fernley in
Lyon County. Another plant near Logandalein Clark County
produced intermittently in recent years, and development is
underway to start a new plant near Interstate 80 in Pershing
County (Castor, 2004). Major lime plantsoperatein the Toano
Range near West Wendover in Elko County, and at Apex, hear
Las Vegasin Clark County. Small amounts of lime are also
produced at a plant in Henderson near Las Vegas (Castor,
2004). The major existing CO,-generating facilities are
located on figure 27.

2. Transportation Infrastructure

Constructing a CO, pipeline would be facilitated if it follows
current pipelines and transportation routes, along which rights
of way may be easier to obtainthaninremote areas. Figure 28
has locations of current major gas and petroleum-product
(gasoline, jet fuel, diesel fuel) pipelines, electrical transmission
lines, highways, and railroads. Major storage facilities for
petroleum productsin Nevada are currently in and near urban
areas and on military bases.
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Figure 27. Major CO, generators in
Nevada (coal- and natural gas-fired power
plants, proposed coal-fired power plants,
cement and lime plants, and oil refineries).

IV. DISCUSSION

A. Areas Remaining for Consideration

Thebinary (yes-no) approach of Gl Sanalysisused in thisreport
(Appendix) to assess the potential for CO, disposal in saline
aquifersboilsdown to thefollowing key assumptionsor criteria:
(2) avoid underground disposal in areas of fractured bedrock
and restrict the assessment to parts of alluvial basins that are
thick enough to provide aseal against leakage and have enough
pressure to keep the CO, in acondensed phase; (2) stay away
from active faults whose fracture zones may allow leakage of
CO, from underground injection sites; (3) avoid areas that in
the foreseeable future have a reasonably high probability of
being explored and developed for mineral, geothermal, and
water resources; (4) avoid current urban areas and areas that
are likely to experience significant population growth during
the 21st century; and (5) avoid restricted lands, such as parks
and military reservations. After combining the relevant GIS
data sets, afew areasthat meet all the criteriaremain (fig. 29).

The valleys with the largest areas of potentia for CO,
sequestration by injection into saline aquifersare Granite Springs
Valley in Pershing County, Antelope and Reese River Valleys
in Lander County, and loneValley in Nye County. Each contains
30km? or morearea. The NBMG hasno records of deep (>1,000
m) wellsin any of theseareas. Thetype of information listedin
table 3 would be needed to more fully evaluate the potential for
CO, sequestration in these areas. In particular, information is
needed on the porosity, permeability, thickness, and salinity of
deep aquifersin these areas. Although no data are availablein
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Natural gas pipelines
s Rail lines
—— Major power grid
—— Highways

Figure 28. Major pipelines for petroleum
products and natural gas, electrical
transmission lines, highways, and railroads.

the immediate areas shown to be potentially favorable for CO,
sequestration on figure 29, we can hypothesize the existence of
favorable aquifers on the basis of nearby wells and the
expectation that most deep alluvial basins will contain some
permeable sandy aquifers and clay-rich seals.

A further complication isthat some of the areas shown as
thick basinsarelikely filled with thick accumulations of Tertiary
volcanic rocks rather than mostly sediments. Because the
differencesin density between sediments and volcanic rocks,
particularly tuffs, is small, the zones shown on figure 5,
interpreted from gravity data, actually show combined
thickness of basin-filling sediments and volcanic rocks. For
example, the upper part of a well near the thickest part of
Antelope Valley (Arco Exploration’s Antelope Valley No. 1
well, awildcat drilled in late 1984 and early 1985 in Lander
County) contains basin-filling sands, gravels, silt, and clay,
but from 212 to 890 m, the well penetrated mostly tuff and
clay-rich tuffaceous sediments. All four areas with 30 km? or
greater area in figure 29 are likely to contain significant
accumulations of Tertiary volcanic rocks; that is, the basin-
filling sediments may not be as thick as desired.

The total areaidentified with potentia for CO, disposal
infigure 29 is524 km?. If further investigation indicated that
thick, permeabl e sandstones with saline water do indeed exist
in these areas, it is possible that significant amounts of CO,
could be sequestered. Assuming a porosity of 10% in the
subsurface sandstone formation, 1 gigaton of CO, at adensity
of 0.75 g/cm?® would require avolume of 13.3 km?®. Assuming
the sandstone thickness to be 100 m, this would require a



Granite Springs

Figure 29. Areas with
potential for CO, waste
disposal through geological
sequestration in possibly saline
aquifers in Nevada (white). All other
areas within Nevada have been
eliminated for one or more of the following
reasons: outcropping bedrock (fig. 3), shallow
valley fill (fig. 5), nearness to faults (fig. 6),
mineral-resource development (fig. 19), geothermal
resource development (fig. 23), potable water
resources (fig. 24), urban expansion (fig.25),
or permission is not likely to be granted (fig. 26).

surface area of 133 km* One gigaton of CO, is areasonable
expectation for afull-scale CO, sequestration project associated
with alarge power plant. A 2,000+-megawatt plant that burned
5 million metric tons of carbon per year for 50 years would
produce 0.9 gigaton of CO,. Clearly, more data would be
needed on the subsurface geology in these areas remaining
after the GIS analysis before proceeding with a CO,
seguestration project.

The largest of the areas identified with potential for CO,
sequestration in figure 29 is Granite Springs VValley. Although
littleisknown about the subsurface geology inthisvalley, based
onregional comparisons, it ispossiblethat the areahas potential
for geothermal devel opment, and the subsurface temperatures
may betoo high for cost-effective sequestration. Richardsand
Blackwell (2002a) rated the Trinity Mountains, immediately
east of Granite Springs Valley, as one of the top 15 areas for
geothermal devel opment in Nevada, based in part on estimated
heat loss (Richards and Blackwell, 2002b). Should further
investigation of Granite Springs Valley bewarranted, particular
care should be taken to evaluate its geothermal potential.
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B. Legal Issues

This section discusses Nevadalaws and regul ationsthat pertain
to potential CO, sequestration projects. Whereas injection of
CO, to enhance oil recovery would likely be allowed, disposal
in saline aquifers currently appears to be illegal in Nevada.
Nevada law prohibits disposal of industrial wastes, whether
considered hazardous or not, into any aquifers. Nonetheless,
the Nevada Legislature could change the law to specifically
alow CO, injection into saline aquifers. No such prohibition
existsin many other states, and Nevadalaw doesallow injection
of materialsinto aquifers under other, specific exemptions.

Nevada law (table 4) currently prohibits disposal of
pollutantsin aquifers, including saline aquifers. Chapter 445a
of the Nevada Revised Statutes (concerning water controls)
contains the relevant sections of the law. Section 465
specificaly prohibits injection of fluids through a well into
any waters of the State, which are defined in Section 415 to
include groundwater. Section 400 defines pollutants and
provides exceptions for injection of fluids to stimulate ail,
natural gas, or geothermal production. That is, injection of
CO, for enhanced oil recovery may be permitted in Nevada.

The Underground Injection Control (UIC) Program of the
Nevada Division of Environmental Protection regulates
injection wells under the authority of the Nevada Revised
Statutes (NRS) 445A.300 - 445A.730 and the Nevada
Administrative Code (NAC) NAC 445A.810 - 445A.925,
inclusive. According to the NevadaDivision of Environmental
Protection (2005), Nevadahasdivided injection wellsinto five
classes pursuant to federal regulations:

Class | for the disposal of industrial, municipal, and
radioactive waste,

Class Il for the production and storage of oil and gas
(including enhanced oil recovery),

Class 111 for the extraction of minerals or energy (in-situ
mining),

Class 1V for injection of hazardous waste,

ClassV for several specific exceptions (table 4).

Class | and Class IV wells are prohibited in the State
regulations, and currently no Class | or IV wells are known to
existinNevada. Asof 1999, therewere approximately 85 active
UIC permits, including both Class |1 and Class V wells, in the
State. There have been no Class| 1 well applications submitted
to date. One of the major differences between the federal and
State of Nevada UIC regulationsisthat a permit isrequired in
Nevada for all injection activities, regardless of well class.

Unless the law were changed to specifically allow an
exception, injection of CO, into saline aquifers would not be
permitted, because CO,, as a waste product from industrial
activities of electrical power, cement, and lime production,
would be considered apollutant, and theinjection well would
be considered either a Class | or 1V well. The underlying
reason for prohibiting injection of pollutantsinto aquifersis
theloss of the aquifersas sourcesof water for futuremunicipal,
industrial, or agricultural use. Asthedriest stateintheNation
intermsof average annual precipitation, Nevadaisparticularly
cautiousin protecting itslimited water resources. Evensaline
waters may someday be considered for use, because
desalination may be cheaper than other options for acquiring
additional water resources.



Table 4. Selected Nevada laws regarding injection of fluids through wells.

Nevada Revised Statutes (NRS) 445A.465 Injection of fluids through well or discharge of pollutant without permit prohibited; regulations.

1. Except as authorized by a permit issued by the Department pursuant to the provisions of NRS 445A.300 to 445A.730, inclusive, and
regulations adopted by the Commission, it is unlawful for any person to:

(a) Discharge from any point source any pollutant into any waters of the State or any treatment works.

(b) Inject fluids through a well into any waters of the State.

(c) Discharge from a point source a pollutant or inject fluids through a well that could be carried into the waters of the State by any means.

(d) Allow a pollutant discharged from a point source or fluids injected through a well to remain in a place where the pollutant or fluids could be
carried into the waters of the State by any means.

2. The Commission shall adopt regulations which provide a simplified procedure for approval by the Department of permits that are required by
subsection 1 for work related to clearing and maintaining the channel of a navigable river, including, without limitation, dredging or filling, bank
stabilization or restoration, channel clearance, construction of irrigation diversions or the clearance of vegetation, debris or temporary obstructions.
The regulations must include a limitation on the time allowed for the processing of an application for such a permit to not more than 60 days after
receipt by the Department of a completed application and any required fees, unless the Administrator determines that it is in the public interest to
hold a public hearing regarding the application and promptly notifies the applicant of that determination.

(Added to NRS by 1973, 1711; A 1985, 765; 1991, 857, 1742, 1743; 1997, 1262)

NRS 445A.415 “Waters of the State” defined. “Waters of the State” means all waters situated wholly or partly within or bordering upon this state,
including but not limited to:
1. All streams, lakes, ponds, impounding reservoirs, marshes, water courses, waterways, wells, springs, irrigation systems and drainage
systems; and
2. All bodies or accumulations of water, surface and underground, natural or artificial.
(Added to NRS by 1973, 1709)-(Substituted in revision for NRS 445.191)

NRS 445A.400 “Pollutant” defined. “Pollutant”:

1. Means dredged soil, solid waste, incinerator residue, sewage, garbage, sewage sludge, munitions, chemical wastes, biological materials,
radioactive materials, heat, wrecked or discarded equipment, rock, sand, cellar dirt and industrial, municipal and agricultural waste discharged into
water.

2. Does not mean water, gas or other material which is injected into a well to facilitate production of oil or gas, or water derived in association
with oil or gas production and disposed of in a well, if the well is used either for facilitating production or for disposal purposes and if the Department
determines that such injection or disposal will not result in the degradation of ground or surface water resources.

3. Does not mean water, gas or other material injected into a well or used to stimulate a reservoir of geothermal resources if the Department
determines that the injection or stimulation will not result in the degradation of ground or surface water resources.

(Added to NRS by 1973, 1708; A 1981, 660)-(Substituted in revision for NRS 445.178)

Definitions of Classes of Wells in the Nevada Administrative Code (NAC)

NAC 445A.845 Class | wells. (NRS 445A.425) A Class | well is an injection well for the disposal of industrial, municipal and radioactive waste,
whereby fluids are injected below the lowest formation containing, within one-quarter mile of the well bore, water with a concentration of total
dissolved solids of 10,000 milligrams or less per liter, and includes:

1. A well used for the injection of hazardous waste by a person who generates hazardous waste or an owner or operator of a facility for the
management of hazardous waste; and

2. A well for the disposal of industrial waste and municipal sewage effluent.

(Added to NAC by Environmental Comm’n, eff. 7-22-87; A by R042-01, 10-25-2001)

NAC 445A.846 Class Il wells. (NRS 445A.425) AClass Il well is an injection well for the production and storage of oil and gas and includes a well
which injects fluids:

1. Which are brought to the surface in connection with the conventional production of oil or natural gas;

2. For enhanced recovery of oil or natural gas; and

3. For storage of hydrocarbons which are liquid at standard temperature and pressure.

(Added to NAC by Environmental Comm’n, eff. 7-22-87)-(Substituted in revision for NAC 445.42375)

NAC 445A.847 Class lll wells. (NRS 445A.425) A Class Il well involves a special process which injects fluids for the extraction of minerals or
energy, except geothermal energy, and includes:

Mining of sulfur by the Frasch process;

In situ production of uranium or other metals from bodies of ore which have not been conventionally mined;

. Solution mining of salts or potash; and

In situ recovery of fossil fuel, which includes coal, tar sands, oil shale and any other fossil fuel which can be mined by this process.

(Added to NAC by Environmental Comm’n, eff. 7-22-87)-(Substituted in revision for NAC 445.4238)

PP

NAC 445A.848 Class IV wells. (NRS 445A.425) A Class IV well is an injection well which injects hazardous wastes into or above a formation
containing, within one-quarter mile of the well bore, an underground source of drinking water or an aquifer which has been exempted pursuant to
NAC 445A.850 to 445A.855, inclusive, and includes a well used by:

1. Persons who generate hazardous waste or radiological or high-level radioactive waste; and

2. An owner or operator of a facility for the management of hazardous waste or a site for the disposal of radioactive waste.

(Added to NAC by Environmental Comm’n, eff. 7-22-87)-(Substituted in revision for NAC 445.42385)

continued
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Table 4. (Continued)

NAC 445A.849 Class V wells. (NRS 445A.425) A Class V well is any injection well not included in Classes |, Il, Ill and 1V, and includes:

. Wells used to inject the water for heating or cooling by a heat pump;

. Cesspools or other devices receiving wastes which have an open bottom and sometimes have perforated sides;

. Wells used to inject water previously used for cooling;

. Wells used to drain surface fluid, primarily the runoff from storms, into a subsurface formation;

. Wells used for the injection of fluids accumulated from dewatering operations;

. Drywells and wells used for the injection of nonhazardous wastes into a subsurface formation;

. Wells used to replenish the water in an aquifer;

. Wells used to inject water into an aquifer of fresh water to prevent the intrusion of water of a lower quality into the fresh water;

. Wells used to inject a mixture of water and sand, mill tailings or other solids into subsurface mines;

10. Wells used to inject sanitary waste for facilities other than single-family residences or facilities having a volume capacity of less than 5,000
gallons per day;

11. Wells used to inject fluids into a zone, other than an oil or gas producing zone, to reduce or eliminate subsidence associated with the overdraft
of fresh water;

12. Wells used for the storage of hydrocarbons in a gaseous state at standard temperature and pressure;

13. Geothermal injection wells used in contact and noncontact heating and aquaculture, and in the production of energy;

14. Wells used for solution mining of ores or minerals in conventional mines, such as stopes leaching;

15. Wells used to inject spent brine into the same formation from which it was withdrawn after extraction of halogens or their salts;

16. Injection wells used in experimental technologies;

17. Injection wells that are approved under a federal or state cleanup program and used to reinject pumped and treated contaminated ground
water, other than hazardous waste, back into the same formation.

18. Injection wells used to inject fluids for the chemical or microbiological treatment of contaminated ground water or soil; and

19. Motor vehicle waste disposal wells.

(Added to NAC by Environmental Comm’n, eff. 7-22-87; A by R042-01, 10-25-2001)
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NAC 445A.856 Prohibited wells and injections; exceptions. ( NRS 445A.425, 445A.465)

1. Except as otherwise provided in this section, Class | and Class IV injection wells are prohibited, and the Division shall not issue any permit to
construct or operate such a well.

2. Cesspools and other types of vertical injection wells or drywells used for the injection of sanitary waste, other than engineered leach fields
approved by the Division or local health authority, are prohibited.

3. The injection of any hazardous waste through a well is prohibited, except under conditions where injection wells are used to inject contaminated
groundwater that has been treated and is being injected into the same formation from which it was drawn, if the subsurface emplacement of
fluids is approved by the Environmental Protection Agency, or this State, as required pursuant to the provisions for the cleanup of releases under
the Comprehensive Environmental Response, Compensation, and Liability Act of 1980 (CERCLA), 42 U.S.C.£8 9601 et seq., or pursuant to
NAC 445A.226 to 445A.22755, inclusive.

4. Motor vehicle waste disposal wells that were not operational or under construction on or before April 5, 2000, are prohibited.

(Added to NAC by Environmental Comm’n, ef f. 722 87; A10 21 87; R042 01, 10 25 2001)

Table 5. Selected Nevada laws regarding hazardous waste.

NRS 459.425 “Disposal” defined. “Disposal’ means the discharge, deposit, injection, dumping, spilling, leaking or placing of any hazardous
waste into or on any land or water in a manner which might allow the hazardous waste or any part of it to enter the environment, be emitted into the
air or be discharged into any water, including any ground water.

(Added to NRS by 1981, 880)-(Substituted in revision for NRS 444.710)

NRS 459.430 “Hazardous waste” defined. “Hazardous waste” means any waste or combination of wastes, including, without limitation, solids,
semisolids, liquids or contained gases, except household waste, which:

1. Because of its quantity or concentration or its physical, chemical or infectious characteristics may:

(a) Cause or significantly contribute to an increase in mortality or serious irreversible or incapacitating illness; or

(b) Pose a substantial hazard or potential hazard to human health, public safety or the environment when it is given improper treatment,
storage, transportation, disposal or other management.

2. Is identified as hazardous by the Department as a result of studies undertaken for the purpose of identifying hazardous wastes.
The term includes, among other wastes, toxins, corrosives, flammable materials, irritants, strong sensitizers and materials which generate pressure
by decomposition, heat or otherwise.

(Added to NRS by 1981, 880; A 1999, 1121)

NRS 459.460 Applicability of NRS 459.400 to 459.600, inclusive.

1. NRS 459.400 to 459.600, inclusive, do not apply to any activity or substance which is subject to control pursuant to NRS 445A.300 to
445A.955, inclusive, and 459.010 to 459.290, inclusive, except to the extent that they can be applied in a manner which is not inconsistent with
those sections.

2. The Director shall administer NRS 459.400 to 459.600, inclusive, in a manner which avoids duplication of the provisions of NRS 445A.300
to 445A.955, inclusive, and 445B.100 to 445B.640, inclusive, and the Federal Insecticide, Fungicide and Rodenticide Act, 7 U.S.C.£8 136 et seq.

(Added to NRS by 1981, 881; A 2003, 2115)

NRS 459.465 Types of waste subject to NRS 459.400 to 459.600, inclusive. The following types of waste are subject to the provisions of NRS
459.400 to 459.600, inclusive, only if they are regulated pursuant to the Federal Resource Conservation and Recovery Act of 1976, 42 U.S.C.£8
6901 et seq.:

1. Fly ash, bottom ash, slag and waste removed from flue gas from the combustion of coal or other fossil fuels;

2. Solid waste from extraction, beneficiation and processing of ores and minerals, including phosphate rock and overburden from the mining
of uranium ore;

3. Dust from cement kilns; and

4. Drilling fluids and other wastes produced by exploration, development or production of oil, gas or geothermal energy.

(Added to NRS by 1981, 882; A 2003, 2115)
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According to Nevadalawsregarding regarding hazardous
wastewaste (table 5), permits for disposal of these wastes are
required from the Nevada Department of Conservation and
Natural Resources. Whether liquid CO, itself would be
considered a hazardous waste is not certain.

Much of theland administered by the U.S. Bureau of Land
Management and the U.S. Forest Serviceisopento exploratory
drilling for mineral, oil and gas, and geothermal resources. If
a CO, sequestration project involving injection into the
subsurface were to move forward in Nevada, presumably the
project’s footprint would have to be withdrawn from mineral
and energy exploration and development. Such a land
withdrawal would be open for public comment, and it is quite
possible that such a project would be opposed by the mineral,
oil and gas, and geothermal industries and by the State.

One of the alternative approaches to CO, disposal
mentioned in the next section of this report would generate
large volumes of asolid carbonate-rock waste product. Permits
would be required from the Nevada Department of
Conservation and Natural Resources to prevent air pollution
or surface-water or groundwater contamination from afacility
constructed for this purpose.

V. ALTERNATIVE APPROACHES TO C02
SEQUESTRATION IN GEOLOGICAL
SETTINGS

Although enhanced oil recovery and deep disposal in non-

potable aquifers are two proven technologies for CO,
sequestration, opportunities for these approaches appear to be

limitedin Nevada. Thereare, however, alternative approaches.
We exploretwo such aternativeshere. Storage of CO, in mined
caverns in salt formations would take advantage of existing
technologies for storage of natural gas in these formations.
Chemical reaction with mafic and ultramafic rocks is an
unproven technology that has much promise for long-term,
permanent disposal of CO, without many of the safety and
leakage concerns associated with underground injection.

A. Storage in Mined Caverns in Salt Formations

One possible approach to CO, sequestration is to develop
repositories in thick salt deposits. Caverns within salt are
excavated through dissolution of salt with fresh water (i.e.
solution mining). This process produces significant quantities
of brine, which can bereinjected into saline aquifers proximal to
thesalt deposit. Insome cases, solution miningisused to produce
industrial salt. For example, Morton Salt operates a solution
minein thick salt deposits near Phoenix, Arizona (Rauzi, 2002).
Volatile materials, such asliquefied petroleum gas (LPG), have
been safely stored in salt-solution caverns in many parts of the
country. Two LPG facilitiespresently existinArizonaand several
others are currently or have recently been under investigation
(e.g., Federal Energy Regulatory Commission, 1982).

The Basin and Range province hosts several unusually
thick Cenozoic salt deposits, including some of the thickest in
theworld (fig. 30; Peirce, 1976; Fauldsand others, 1997). Most
of the salt resides in Cenozoic basins produced by basin-and-
range extension. Halitedepositsare particularly thick in some
of these basins and may have significant economic potential
for storage of natural gas (Rauzi, 2002).

Figure 30. (a) Major Cenozoic
evaporite deposits in the Basin and
Range (from Faulds and others,
1997). (b) Generalized geologic
map of the Hualapai basin area
showing Bouguer gravity contours
(10 mgal intervals; from Davis and
Conradi 1981) and location of drill
holes and cross section (fig. 31).
Cf, Cerbat Range fault; CP;
Colorado Plateau; Cr, Cerbat
Range; CR, Colorado River; DV,
Detrital and southern part of Virgin
River depression; GC, Grand
Canyon; GT, Grand Wash trough;
GV, Grapevine Mesa; HB, Hualapai
basin; L, Luke basin; LM, Lake
Mead; NGW, northern Grand Wash
fault; P, Picacho basin; SGW,
southern Grand Wash fault; SL,
Great Salt Lake; SV, South Virgin

Mountains; WH, White Hills. 150 km

—
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The basins containing the thick salt deposits owe their
originto arelatively complex history of tectonism and drainage
evolution. Large-magnitude crustal extension in middle
Tertiary time gaveway to morewidely distributed east-westerly
extension and block faulting in thelate Miocene (typically ~10
Main much of the province). Localized deep basinsdevel oped
inthe hanging wallsof steeply dipping northerly striking normal
faults. Basin-and-range block faulting that accompanied
deposition of post mid-Miocene basin fill locally produced
steep basin margins and prominent escarpments (Dickinson,
1991), which served to accentuate development of some
regional depressions or sinks. In the western Great Basin,
northwest-striking right-lateral faults contributed to
development of some basins.

By late Miocene time, a reduction in extensional strain
rates promoted widespread aggradation (building up) of
sediments within composite basins. Basin-fill sedimentation
ultimately buried a rugged mid-Tertiary paleogeography of
corrugated tilt blocks (Dickinson, 1991). Facies patterns in
late Tertiary basin fill are congruent with modern topography
and reflect construction of alluvial fans derived from flanking
ranges. The aluvial fans interfinger with and give way to
floodplain, lacustrine, and continental playa environments
toward the basin floors.

Reduced strain ratesand regional aggradationin late Tertiary
time facilitated the evolution of regional drainage systems that
ultimately integrated large networks of basins. In eastern parts
of the Basin and Range, mgjor drainages emanated from the
relative highlands of the Colorado Plateau, and vast quantities
of fresh water began flowing into regional sinksin late Tertiary
time. Many basins also became regiona sinksfor groundwater
flow systems. Prior to development of through-going drainage
systemsto the Gulf of Californiain Pliocenetime (~3to 5 Ma),
thick nonmarine evaporite deposits (halite, anhydrite, and
gypsum) accumulated in these sinks. Evaporite deposition was
focused in the younger basins associated with high-angle basin-

and-range faulting, either within the lower parts of the sinks or
in satellite basins proximal to major river systems. Thethickest
known salt deposit of thisvintage isthe 2.5-km-thick Red Lake
salt in the Hualapal basin of northwest Arizona just south of
Lake Mead (fig. 31; Faulds and others, 1997).

Because the geologic setting of southern Nevadaissimilar
to that of northwest Arizona, several northerly trending basins
within southern Nevada probably host thick salt deposits. These
include the Virgin River depression and Eldorado and Piute
basins (fig. 5). Mannion (1974) documented ~500 m of late
Tertiary salt in the southern part of the Virgin River depression,
specifically inthe Overton Arm areaof LakeMead. Inaddition,
high TDS (total dissolved solids) characterizes wells in the
northern part of Eldorado Valley and the deeper levels (~300
m) of somewellsinthe Mesguitearea(M. Johnson, Virgin Vel ley
Water Digtrict, persona commun., 2004). Maximum basin depth
and thickness of basin-fill sediments generally ranges from ~2
to 6 km in Nevada (e.g., Bohannon and others., 1993;
Langenheim and Schmidt, 1996; L angenheim and others, 2001).
However, the eastern part of the Virgin River depression exceeds
8 km in depth in the northwest corner of Arizona (Langenheim
and others, 2001). Although thick salt hasnot been documented
in the northern and eastern parts of the Virgin River depression,
itisimportant to note that the deeper parts of thisbasin have not
been penetrated by drill holes. Considering the location of the
Virgin River depression at both the mouth of the Virgin River
Canyon and near the confluence of the Virgin and Colorado
Rivers, as well as the presence of thick salt in the shallower
southern part of thebasin (Mannion, 1974), itislikely that thick
evaporite deposits reside in the deep eastern part of the basin.
Most of the potential salt-bearing basins in southern Nevada
are relatively quiet tectonically, with little activity on range-
bounding faults over the past several million years. One
exceptiontothisisthe northern part of the Eldorado basin, where
the Black Hills fault shows evidence of rupturing in a sizeable
earthquake in the past 10,000 years (Fossett and Taylor, 2003).
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Figure 31. 1:1cross section showing the Red Lake salt deposit in the Hualapai basin, northwest Arizona (view is toward the north; from
Faulds and others, 1997). Unit patterns: stippled, Proterozoic gneiss; cross-hatched, Paleozoic sedimentary strata; dark gray, Miocene
volcanic rocks; black, Miocene sedimentary rocks; light gray, late Miocene-early Pliocene salt deposit; gravel pattern along fault, alluvial
fan deposits; white, early Pliocene to recent silt and sand deposits, with minor anhydrite and gypsum at base.
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Considering therapid population growth and rel ated recent
construction of natural gas power plantsnear LasVegas, presence
of thecoal-fired Mohave Generating Station (MGS) at Laughlin,
relative tectonic quiescence, and proximity of thick salt deposits,
the southern Nevada region may be a favorable location for a
CO, sequestration project. This may be particularly relevant
for the MGS, a 1,580-megawatt coal-fired power plant located
approximately 120 km southwest of the Grand Canyon and only
65 km southwest of the 2.5-km-thick Red Lake salt deposit.
The MGS began operations in 1971 and is one of the largest
sources of air pollution in the West (emitting up to 40,000 short
tonsof sulfur dioxide, SO,, per year), contributing significantly
to visibility impairment at the Grand Canyon (U.S.
Environmental Protection Agency, 1999). Infact, oncecontrols
areinstalled at the Centralia Power Plant in Washington State,
as scheduled in the next few years, the MGS will be the largest
source of SO, in the West. The MGS is operated by Southern
California Edison, the majority owner of the plant. The Los
Angeles Department of Water and Power, Nevada Power
Company, and Salt River Project also own interestsin the plant.
This facility is the only coal-fired, base-loaded power plant in
the United States. that receives coal through a slurry pipeline,
which originates 440 km to the east at Black Mesa in northern
Arizona. Carbon dioxide emissions from the MGS could
possibly be contained within asolution cavern within the nearby
Red Lake salt deposit. However, the MGS may shut down in
the near future due to the costs of necessary pollution control
retrofits and repairs to the coal-slurry pipeline that transports
coal from northeastern Arizona, in which casethe MGS may no
longer be amajor source of CO, (Edwards, 2005).

Disposal of CO, in mined cavernsin salt formations may
be considered legal in Nevada, in contrast to the case with
disposal in saline aquifers, if isolation of the CO, from
groundwater can be assured. Injection of brine from the
solution-mining process into deep saline aquifers may be
considered illegal in Nevada, but salt could be economically
recovered, and the wells could possibly be permitted as Class
[l injection wells (table 4). Given the safety concerns in
deding with CO, and the locations of potentialy thick salt
depositsin Nevada near areas that are likely to undergo urban
and suburban expansion during the 21st century, the Red L ake
salt deposit in more remote areas of Arizona may be a good
target for further investigation.

The volume of caverns needed to hold the CO, exhaust
from amajor power plant is substantial. Using the factorsin
table 1, aplant that burns 250 million metric tons of carbonin
coal over itslifetime (approximately a 2,000-megawatt plant
operating for 50 years) would need 1.2 km?® of underground
storage space. For such an operation, only sedimentary basins
with thick, extensive salt formations would be practical.

B. Chemical Reaction with Mafic and Ultramafic
Rocks

The principal means by which CO, is naturally sequestered in
rocks is through the alteration of calcium- and magnesium-
rich rocks, ultimately forming carbonates (rocks composed
primarily of cacite, CaCO,, the major mineral in limestone,
and dolomite, CaMg(CQ,),). The Earth contains abundant
calcium and magnesium in basalts (volcanic rocks commonly
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erupted at ocean ridges on the seafloor, in volcanic islands,
such as Hawaii, and in certain continental areas, such as the
ColumbiaRiver Plateau east of the Cascade Range in Oregon
and Washington) and gabbros (intrusive equivalents of basalts).
Theserocks aretermed mafic to describetheir high magnesium
and iron (ferrous) contents.

One approach to permanent CO, sequestration would be
to speed up the natural process. Mineralsin these rocks can
react with CO, to produce various carbonates, silica, and
aluminaasreaction products. Asindicated intable 6, interms
of volume of material required for the reactions and volume of
materials produced, rocks with high concentrations of the
mineral forsterite (Mg,SiO,), the magnesium end member of
the olivine group, would be most favored. One gigaton of
carbon, approximately the amount of coal burned annually in
the United States, would require reaction with 5.86 gigatons
of forsterite (approximately 1.82 km?® of dunite, a rock
composed mostly of Mg-rich olivine) and would produce 9.52
gigatons of product composed of 7.02 gigatons of magnesite
plus 2.50 gigatons of quartz. Assuming 20% porosity in the
waste product, this would be 2.92 km?® of magnesite product
and 1.18 km? of quartz product, for atotal of 4.10 km? of waste
product. Reaction of CO, with other minerals would require
considerably more volume of reactant and would produce
considerably more waste product than reaction with Mg,SiO,,
although reaction with serpentinite, a rock composed mostly
of serpentine minerals, such as antigorite, Mg, Si, O, (OH),, is
nearly as favorable volumetrically as reaction with olivine
(table 6). Coincidentally, thereaction of CO, withMg,SiO, is
also favorable thermodynamically; heat generated from the
reaction could be used to provide energy needed to pulverize
the rock, thereby speeding up the kinetics of the reaction.

Goff and Lackner (1998) describe the potential use of
ultramafic rocks for CO, sequestration. These are particularly
Mag-rich igneous rocks, including dunite, serpentinite, and
peridotite, a rock composed mostly of olivine and pyroxenes,
minerals composed primarily of (Mg,Fe,Ca)SiO,. They describe
ascenario in which the ultramafic rocks would be reacted with
hydrochloric acid tofacilitatereactionswith CO,. Unfortunately,
although ultramafic rocks are abundant in California, Oregon,
and Washington, Nevada contains only small amounts of these
types of rocks near the surface. Nevada does, however, have
abundant basalt and other mafic rocks (fig. 32). The volume
requirements for reactions with basalts are considerably less
favorablethan for reactionswith ultramafic rocks, such that any
use of basaltsin Nevadawould have to deal with large volumes
of waste products. For example, using the hypothetical basalt
compositionintable6, 5.2 km? of basalt would need to be mined
to react with one gigaton of carbon, and 8.5 km?® of waste would
be generated from the reaction, more than enough to refill the
hole from which the basalt would be mined.

A hypothetical scenario for permanent CO, sequestration
would be to site a CO,-generating power plant near a large
amount of ultramafic rock or basalt, which would be mined
and used in chemical reactors. The waste products from the
reactions could be used to isolate municipal and other waste
materials, which would refill the holes dug in the mining
operations. Because of the volume considerations (table 6),
additional landfillswould be required, or artificial hillswould
be constructed near where the ultramafic rock or basalt had
been mined. Ideally, such anindustrial ecology facility would



Table 6. Theoretical weights and volumes of reactants and products in reactions between CO, and various rocks and minerals
(data from Weast, 1971, Roberts and others, 1974, and Robie and Hemingway, 1995).

Ratio of Volume of Volume of solid
weights of Mineral Ratio of weights products (m?t of C)
mineral reactant of solid products assuming 20%
Mineral reactant reactant to C (m3/t of C) to C porosity in products
1. Mg,SiO, (forsterite) 5.86 1.82 9.52 4.10
2. Fe,SiO, (fayalite) 8.48 1.93 12.15 4.24
3. Mg,Si,0,,(OH), (antigorite) 7.69 2.98 10.36 4.49
4. MgSiO, (enstatite) 8.36 2.62 12.02 5.28
5. FeSiO, (ferrosilite) 10.98 2.75 14.65 5.42
6. CasSiO, (wollastonite) 9.67 3.32 13.34 6.20
7. CaAlSi,O, (anorthite) 23.16 8.39 26.83 11.22
8. NaAlSi,O, (albite) 43.66 16.67 47.33 21.18
9. Hypothetical basalt 16.32 5.21 19.98 8.50

1. Mg,SiO, (forsterite in olivine) + 2CO, (gas, captured from power plant) = 2MgCO, (magnesite) + SiO, (quartz or other silica compound)
2. Fe,SiO, (fayalite in olivine) + 2CO, (gas) = 2FeCO, (siderite) + SiO, (quartz)
3. Mg,Si,0,,(OH), (antigorite) + 6CO, (gas) = 6MgCO, (magnesite) + 4SiO, (quartz) + 4H,0 (water)
4. MgSIiO, (enstatite in pyroxenes) + CO, (gas) = MgCO, (magnesite) + SiO, (quartz)
5. FeSiO, (ferrosilite in pyroxenes) + CO, (gas) = FeCO, (siderite) + SiO, (quartz)
6. CasSiO, (wollastonite in pyroxenes) + CO, (gas) = CaCQ, (calcite) + SiO, (quartz)
7. CaAlLSi,O, (anorthite in plagioclase) + CO, (gas) = CaCO, (calcite) + Al,O, (alumina or corundum) + 2SiO, (quartz)
8. 2NaAlSi,O, (albite in plagioclase) + CO, (gas) = Na,CO, (sodium carbonate) + AlL,O, (alumina or corundum) + 6SiO, (quartz)
9. The composition of this hypothetical basalt is calculated with the following assumptions:
Mole Chemical

Hypothetical Basalt Fraction composition Weight %

Mg,SiO, (in olivine) 0.15 SiO, 48.6

Fe,SiO, (in olivine) 0.05 ALO, 19.2

CaSiO, (in pyroxenes) 0.07 MgO 115

MgSiQ, (in pyroxenes) 0.23 FeO 7.8

FeSiO, (in pyroxenes) 0.10 CaO 11.2

CaAl,Si O, (in plagioclase) 0.30 Na,O 1.7

NaAISi,O, (in plagioclase) 0.10 TOTAL 100.0

TOTAL 1.00

With the exception of reaction 8, all reactions are thermodynamically favorable
(with respect to calculated negative Gibbs free energies of reaction at 25°C).

belocated closeto railroads (to bring coal from Wyoming and
other sources and waste from cities) or perhaps ports (to bring
coal from Alaska and possibly oil or natural gas from any
location), electrical transmission lines, and cities that use the
electricity and generate the municipal waste.

Thelocations of large outcrops of mafic rocksin Nevada
are plotted with locations of current railroads, piplelines,
electrical transmission lines, and mgjor CO, generatorsinfigure
32. Should such ascenario be pursued, volumes of mafic rocks
would need to be assessed. Itislikely that sufficient volumes
of basalt and ultramafic rocks occur in the western states to
meet the CO, sequestration needs of the region (Goff and
Lackner, 1998). In Nevada, Tertiary basalts crop out in many
parts of the state, and a large gabbroic complex occurs near
Lovelock in northern Churchill and southern Pershing Counties.
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Serpentinite, presumably altered pieces of dunite- or peridotite-
rich oceanic crust thrust onto the North American continent
during Paleozoic and Mesozoic mountain-building events
(Stewart, 1980), occurs in small bodies in Mineral,
northwestern Nye, and eastern Humboldt Counties.

Using thefactorsintable 6, alarge coal-fired power plant
(burning 5 million metric tons of carbon in coa per year and
generating on the order of 2,000 megawatts) would need to
mine approximately 14.9 million m? of serpentinite or 26.1
million mé of basalt per year and would generate approximately
22.5 or 42.5 million m?, respectively, of solid waste per year.
Over a 50-year life, the solid waste would amount to
approximately 1.1 or 2.1 km?, depending on whether
serpentinite or basalt, respectively, were used for the chemical
reactions. These numbersare comparableto thesizesof large-
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Figure 32. Distribution of mafic (magnesium- and iron-rich) rocks (black), major power
plants (gray triangles), cement and lime plants (gray hexagons), major electric power
transmission lines, pipelines, and rail lines in Nevada.
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scale copper and gold mines in Nevada (e.g., the Robinson
and Yerington copper minesand the Carlin and Betze-Post gold
mines) and other parts of the western United States.
Depending on the chemical reactor design (using
supercritical, liquid, or gaseous CO, versus an agueous sol ution
as described by Goff and Lackner, 1998), considerable water
may be needed for the process. Interestingly, reaction of CO,
with serpentinite, which is more abundant in Californiathanin
Nevada, would produce approximately one ton of water for
each ton of carbon sequestered, thereby perhaps eliminating
the need to consume existing water resources. A further
advantage of serpentinite is that it is locally considered a
nuisance, because of commonly contained asbestos, which
would be destroyed upon reaction with CO,. Commercial-scale
sequestration by reaction with rocks, although highly attractive
asameans of permanently disposing of the CO,, islikely to be
far inthefuture, becausethe chemical reactorsand overall power
generation-mining-waste disposal systems would need to be
designed, perfected, and demonstrated to be cost-effective.

VI. CONCLUSIONS

We have presented an approach to a preliminary assessment
of the potential for CO, disposal by sequestration in geological
settings in Nevada using GIS analysis. The key assumptions
made are that for CO, disposal in saline aquifersitiswisest to
(1) avoid areasof fractured bedrock and restrict the assessment
to parts of aluvial basins that are deep enough to provide a
thick, relatively impermeable seal against |eakage and have
sufficient pressure to keep the CO, in a condensed phasg; (2)
stay away from active faults whose fracture zones may allow
leakage of CO, from underground injection sites; (3) avoid
areas that in the foreseeable future have a reasonably high
probability of being explored and developed for mineral,
geothermal, and water resources; (4) avoid current urban areas
and areas that are likely to experience significant population
growth during the 21st century; and (5) avoid restricted lands,
such as parks and military reservations. The datasetsusedin
the GIS analysis are made available in the electronic version
of thisreport, so that others may reeval uate the approach with
different assumptions and data sets.

There does not appear to be much potential in Nevadafor
CO, sequestration through disposal in saline aguifers. Among
the potential deep parts of aluvia basins, few remain after
eliminating areas of potential potable water, geothermal
resources, and mineral resources. Within the remaining areas,
littleis known about porosities, permeabilities, or salinities of
aquifers at depths greater than 1 km. Furthermore, such an
approach would require changing Nevada law, which has a
long-standing philosophy of protecting all water resources,
regardless of salinity. Even if the law were changed to alow
injection of liquid CO, into saline aquifers, other institutional
constraints that would apply may limit the possibilities.
Nevada's Underground Injection Control regulations would
need to be followed, and federal lands would need to be
withdrawn from exploration for mineral and energy resources,
if the project were on or affected lands managed by the federal
government.
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There also does not appear to be much potential in Nevada
for conventional approaches to CO, sequestration through
enhanced oil recovery, in part because the ail fieldsin Nevada
tend not to have much associated natural gas, implying that gas
that was associated with the fields has escaped. Injected CO,
would likely leak to the surface aswell, although thetime scale
may be quite long. In addition, the oil fields in Nevada are
small relativeto fieldsin many other parts of the United States,
and some of the Nevadafieldsare considerably hotter than ideal
conditions for maintaining a dense CO, phase underground.

There is some potentia for disposa of CO, in mined
caverns in salt formations in basins in southern Nevada,
northwestern Arizona, and southwestern Utah. The highest
potential for this approach is likely to be in northwestern
Arizona, where thick salt deposits are well described and are
being studied for storage of natural gas.

Chemical reaction of CO, with mafic rocks (basalt, gabbro)
and ultramafic rocks (serpentinite, dunite, peridotite) has the
potential to capture CO, in synthetic minerals, which, in turn,
could beused toisolate municipal and industrial wastes. Enough
of these rocks are exposed in Arizona, California, 1daho,
Nevada, Oregon, and Washington to meet the expected needs
for CO, sequestration in theregion. Ultramafic rocks are more
favorable than mafic rocks both volumetrically and
thermodynamically. Chemical reaction with mafic or ultramafic
rocks would be a long-term solution requiring considerable
research to design, perfect, and demonstrate the cost-
effectiveness of the chemical reactors and associated facilities.

For Nevadato be considered apotentia sitefor significant
amounts of CO, sequestration in geological settings,
considerably more work would need to be done to (a) assess
the thicknesses and volumes of salt formations in southern
Nevada, (b) demonstrate a cost-effective process for chemical
reaction with ultramafic or mafic rocks, and (c) assess the
volumes of ultramafic and mafic rocks that are located in
optimal areas. Given the safety concernsregarding CO, storage
near urban areas, known thick salt deposits in northwestern
Arizonamay be abetter choice than potential Nevadasitesfor
storage in salt formations. Although Nevada occurrences of
ultramafic and mafic rocks have the advantage of being remote,
considerably larger areas of ultramafic rocks are known in
Cadlifornia, Oregon, and Washington, and enormous volumes
of basalt occur in eastern Oregon and Washington.
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IX. APPENDIX: GEOGRAPHIC
INFORMATION SYSTEM ANALYSIS

The GIS data sets used in this assessment are included in the
compact disk (CD) version of thisreport. Included onthe CD
aremetadatafilesfor each dataset. Further descriptionsof the
metadata and the assumptions made in deciding how to use
each data set are given in this section. Should further
consideration be given to CO, sequestration in Nevada, others
may wish to reevaluate our approach, make different
assumptions, or use different data sets.

A. Software and Projection Information

All coveragesinthisproject arein UTM, zone 11, meters, NAD
27 projection. Original data coverages that were not in this
projection were projected using the projection wizard in
Arcview 3.3. Coveragesthat extended beyond the Nevada state
line were clipped to exclude areas outside of the state prior to
final modeling. Arcview 3.3 and ARCGIS 9.0 were used for
data development, editing, analysis, and modeling. All data
layers were designed to be used at a scale of 1:1,000,000 or
smaller. Minor edits were performed on some preliminary
coverages to remove line work errors and to close polygons.



B. The Binary Model

We used a binary model for the GIS analysis. Simply put, a
binary model isaseriesor stack of datalayersthat are attributed
in such away as to show where data of interest, per layer, are
and where they are not. Typically, values used include zero or
one, yes or no, or aunique number per map layer if the feature
is present and no value or anull value where it is not present.
Inthisapproach, for any datalayer being considered, an areais
either acceptablefor subsurface CO, sequestration or eliminated
from consideration. We considered other approaches, such as
assigning different weights to different layers and applying
distance-probability distributions (e.g., to handle nearness to
urban areas or known mineral deposits), but for this preliminary
assessment of CO, sequestration, we considered the binary
model to be the most justifiable and easiest to understand.

In our binary model, we assigned a“no” value to areas of
bedrock and to shallow parts of alluvial basinsthat are not thick
enough to provide a seal against leakage or have sufficient
pressure to keep the CO, in a condensed phase. We assigned a
“no” valueto areas closeto active faults where CO, may easily
leak from underground injection sites and to areas that in the
foreseeable future have a reasonably high probability of being
explored and developed for mineral, geothermal, and water
resources. We also assign a“no” value to current urban areas
and areas that are likely to experience significant population
growth during the 21st century, as well as to restricted lands,
such asparksand military reservations. Inthefinal GlSanalysis,
areas assigned an attribute of “no” in any of these GIS layers
were combined spatially (unioned) to create the overall area
eliminated from further consideration. The remaining area,
whichwasassigned “yes’ on every Gl Slayer, remainsashaving
potential for CO, sequestration by disposal in deep brine aquifers.

In this preliminary assessment of the potential for CO,
disposal by sequestration in geological settings, we use the
entire state as the spatial extent. There are two near-term
opportunities for CO, sequestration in Nevada: EOR and
injection into saline aquifers. There are limited opportunities
for EOR in oil fields with past production (see section on
Petroleum above), and these are not considered in the GIS
analysis. The GIS binary model isrestricted to areas that may
be amenable to injection into saline aquifers. Alternative
approaches for geological sequestration are discussed
separately from the GIS binary model.

The primary question asked of the binary model was
“where should consideration be given to CO, disposal insdine
aquifers?’ Another way of asking the question is“what areas
should be eliminated from consideration for CO, disposal in
saline aquifers?’

C. Primary Map Layers (Coverages) for the
Binary Model
1. Nevada State and County Boundaries

The digital 1:1,000,000-scale Nevada State and County
boundary coverage, 2nd edition, 1998, produced by the Nevada
Bureau of Minesand Geology was extensively used for graphic
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presentation of dataresults, primarily on plot mapsand graphics
used inthisreport, and asthelayer that all of the data setswere
clipped to for the special extent of the binary model.

2. Geology

We used the digital version of the Stewart and Carlson (1978)
Geologic Map of Nevada (Raines and others, 2003) to produce
a map that indicates areas of valley fill versus bedrock in
Nevada. The original paper map was printed as a single sheet
at ascale of 1:500,000, then reprinted as two sheetsin 1991.
The database by Raines and others (2003), which isreproduced
in this report, supersedes earlier published digital versions
(Turner and others, 1991; Raines and others, 1996). This
database can be queried in many ways to produce avariety of
maps. This database is not meant to be used or displayed at
any scale larger than 1:500,000 (for example, 1:100,000).
Attributesthat were selected from the Stewart and Carlson map
that indicated areas of valley fill included aluvium, lake
deposit, landslide, and playa. These selected attributes were
exported into a shape file called “Val_fill” and became the
model layer for areas of valley fill. With the exception of
alluvium, lake deposit, landslide, playaand water features, all
other units were selected and exported as the shape file
“Bedrock.” This shape file became the model layer for areas
of bedrock (fig. 3). Inthebinary model, areas of bedrock were
not considered for CO, sequestration.

3. Areas with Greater Than One Kilometer
of Valley Fill

The U.S. Geological Survey has interpreted gravity data in
terms of thickness of valley fill, including alluvium and some
Tertiary volcanic rocks (Dohrenwend and others, 1996). We
used the 1-km contour in Plate 8 of Dohrenwend and others
(1996) to locate deep basins in Nevada, which we defined as
equal to or more than 1 km in depth. The NBMG Open-File
Report from which this coverage cameis a large compilation
of various data setsthat were designed to expand the knowledge
base on mineral deposits in Nevada with the end goal of
presenting a series of mineral deposit permissive maps for
Nevada. Thegravity dataset isone of the preliminary coverages
that was devel oped to complete the permissive maps. Because
of limitations such as data availability, uneven distribution of
data, and model grid size, the overall accuracy of this data set
isbelieved to be 250 m (Dohrenwend and others, 1996). The
shape file (Depth_1k.shp) was used to generate figure 5. In
the binary model, only areas greater than 1 km of valley fill
were considered for CO, sequestration.

The coverage devel oped in the preceding step was used to
produce alayer showing areas of shallow valley fill. Thiswas
done by combining the greater than 1 km of valley fill map
with the alluvial cover map, developed earlier in this process
from the Stewart and Carlson (1978) Geologic Map of Nevada
(Raines and others, 2003). The areas of valley fill that fell
outside of the area of greater than 1 km depth were selected
and exported to a new shapefile (Vf_Shallow.shp). The map
layer showing areas with lessthan 1 km of valley fill wasthen
used in the model (fig. 5).



4. Faults

Locations of faults that have moved during the Quaternary
Period (the last 1.6 million years) were taken from the USGS
Quaternary Fault (USGS_QF) database (U.S. Geological
Survey, 2004, http://gfaults.cr.usgs.gov/) and NBMG
Quaternary Fault (NBMG-QF) database (dePolo, 1999). We
used NBMG-QF to identify strike-slip faults that were not
attributed as such in the USGS-QF database. This was
accomplished by selecting those faults that were within 500 m
of identified strike-dlip faults within the NBM G-QF database.
Faults that fell within 500 m but were attributed as normal
faults in the USGS-QF data were not included on the list of
strike-glip faults. The strike-dlip faults so identified in the
USGS-QF database plusthose already attributed as strike-slip
in the original USGS-QF database, plus those faults shown as
strike-dlip inthe NBM G-QF database were pl otted with a 500-
m buffer. All other faults from both quaternary fault data sets
were plotted with a 1,930-m (1.93-km) buffer. All the buffer
mapswere then merged into one coverageto create amap layer
showing the distribution of areas potentially affected by
Quaternary faults in Nevada. A graphic plot of these data
showing the buffer areas around the faults combined with the
actual location of the faults shown aslines was produced (fig.
6). Inthebinary model, areas within these buffers near faults
were excluded from consideration for CO, sequestration.

5. Mineral Resources

The mineral resources layer is acompilation of four data sets.
The first data set (Mining_Districts) is the “Mining Districts
of Nevada’ 2nd edition by Tingley (1998). This is a digital
polygon coverage of mining districtsin Nevada.

The second data set (NV_MRDS) is the USGS Minera
Resource Data System (MRDS) database from “Nevada
Abandoned Mines Database Compilation Update” by Hess
(2001). A subset of MRDS data contained in this report was
used as a point coverage indicating sites that have had some
type of mineral exploration, development, or production. The
original MRDS database was created and is still maintained
by the USGS. Sand and gravel |ocationswere removed before
these data were used.

The third data set (MILS2000) is the Minera Inventory
Lands System (MILS) database from Hess (2001). A subset
of MILS data contained in this report was used as a point
coverage indicating sites that have had some type of mineral
exploration, development, or production. The original MILS
database was created by the U.S. Bureau of Mines and is no
longer being updated. Sand and gravel locationswereremoved
before these data were used.

The fourth data set (Map_120_e) is the database for the
updated “Gold and silver resources in Nevada’ map being
prepared by Davis and Tingley (in review). This map shows
locations of depositswith anoted or implied gold and/or silver
resource or reserve discovered since 1930. Base-metal and
industrial-mineral deposits that contain a significant amount
of gold or silver are @ so shown. Thispoint coverage was used
to show locations of known precious metal resources.
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Significant pre-1930 gold and silver deposits are captured in
the second and third data sets.

The second, third, and fourth data sets, all point coverages,
were plotted with a 5-km buffer, which takes into account
potential location inaccuracies, necessary space to develop a
large surface or subsurface mine, and the potential for additional
discoveries associated with the known resource. Five km is
also within the effective distance of large hydrothermal systems
responsible for the formation of most ore depositsin Nevada.
Once the point coverages were buffered, all three were
combined with the mining district coverage using the union
command. Internal polygons were dissolved by aggregating
all areas that fell within a buffer or mining district area into
single polygons. Portions of those polygons that fell outside
of Nevada were clipped to the Nevada State boundary. This
became the mineral resource coverage for the model (fig. 19).
In the binary model, areas within the 5-km buffer of known
deposits or within adefined mining district were excluded from
consideration for CO, sequestration.

6. Geothermal Resources

The geothermal resource layer is based on the identified
geothermal springs and wellsfound on the Nevada geothermal
resources map of Shevenell and Garside (2005). Thewell and
spring locations are available for download as an Excel
spreadshest file. This file was generated into a point shape
fileand projectedto UTM, zone 11, meters, NAD 27 projection.
A 20-km buffer was then created around all of the geothermal
sites. Twenty km was chosen because this buffer map visually
correlated well with previously published resource potential
outlined by Trexler and others (1983), and it included most of
the moderate to high potential areas suggested by Blackwell
and Richards (2004a and b) and Coolbaugh and others (2005,
inpress). Areaswithinthe 20-km buffer (fig. 23) were excluded
from consideration for CO, sequestration in the binary model.

7. Deep Carbonate Aquifer

We used the approximate extent of the carbonate-rock province
(Deep Carbonate Aquifer) in eastern Nevada as outlined by
Thomasand others (1986) in their study of groundwater levels
inthe Great Basin region of Nevada, Utah, and adjacent states.
A shape file was created showing the area identified as being
underlain by carbonate rocks and then used in the binary model
(fig. 24), wherein areas underlain by the Deep Carbonate
Aquifer are excluded from consideration for CO, sequestration
in saline aquifers.

8. Areas of Population

The areas of population layer was developed from three data
sets. The first data set, consisting of roads in Nevada, 1998
edition (Roads_10k_bhuffer.shp), wasdigitized by NBMG from
1:500,000-scale source materials. The coverage contains
interstate highways, U.S. highways, state highways, and some
minor roads. From this coverage, major highways such as
Interstates 80 and 15 and sections of U.S. and State highways
near urban areas were selected (see section on Proximity to



Urban Areas and Areas of Future Urban Growth). These
features were exported to a shape file. A 10-km buffer was
created around the selected highways. This selection wasmade
because ongoing rapid growth in Nevada's urban areas tends
to follow the major transportation corridors outward from
existing communities.

The second data set, showing urban areas as of 2000
(Nv_urban_utm27.shp), was developed by the U.S. Census
Bureau. The Nevadadatawere downloaded asapolygon shape
file from the ESRI Web Site (http://www.esri.com/data/
download/census2000_tigerline/index.html). All urban areas
identified in Nevada where selected and a 30-km buffer was
produced around the urban polygons. Thiswasdonetoinclude
areas of possible future development during the 21st century
and to provide a buffer for public safety concerns.

The third data set (Cities.shp) includes digitized point
locations for the center of 101 communitiesin Nevada. This
includes many smaller communities not included in the urban
areas coverage. A 10-km buffer was developed around these
communities.

All three of the above coverageswere combined using the
union command to form the urban area coverage (People.shp)
for use in the model. This combined coverage includes the
Las Vegas and Reno-Carson City urban areas, magjor towns
along Interstate 15 and 80, and the communities of Yerington,
Ely, Austin, Eureka, and other small Nevada towns (fig. 25).
In the binary model, these areas are excluded from
consideration for CO, sequestration.

9. Restricted Lands

The restricted lands layer was developed from two data sets.
The first data set is the “Nevada Lands Status Coverage”
developed by the U.S. Bureau of Land Management (2003a).
Thiswasdesigned to display the distribution of land ownership
throughout Nevada. It was originally captured for the Bureau
of Land Management by the University of Utah, for use with
the U.S. Fish and Wildlife GAP Program. The data were
updated using the Geographic Coordinate Database (GCDB)
in 2003. From this data set we selected areas identified as
being managed by Department of Defense, Department of
Energy (NevadaTest Site), National Park Service, Nevada State
lands, and regiona parks. These select areaswere then exported
to ashapefile.

The second data set is the “Wilderness Lands of Nevada”
developed by the U.S. Bureau of Land Management (2003b).
These data represent designated wilderness areas in Nevada
administered by the U.S. Department of the Interior - Bureau
of Land Management. Late in 2004 the President signed a
new law passed by Congress to designate additional land in
Lincoln County as wilderness. It is not included in this data
set and has not been included in the project analysis. The
wilderness lands data set was combined with the shape file
created in the step above and used as the restricted lands
coverage for the model (fig. 26). Theserestricted lands were
excluded from consideration in the binary model.

D. Construction of Model Shapefile

All the map layers devel oped above were combined using the
union command. When supplied with two input shape files
(map layers), the union command merges the data so that all
theattribute data present in the coveragesremain spatially intact
in the new output shape file. Where the various polygons
overlap and the boundaries stay the same, the data are attributed
from both data setsto the existing polygon. Wherethe polygon
boundaries do not overlap or only partially overlap, new
polygons covering only the area of difference are created in
the output shape file and attributed with the data from the
specific coverage for that particular area. Thefirst two shape
files to be combined were bedrock and shallow valley fill.
These two shapefileswerethen combined with the Quaternary
faults layer followed by the mineral resource layer. This
combined file of four layers was then combined with the
carbonate rocks layer and the areas of population layer. This
combined layer was then combined with the restricted lands
layer and the geothermal resourceslayer. Thiscombined shape
filewasthen combined with thefinal layer, the 1 km or greater
basin fill coverage.

Typical Boolean operators for query statements include
AND, OR, and NOT. Other operatorsthat can be used in query
expressionsinclude equals (=), great than (>), lessthan (<), not
equal to (<>), greater than or equa to (>=), and less than or
equa to (<=). The final areas identified for potential CO,
sequestration were identified by applying the following
compound query: areas not equal to BEDROCK and not equal
to SHALLOW VALLEY FILL and not equal to QUATERNARY
FAULTS and not equal to MINERAL RESOURCES and not
equal to CARBONATE ROCK Sand not equal to POPULATION
and not equal to RESTRICTED LANDS and not equal to
GEOTHERMAL RESOURCES and equal to ONE
KILOMETER OR GREATER OF VALLEY FILL.

The above query selected 98 polygons out of a database
total of 37,690 polygons (fig. 29). These 98 polygons
collectively have an area of 524 km? or less than 0.2 % of the
total area of the state’s 285,987 km?. Only four of the 98
polygons are 30 km? or greater in area.

E. Other Coverages
1. Oil and Gas Well Database

The Nevada Oil and Gas Well Database (Hess, 2004a) was
updated and used to generate a shape file for checking some
basin depth information.

2. Nevada Abandoned Mines Database Compilation
Update.

The NevadaAbandoned Mines Database Compilation Update
(file name NV _PTYS) contains the digitized locations of mine
shaft, prospect, minetunnel and cave, quarry, and gravel-sand-
clay or borrow pit locations from all USGS 7.5-minute
topographi c quadranglesin Nevadaplus sitesidentified by the
NevadaDivision of Mineralsas hazardous mine sitelocations.



Each location has an associated record that identifies the map
name; symbol type; mining district name determined from
Tingley (1998), if within adistrict; Division of Minerals serial
number (for their sites only); land management code, which
identifies the site as being on federally managed or private
land (location data merged from digital land status coverage
supplied by BLM); and UTM (zone 11, NAD27) location
coordinates.

This coverage was used during the model definition phase
as a possible alternate or additional additive layer indicating
areas of potential mineral resources. There are over 100,000
pointsidentified inthisdataset. Attemptsat building thislayer
into the model, either as a density grid, point coverage, or
buffered point coverage, was not practical due to a lack of
associated attribute information such as size of workings,
production, commaodity, reserve, or resource information. We
decided not to use this data set in the final model. It was,
however, used to produce figure 10, which indicates areas of
past mineral development and exploration.

3. Tracts Permissive for Ore Deposits

The U.S. Geological Survey’s analysis of Nevada's metal-
bearing mineral resources (Cox and others, 1996a, b, and c)
was tested for potential model layers. Specifically, we
compared their maps of tracts permissivefor three broad types
of deposits: epithermal deposits (fig. 11), pluton-related
deposits (fig. 12), and deposit types not directly related to
plutonic activity (fig. 13).

4. Geothermal Resource Maps

We examined the maps of potential geothermal resources by
Trexler and others (1983), which was digitally converted by the
Idaho National Engineering & Environmental Laboratory (2003),
Blackwell and Richards (2004aand 2004b), and Coolbaugh and
others (2005, in press). The former map (fig. 22a) shows the
regions favorable for the discovery of thermal water at shallow
depth (<1000 m) of sufficient temperature for direct heat
applications. Thismap wasreproduced in the Geothermal section
of The Nevada Mineral Industry 2003 (Hess, 2004a). Trexler
and others (1983) cautioned that although only small areas of
this region may be underlain by such thermal water; the region
representsthat part of the state that deserves further exploration.
Local sources of therma water may be discovered in areas of
Nevada not identified in this coverage. Existing data do not
document the presence or lack of usablethermal water at shallow
depths. The original published map also included data on
geothermal well and spring temperatures and known geothermal
resource area (KGRA) boundaries that were not included in the
digital conversion dataset. The Blackwell and Richards (2004a
and 2004b) maps (fig. 22b) rely primarily on bottom-hole
temperatures and heat-flow measurements in wells, and the
Coolbaugh and others (in press) map (fig. 21) was created by
combining several GIS layers in a manner that attempts to
optimize areas favorable for discovery of geothermal reservoirs
capable of being exploited for power generation.
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5. Power Grid, Power Plant, Pipeline, and Cement and
Lime Plant Data

The power grid, power generation, and pipeline data were put
together from parts of various data sets supplied by Sierra
Pacific Power Company, the Federal Energy Information
Administration, the Nevada Public Utilities Commission, and
the Western Governors' Association. These data can be used
toidentify potential siteswithin proximity to existing electrical

generation or transmission facilities and to generate page size
graphics. The cement and limestone production coverage
(Cement.shp) was developed from information in the Nevada
Mineral Industry 2003 (Castor, 2004) publication. Mgjor CO,
generators are plotted on figures 27 and 32, and pipelines and
electrical transmission lines are plotted on figures 28 and 32.

6. Railroads and Highways

The railroad coverage was developed and provided by the
Nevada Department of Transportation (NDOT). Thiscoverage
is an advance draft version; it is part of a larger digital
conversion project that is till in the review process and has
not been released. The origina line coverage with which
NDOT started was from the USGS transportation-rail digital
linegraphs(DLG) for Nevada. NDOT provided additional data
and locational update edits from USGS 1:24,000-scale
topographic maps in the form of digital raster graphic (DRG)
files, USGS digital orthophoto quads (DOQ), and other
historical maps georeferenced to the DRGs or DOQs. The
NDOT coverageincludesactiverail linesaswell ashistorical,
dismantled, planned, and proposed rail routes. For thisproject,
only activerail lines were used in figures 28 and 32.
Highways (Roads 10k_buffer.shp) were digitized by
NBM G from 1:500,000-scal e source materials (1998 version,
whichis still valid today). These are plotted in figure 28.

7. Mafic and Ultramafic Rocks

Map layers were developed to show areas with potential for
chemical reaction of CO, with mineralsin mafic and ultramafic
rocks. We used the digital version (Raines and others, 2003)
of the Stewart and Carlson (1978) Geologic Map of Nevada
to identify areas associated with mafic rocks. Attributes that
were selected from the Stewart and Carlson map included Qtb
(Quaternary basalt flows), Th (Tertiary basalt flows), Tha
(Tertiary andesite and basalt flows), Tbhg (Tertiary Banbury
Formation), Tob (Tertiary older basaltic rocks), Jgb (middlie
Jurassic gabbroic complex), and Pzsp (serpentinite). These
selected units were exported into a shape file (mafic.shp) and
became a layer for areas of mafic rocks. Although this layer
was hot used in the binary analysis, it was used, along with
locations of major sources of CO, (electric power generation
plants and cement and lime plants), major electrical
transmission lines, major gas pipelines, and active rail lines,
to create figure 32.
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