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Conversion Factors
International System of Units to Inch/Pound

Multiply By To obtain

Length
angstrom (Å) (0.1 nanometer) 0.003937 microinch
angstrom (Å) (0.1 nanometer) 0.000003937 mil
micrometer (µm) [or micron] 0.03937 mil
millimeter (mm) 0.03937 inch (in.)
centimeter (cm) 0.3937 inch (in.)
meter (m) 3.281 foot (ft) 
meter (m) 1.094 yard (yd) 
kilometer (km) 0.6214 mile (mi)

Area
hectare (ha) 2.471 acre
square kilometer (km2) 247.1 acre
square meter (m2) 10.76 square foot (ft2) 
square centimeter (cm2) 0.1550 square inch (ft2) 
square kilometer (km2) 0.3861 square mile (mi2)

Volume
milliliter (mL) 0.03381 ounce, fluid (fl. oz)
liter (L) 33.81402 ounce, fluid (fl. oz)
liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m3) 264.2 gallon (gal) 
cubic centimeter (cm3) 0.06102 cubic inch (in3) 
cubic meter (m3) 1.308 cubic yard (yd3) 
cubic kilometer (km3) 0.2399 cubic mile (mi3) 

Mass

microgram (μg) 0.00000003527 ounce, avoirdupois (oz)
milligram (mg) 0.00003527 ounce, avoirdupois (oz)
gram (g) 0.03527 ounce, avoirdupois (oz)
gram (g) 0.03215075 ounce, troy
kilogram (kg) 32.15075 ounce, troy
kilogram (kg) 2.205 pound avoirdupois (lb)
ton, metric (t) 1.102 ton, short [2,000 lb]
ton, metric (t) 0.9842 ton, long [2,240 lb]

Deposit grade
gram per metric ton (g/t) 0.0291667 ounce per short ton (2,000 lb) (oz/T)

Pressure
megapascal (MPa) 10 bar
gigapascal (GPa) 10,000 bar

Density
gram per cubic centimeter (g/cm3) 62.4220 pound per cubic foot (lb/ft3) 
milligram per cubic meter (mg/m3) 0.00000006243 pound per cubic foot (lb/ft3)

Energy
joule (J) 0.0000002 kilowatthour (kWh)
joule (J) 6.241 × 1018 electronvolt (eV)
joule (J) 0.2388 calorie (cal)
kilojoule (kJ) 0.0002388 kilocalorie (kcal)



v

International System of Units to Inch/Pound—Continued

Multiply By To obtain

Radioactivity
becquerel (Bq) 0.00002703 microcurie (μCi)
kilobecquerel (kBq) 0.02703 microcurie (μCi)

Electrical resistivity
ohm meter (Ω-m) 39.37 ohm inch (Ω-in.)
ohm-centimeter (Ω-cm) 0.3937 ohm inch (Ω-in.)

Thermal conductivity
watt per centimeter per degree 

Celsius (watt/cm °C)
693.1798 International British thermal unit 

inch per hour per square foot per 
degree Fahrenheit (Btu in/h ft2 °F)

watt per meter kelvin (W/m-K) 6.9318 International British thermal unit 
inch per hour per square foot per 
degree Fahrenheit (Btu in/h ft2 °F)

Inch/Pound to International System of Units

Length
mil 25.4 micrometer (µm) [or micron]
inch (in.) 2.54 centimeter (cm)
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Volume
ounce, fluid (fl. oz) 29.57 milliliter (mL)
ounce, fluid (fl. oz) 0.02957 liter (L) 

Mass
ounce, avoirdupois (oz) 28,350,000 microgram
ounce, avoirdupois (oz) 28,350 milligram
ounce, avoirdupois (oz) 28.35 gram (g) 
ounce, troy 31.10 348 gram (g)
ounce, troy 0.03110348 kilogram (kg)
pound, avoirdupois (lb) 0.4536 kilogram (kg) 
ton, short (2,000 lb) 0.9072 ton, metric (t) 
ton, long (2,240 lb) 1.016 ton, metric (t) 

Deposit grade
ounce per short ton (2,000 lb) (oz/T) 34.285714 gram per metric ton (g/t)

Energy
kilowatthour (kWh) 3,600,000 joule (J)
electronvolt (eV) 1.602 × 10–19 joule (J)

Radioactivity
microcurie (μCi) 37,000 becquerel (Bq)
microcurie (μCi) 37 kilobecquerel (kBq)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows:
 °F = (1.8 × °C) + 32

Temperature in degrees Celsius (°C) may be converted to kelvin (K) as follows:
 K = °C + 273.15

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
 °C = (°F – 32) / 1.8



vi

Datum
Unless otherwise stated, vertical and horizontal coordinate information is referenced to the 
World Geodetic System of 1984 (WGS 84). Altitude, as used in this report, refers to distance 
above the vertical datum.

Supplemental Information
Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (µS/cm  
at 25 °C).

Concentrations of chemical constituents in soils and (or) sediment are given in milligrams per 
kilogram (mg/kg), parts per million (ppm), or parts per billion (ppb).

Concentrations of chemical constituents in water are given in milligrams per liter (mg/L), 
micrograms per liter (µg/L), nanogams per liter (ng/L), nanomoles per kilogram (nmol/kg),  
parts per million (ppm), parts per billion (ppb), or parts per trillion (ppt).

Concentrations of suspended particulates in water are given in micrograms per gram (µg/g), 
milligrams per kilogram (mg/kg), or femtograms per gram (fg/g).

Concentrations of chemicals in air are given in units of the mass of the chemical (milligrams, 
micrograms, nanograms, or picograms) per volume of air (cubic meter).

Activities for radioactive constituents in air are given in microcuries per milliliter (µCi/mL).

Deposit grades are commonly given in percent, grams per metric ton (g/t)—which is equivalent 
to parts per million (ppm)—or troy ounces per short ton (oz/T).

Geologic ages are expressed in mega-annum (Ma, million years before present, or 10 6 years ago) 
or giga-annum (Ga, billion years before present, or 10 9 years ago).

For ranges of years, “to” and (or) the en dash (“–”) mean “up to and including.”

Concentration unit Equals

milligram per kilogram (mg/kg) part per million
microgram per gram (µg/g) part per million
microgram per kilogram (μg/kg) part per billion (109)

Equivalencies
part per million (ppm): 1 ppm = 1,000 ppb = 1,000,000 ppt = 0.0001 percent
part per billion (ppb): 0.001 ppm = 1 ppb = 1,000 ppt = 0.0000001 percent
part per trillion (ppt): 0.000001 ppm = 0.001 ppb = 1 ppt = 0.0000000001 percent

Metric system prefixes

tera- (T-) 1012 1 trillion
giga- (G-) 109 1 billion
mega- (M-) 106 1 million
kilo- (k-) 103 1 thousand
hecto- (h-) 102 1 hundred
deka- (da-) 10 1 ten
deci- (d-) 10–1 1 tenth
centi- (c-) 10–2 1 hundredth
milli- (m-) 10–3 1 thousandth
micro- (µ-) 10–6 1 millionth
nano- (n-) 10–9 1 billionth
pico- (p-) 10–12 1 trillionth
femto- (f-) 10–15 1 quadrillionth
atto- (a-) 10–18 1 quintillionth
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Abbreviations and Symbols
ADTI Acid Drainage Technology Initiative

CERCLA Comprehensive Environmental Response, Compensation, and Liability Act

EA environmental assessment

EIS environmental impact statement

EPA U.S. Environmental Protection Agency

FONSI finding of no significant impact

GARD Global Acid Rock Drainage

INAP International Network for Acid Prevention

km2 square kilometer

m meter

MEND Mine Environment Neutral Drainage

NEPA National Environmental Policy Act

NPL National Priorities List (Superfund)

U.S.C. U.S. Code

USGS U.S. Geological Survey





Environmental Considerations Related to Mining of 
Nonfuel Minerals

By Robert R. Seal II, Nadine M. Piatak, Bryn E. Kimball, and Jane M. Hammarstrom

Abstract
Throughout most of human history, environmental 

stewardship during mining has not been a priority partly 
because of the lack of applicable laws and regulations and 
partly because of ignorance about the effects that mining can 
have on the environment. In the United States, the National 
Environmental Policy Act of 1969, in conjunction with related 
laws, codified a more modern approach to mining, including 
the responsibility for environmental stewardship, and provided 
a framework for incorporating environmental protection into 
mine planning. Today, similar frameworks are in place in 
the other developed countries of the world, and international 
mining companies generally follow similar procedures 
wherever they work in the world. The regulatory guidance 
has fostered an international effort among all stakeholders to 
identify best practices for environmental stewardship.

The modern approach to mining using best practices 
involves the following: (a) establishment of a pre-mining 
baseline from which to monitor environmental effects during 
mining and help establish geologically reasonable closure 
goals; (b) identification of environmental risks related to 
mining through standardized approaches; and (c) formulation 
of an environmental closure plan before the start of mining. 
A key aspect of identifying the environmental risks and 
mitigating those risks is understanding how the risks vary 
from one deposit type to another—a concept that forms the 
basis for geoenvironmental mineral-deposit models.

Accompanying the quest for best practices is the goal 
of making mining sustainable into the future. Sustainable 
mine development is generally considered to be develop-
ment that meets the needs of the present generation without 
compromising the ability of future generations to meet their 
own needs. The concept extends beyond the availability of 
non renewable mineral commodities and includes the environ-
mental and social effects of mine development.

Global population growth, meanwhile, has decreased the 
percentage of inhabitable land available to support society’s 
material needs. Presently, the land area available to supply the 
mineral resources, energy resources, water, food, shelter, and 

waste disposal needs of all Earth’s inhabitants is estimated to 
be 135 square meters per person. Continued global population 
growth will only increase the challenges of sustainable mining.

Current trends in mining are also expected to lead to 
new environmental challenges in the future, among which 
are mine-waste management issues related to mining larger 
deposits for lower ore grade; water-management issues related 
to both the mining of larger deposits and the changes in 
precipitation brought about by climate change; and greenhouse 
gas issues related to reducing the carbon footprint of larger, 
more energy-intensive mining operations.

Introduction
The development of mining was coincident with the 

beginning of the Stone Age when, more than 2.5 million 
years ago, ancestors of the human race first began fashioning 
tools out of stone. At the time, survival was likely the highest 
priority, and the health of the environment and the effects 
that mining had on it were likely of little, if any, concern. The 
world was probably considered vast and able to tolerate the 
seemingly minor effects of mining. This attitude has persisted 
for most of human history.

Early cultural development was punctuated by advances 
in mining and metallurgy (the science of extracting metals from 
ores). The Stone Age gave way to the Bronze Age roughly 
5,300 years ago when use of weapons and implements made 
of bronze—an alloy of copper and tin—became widespread. 
The manufacture of bronze required not only the mining of 
copper and tin, but the smelting of it; that is, the extraction 
of the metal from ore minerals using heat. The Bronze Age 
was followed by the Iron Age roughly 3,200 years ago. The 
Iron Age is defined by the widespread use of weapons and 
implements made of iron. The smelting of iron ores requires 
much higher temperatures than does the smelting of copper or 
tin. Cultural milestones in human history have been accom-
panied by advances in mining and metallurgical methods and 
tech nologies, even down to the present day, and the need for 
mining and metallurgy is likely to endure far into the future.
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Evidence of the historical or prehistoric influence of 
mining on the environment is limited, and indications of 
significant societal concern about the environmental impacts 
of mining are even more scarce. Sediment cores from peat 
bogs, estuaries, lakes, and ice cores indicate that the disper-
sion of metals from mining and early smelting date back 
at least 5,000 years (Shotyk and others, 1996; Rosman and 
others, 1997; Leblanc and others, 2000; Lee and others, 2008; 
Lottermoser, 2010). In Georgius Agricola’s landmark treatise 
on mining and metallurgy titled “De Re Metallica” [On the 
Nature of Metals (Minerals)], which was published in 1556, 
a year after his death, the author notes that “…when the ores 
are washed, the water which has been used poisons the brooks 
and streams, and either destroys the fish or drives them away” 
(Agricola, 1950/1556).

In the United States, the earliest significant court case 
involving a dispute about the environmental impacts of mining 
concerned hydraulic mining of gravels in the Mother Lode 
gold belt of the Sierra Nevada Mountains. Hydraulic mining 
uses high-pressure “cannons” to direct water to erode ancient 
stream gravels and move the eroded sediment into channels 
where gold can be efficiently separated. Farmers in the Sacra-
mento Valley of California filed lawsuits against hydraulic 
mining companies because of the effects that the sediment 
from the hydraulic gold mining was having on farmland 
downstream from the mines. This legal battle culminated 
with the Sawyer Decision in 1884, which effectively banned 
hydraulic mining (Kelley, 1956).

In the Eastern United States, significant legal action 
surrounded ore processing practices in the Copper Basin (or 
Ducktown Basin) mining district in Tennessee (Quinn, 1993). 
Numerous lawsuits filed between 1890 and 1930 focused on 
air pollution initially related to the open roasting of sulfide 
ores as preparation for copper smelting and, later, to the 
smelting itself. The released sulfur dioxide resulted in acid 
rain throughout the surrounding 250-square-kilometer (km2)
area, which destroyed much of the vegetation and led to 
extensive soil erosion. The long series of lawsuits ultimately 
reached the U.S. Supreme Court, which ruled against the 
mining companies. The Ducktown case was especially 
noteworthy in that it was the first air pollution case to be 
heard by the U.S. Supreme Court. The numerous lawsuits 
had the positive effect of encouraging the development of 
acid converters, which capture sulfur dioxide emissions from 
roasting and smelting and convert them to sulfuric acid, which 
is a valuable byproduct.

Today, the National Environmental Policy Act of 1969 
(NEPA) (42 U.S.C. §4321 et seq.) serves as the basic national 
charter for environmental protection. Its passage represents 
a milestone in the history of environmental protection with 
respect to mining practices, and its effect has been significant 
for society, the mining industry, and the environment.

The realization that the environmental effects of mining 
done without regard for the environment cannot be absorbed 

by nature has been building for at least the past several 
centuries. The problem can be conceptualized using the idea 
of a “support square,” as described by Skinner (1989), and 
amplified by Rutland (1997). A support square is equal to the 
hypothetically inhabitable area of the world divided by the 
population of the world; hence, the size of a support square is 
determined by the global population density. A support square 
represents the inhabitable land area needed to support all the 
resource needs of one human being. These needs include 
mineral resources, food, water, shelter, recreation, and waste 
disposal. If areas permanently covered by ice and areas above 
5,000 meters (m) are excluded, the inhabitable area of the 
world is roughly 133,000,000 km2.

Figure B1 illustrates how the size of the support square 
has changed over time as the population density of the planet 
has increased. Beginning with the Bronze Age, roughly 
5,300 years ago (3300 B.C.), when the population of the 
world is estimated to have been 14 million people, each 
support square would have covered an area of 9.5 km2, or be 
approximately 3,080 m on a side. By the time Christopher 
Columbus discovered America (1492), the side of the support 
square was reduced to 560 m. When the Declaration of 
Independence was signed in 1776, the square was down to 
400 m on a side. Today, the support square is only 135 m on 
a side and, by 2050, more than 15 m is projected to be lost, 
leaving a square of only 119 m on a side to support an indi-
vidual. In other words, society currently has only 11 percent 
of the per capita land area that it had in 1776, 6 percent of the 
per capita land area that it had when Columbus discovered 
America, and 0.2 percent of the per capita land area that 
it had at the beginning of the Bronze Age. This trend will 
continue with the currently projected popu lation growth. 
Improved environmental stewardship during mining and 
all other extractive activities is essential to maintaining the 
quality of the land area available for use.

Responsible environmental stewardship related to 
mining is embodied in the concept of “sustainable mining.” 
The term sustainable mining strikes many as an oxymoron, 
because it is commonly used in reference to the mining of 
nonrenewable mineral or energy resources. Sustainable 
development, or sustainability, however, is generally defined 
as the ability to meet current needs without hindering future 
generations from meeting their needs (Brundtland, 1987). 
Sustainable practices for mining have come to focus on the 
environmental, economic, and social well-being in areas 
where mining is proposed or is taking place. The environ-
mental part typically includes aspects of water management, 
solid-waste management, reagent use and recycling, and 
greenhouse gas emissions (Mudd, 2008, 2010). This chapter 
presents an overview of environmental practices related to 
the permitting and development of active and new mines, 
and provides a context for the environmental considerations 
sections of the commodity-focused chapters in this book.
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Figure B1. Graph showing population 
growth and the change in supporting 
land area from 3500 B.C. to 2100 A.D., 
with projections to 2050. The support 
square edge (in meters [m]) represents 
the amount of inhabitable land available 
to support each person alive on Earth. In 
2016, the hypothetical support square was 
135 m on a side; by 2050, the projected 
support square will have decreased to 
119 m on a side. Based on projections by 
Skinner (1989) and Rutland (1997).

Modern Regulatory Framework
The regulatory framework for mine permitting in the 

United States is similar to that of other developed nations, but 
mining regulations in developing nations have tended to be 
absent or relatively weak. With globalization, however, less 
developed countries, such as Chile, where mining is a signifi-
cant component of the gross domestic product, are reviewing 
and extending existing regulations to become more aligned 
with those of global partners, such as the United States, 
Canada, and the European Union (Espejo and others, 2012). 
Furthermore, major international mining companies generally 
follow similar approaches wherever they work, regardless of 
the presence or absence of local regulations. The following 
describes the development of the modern regulatory frame-
work in the United States.

The National Environmental Policy Act of 1969 (NEPA), 
which was signed into law on January 1, 1970, serves as a 
basic national charter for environmental protection. It led 
to the establishment of the U.S. Environmental Protection 
Agency (EPA) in December 1970. The law provides the 
framework that Federal Government agencies use to evaluate 
the environmental effects of proposed Federal actions, such 
as the issuance of permits for mining or other industrial 
activities. An example of a specific action related to mining 
includes the issuing of permits for such mining-related 
activities as water withdrawal, exploratory drilling, wetland 
and (or) stream modifications, the transport of chemicals, 
and mine construction, among others. The framework put 
in place with the passage of the NEPA is known as the 

“NEPA process”—a process that is used to evaluate the 
environmental effects of Federal projects or actions, including 
alternative actions. The NEPA process is a staged approach in 
which, in the absence of a categorical exclusion, an environ-
mental assessment (EA) is performed and results in either a 
“finding of no significant impact” (FONSI) or a determination 
that an environmental impact statement (EIS) is required. 
A categorical exclusion classifies the action as not having 
a significant effect on environmental quality. An EA is a 
preliminary evaluation of the potential magnitude of environ-
mental effects and alternatives. The identification in the EA of 
a potential for significant environmental impact leads to the 
requirement for an EIS. An EIS is a detailed assessment of 
potential environmental impacts and alternatives. A Federal 
land-management or regulatory agency may skip the initial 
steps of the NEPA process if it feels that a significant potential 
for adverse environmental impact exists and may proceed 
directly to requiring the preparation of an EIS. Proposed 
mining projects that require the action of a Federal agency 
typically result in the requirement for an EIS.

The passage of the NEPA led to the passage of additional 
legislation that provides the modern policy for environmental 
protection associated with mining and other commercial and 
industrial activities. In one example, a previous law—the 
General Mining Law of 1872, which had been enacted to 
promote development and settlement of publicly owned lands 
in the Western United States—had provisions for environmental 
protection; in follow-on legislation, the Federal Land Policy and 
Management Act of 1976 (43 U.S.C. §1701 et seq.) was passed 
to address such issues as the requirement for mine reclamation 
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and its financial assurance. The NEPA process relies on these 
other laws and regulations to ensure that the potential for 
significant environmental impacts is addressed. The major 
laws relevant to proposed mining projects commonly include 
the Clean Water Act (33 U.S.C. §1251 et seq.), the Safe 
Drinking Water Act (42 U.S.C. §300f et seq.), the Clean Air 
Act (42 U.S.C. §7401 et seq.), and the Endangered Species 

Act (16 U.S.C. §1531 et seq.), although many others may 
be relevant. Salient features of these acts are summarized 
in table B1. The Resource Conservation and Recovery Act 
(1976) (42 U.S.C. §6901 et seq.), which governs the disposal 
of solid and hazardous wastes, specifically exempts waste 
generated during the extraction, beneficiation, and processing 
of minerals from regulation as hazardous waste.

Table B1. Summary of selected Federal laws relevant to mine permitting.

[EPA, U.S. Environmental Protection Agency]

Act (abbreviation)
Year 

signed
Purpose Implementation

National Environmental Policy Act of 1969 (NEPA) 
(42 U.S.C. §4321 et seq.), and amendments

https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/
pdf/USCODE-2014-title42-chap55.pdf

See also: http://www2.epa.gov/laws-regulations/
summary-national-environmental-policy-act

and 
http://www.epa.gov/compliance/nepa/

1970 Promotes efforts that will prevent 
or eliminate damage to the 
environment and biosphere 
and stimulate the health and 
welfare of humankind by 
providing information to 
the public.

EPA reviews documents to 
determine if the environmental 
alternative chosen will affect 
the environment and to 
determine if the agency that 
wrote the documents provided 
this information to the public.

Clean Water Act (CWA) (33 U.S.C. §1251 et seq.),  
and amendments

https://www.gpo.gov/fdsys/pkg/USCODE-2014-title33/
pdf/USCODE-2014-title33-chap26.pdf

See also: http://www2.epa.gov/laws-regulations/
summary-clean-water-act

1972 Restores and maintains the 
chemical, physical, and 
biological integrity of the 
Nation’s waters; also 
protects wetlands.

EPA provides guidance to States 
and tribes on the concentra-
tions of metals that will not 
harm aquatic life or human 
health so State and tribal 
governments can set standards.

Safe Drinking Water Act of 1974 (SDWA)  
(42 U.S.C. §300f et seq.), and amendments

https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/
pdf/USCODE-2014-title42-chap6A.pdf

See also: http://www2.epa.gov/laws-regulations/
summary-safe-drinking-water-act

and 
http://water.epa.gov/lawsregs/rulesregs/sdwa/ 
index.cfm

1974 Ensures safe drinking water 
for the public.

EPA sets legal limits on the 
levels of certain contaminants 
in treated drinking water and 
provides oversight for States 
and tribes for implementing 
these standards.

Clean Air Act (CAA) (42 U.S.C. §7401 et seq.),  
and amendments

https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/
pdf/USCODE-2014-title42-chap85.pdf

See also: http://www2.epa.gov/laws-regulations/
summary-clean-air-act

and 
http://www.epa.gov/air/caa/

1963 Ensures clean air at a national 
level by controlling air 
pollution.

EPA develops and enforces 
regulations to protect 
the public from airborne 
contaminants.

Endangered Species Act (16 U.S.C.§1531 et seq.),  
and amendments

https://www.gpo.gov/fdsys/pkg/USCODE-2014-title16/
pdf/USCODE-2014-title16-chap35.pdf

See also: http://www2.epa.gov/laws-regulations/
summary-endangered-species-act

and 
http://www.fws.gov/endangered/laws-policies/

1973 Ensures that any action author- 
ized, funded, or carried out by 
a Federal agency is not likely 
to jeopardize the continued 
existence of any listed species 
or result in the destruction or 
adverse modification of critical 
habitat of such species.

The U.S. Fish and Wildlife 
Service (FWS) or the National 
Marine Fisheries Service 
(NMFS), depending upon 
location of the site, evaluates 
potential risks to threatened 
and endangered species 
through consultation with 
other Federal agencies.

https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/pdf/USCODE-2014-title42-chap55.pdf
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/pdf/USCODE-2014-title42-chap55.pdf
http://www2.epa.gov/laws-regulations/summary-national-environmental-policy-act
http://www2.epa.gov/laws-regulations/summary-national-environmental-policy-act
http://www.epa.gov/compliance/nepa/
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title33/pdf/USCODE-2014-title33-chap26.pdf
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title33/pdf/USCODE-2014-title33-chap26.pdf
http://www2.epa.gov/laws-regulations/summary-clean-water-act
http://www2.epa.gov/laws-regulations/summary-clean-water-act
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/pdf/USCODE-2014-title42-chap6A.pdf
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/pdf/USCODE-2014-title42-chap6A.pdf
http://www2.epa.gov/laws-regulations/summary-safe-drinking-water-act
http://www2.epa.gov/laws-regulations/summary-safe-drinking-water-act
http://water.epa.gov/lawsregs/rulesregs/sdwa/index.cfm
http://water.epa.gov/lawsregs/rulesregs/sdwa/index.cfm
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/pdf/USCODE-2014-title42-chap85.pdf
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title42/pdf/USCODE-2014-title42-chap85.pdf
http://www2.epa.gov/laws-regulations/summary-clean-air-act
http://www2.epa.gov/laws-regulations/summary-clean-air-act
http://www.epa.gov/air/caa/
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title16/pdf/USCODE-2014-title16-chap35.pdf
https://www.gpo.gov/fdsys/pkg/USCODE-2014-title16/pdf/USCODE-2014-title16-chap35.pdf
http://www2.epa.gov/laws-regulations/summary-endangered-species-act
http://www2.epa.gov/laws-regulations/summary-endangered-species-act
http://www.fws.gov/endangered/laws-policies/
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The Comprehensive Environmental Response, Compen-
sation, and Liability Act (CERCLA) (42 U.S.C. §9601 et seq.), 
commonly known as “Superfund,” can apply to mines during 
production or after closure. The EPA conducts and supervises 
investigations and cleanup actions at mine sites where 
hazardous substances have been released into the environment 
or when there is a threat of release. The CERCLA authorizes 
the following two types of response actions: long-term (reme-
dial) cleanup and short-term (removal) cleanup. Cleanups 
may be done by the EPA; by other Federal agencies, such as 
the Bureau of Land Management or the U.S. Forest Service; 
States or municipalities; or the mining company or parties 
responsible for the contamination.

A key aspect of the NEPA process for mine permitting 
is the prediction of potential environmental impacts related 
to a proposed mining project as well as predictions regarding 
environmental conditions after mine closure. Information 
about the environmental characteristics of mineral deposits, 
mines, and resource extraction is available from a variety of 
sources; however, the types and sources of this information 
should be considered in an appropriate context. All informa-
tion has value, but its usefulness has limitations. The types of 
information from various sources include studies of historical 
abandoned mines, studies in support of mine permit applica-
tions designed to “predict” mine waste behavior, studies of 
modern mines permitted under the NEPA or similar environ-
mental regulations, studies of mines that began operation prior 
to NEPA, and studies of mines in developing countries.

Information from historical abandoned mines is useful for 
several reasons. In many cases, they represent “natural experi-
ments” that have been underway for decades, centuries, or even 
millennia—time scales that are impossible to reproduce in the 
laboratory. Many of these historical mines were developed with 
no consideration for environmental protection because that was 
not a requirement for mine permitting, and because the full 
environmental ramifications of mining activities probably were 
not fully appreciated. As such, these sites may reflect “worst 
case” scenarios. Information from these sites has limitations, 
however, because certain deposit types may no longer be mined 
for specific mineral commodities, or mining and ore-processing 
methods may have changed. Thus, the nature of modern mine 
waste can be quite different from that at historical mines.

For example, the abandoned Elizabeth copper mine in 
Vermont was initially operated in the early to middle 1800s 
as a source of copperas (ferrous sulfate hepta hydrate—
FeSO4•7H2O), which served a variety of uses—as a disin-
fectant, dye, as dye mordant, and as a wood preservative. 
Copperas production ceased at the Elizabeth Mine in the 
1880s as less expensive sources became available from the 
steel industry (Kierstead, 2001). The copperas was produced 
by controlled roasting of pyrrhotite (Fe1–xS) accompanied by 
leaching of the resulting ferrous sulfate, which was then recon-
stituted as solid crystals in evaporation vats. When built in the 
1800s, these copperas roast beds were designed to encourage 
the oxidation of sulfide minerals and to drain leachate. These 
features contributed to the environmental legacy of the 

abandoned Elizabeth copper mine because acid mine drainage 
is the result of the oxidation of sulfide minerals, principally 
pyrite (FeS2 ) and pyrrhotite, in the presence of water. Surface 
water and groundwater from the historical copperas roast 
beds had the worst water quality of all waters at the site in 
terms of low pH and high concentrations of potentially toxic 
dissolved metals (Seal and others, 2001). In contrast, seepage 
at the base of a mill tailings pile that was produced using 
more modern techniques from 1942 to 1958 (the pile contains 
fine-grained reject material from which the ore minerals have 
been removed) and deposited lower in the stream valley, had 
near neutral pH, and the water-quality issues were restricted to 
high concentrations of dissolved iron and sulfate. Therefore, 
for the same ore, historical processing techniques and modern 
processing techniques may result in significantly different 
environmental impacts.

Other sources of useful information about the envi-
ronmental characteristics of ore deposits and mines are the 
environmental impact statements and related documents 
associated with mine permit applications. These documents 
include geochemical and other data about pre-mining condi-
tions, which are crucial for environmental monitoring during 
and after mining and for setting environmental closure goals. 
They also contain information about the environmental 
characteristics of expected mine waste, the acid-generating 
potential of various types of solid mine wastes, and the leach-
ability of trace elements from these wastes. These documents 
make predictions about future environmental conditions to aid 
in the permit decisionmaking process, both for scenarios in 
which mitigation measurements are successfully implemented 
and those in which they are not implemented.

Case studies of modern mines in the United States 
permitted under the NEPA process are scarce in the scientific 
literature. Instead, some data may be found in publicly 
available EISs associated with mine expansion projects; 
for example, the Aqqaluk project at the Red Dog zinc mine 
in Alaska (Tetra Tech, Inc., 2009). These sources generally 
constitute representative information about the environmental 
characteristics of active mines. Mining operations in many 
developing countries do not adhere to the same standards 
followed in the United States and by major international 
mining companies worldwide, however. Therefore, environ-
mental data from developing countries may not be an accurate 
reflection of international consensus on “best practices” for 
environmental protection.

Even more challenging is establishing a proper context 
for the environmental information available for historical 
mines that started mining before NEPA but that have 
continued to produce into more recent times. It is often diffi-
cult to distinguish historical legacy issues from effects related 
to modern mining activity, especially if data about specific 
sampling sites are not reported in sufficient detail. The issue 
of distinguishing legacy environmental signatures is especially 
problematic when trying to establish closure goals for mine 
sites that began operations before the era of more-extensive 
regulation (Alpers and Nordstrom, 2000; Nordstrom, 2008).
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Investigations Supporting Permit 
Applications

Mine permitting is a prescribed process under the NEPA. 
The NEPA process as applied to mining places an emphasis on 
protecting water resources through the Clean Water Act. The 
EPA guidance is summarized in “EPA and Hardrock Mining—
A Source Book for Industry in the Northwest and Alaska” 
(U.S. Environmental Protection Agency, 2003). The source 
book outlines an approach to evaluating the potential risks 
to water quality posed by mining. A key distinction between 
mining and other types of industrial, commercial, or municipal 
development is that a mine needs to be adapted to the site 
conditions where the ore deposit occurs. In contrast, factories, 
shopping malls, airports, and schools tend to be built on tracts 
of land that meet a variety of specific criteria to ensure safe 
development and protection of the environment and the public.

The EPA source book has largely been adopted by the 
international mining community to serve as an outline for pre-
mining environmental studies. It also forms the foundation of 
the following discussion. The Source Book describes a variety 
of data collection, testing, mine design, and data analysis 
methods necessary to accomplish a rigorous assessment. The 
approach requires that, as part of the permitting process, pre-
mining baseline conditions must be documented, ecosystem 
and human health risks must be assessed, and predictions must 
be made about post-closure environmental conditions through 
a mining impact assessment. Specific topics include impacts 
to surface water and groundwater hydrology, impacts to water 
quality, impacts to aquatic resources, and impacts to wetlands. 
Ecological and human health risks associated with nonaqueous 
pathways, such as windblown dusts, are also considered.

Mining operations have the potential to affect both 
surface-water and groundwater hydrology at the mine site 
and within the broader watershed. Therefore, it is essential 
to evaluate whether or not impacts will be expected and 
what their nature and extent will be. Necessary input for this 
assessment includes meteorological and hydrologic data and 
water-management plans for operational and post-closure 
phases, with the goal of determining a detailed water balance 
for the project. Meteorological and hydrologic data are best 
collected on a regular basis to capture seasonal and year-to-
year variations and to characterize the duration and intensity of 
storm events. These pre-mining data provide a baseline from 
which to monitor changes brought about by mining and other 
effects, such as climate change. Surface-water and ground-
water resources are required to be thoroughly characterized, 
including the establishment of surface-water monitoring sites 
and the installation of monitoring wells. Water-management 
plans describe how process water, mine drainage, and storm 
water are handled during mining and after closure.

Mining also has the potential to affect surface-water and 
groundwater quality during mining and after closure. A key 
aspect of evaluating potential impacts to water quality and 
other ecosystem services and human health is the detailed 

geochemical characterization of pre-mining baseline condi-
tions in surface water, groundwater, sediments, and soils. Ore 
deposits represent anomalous concentrations of a variety of 
elements that typically go beyond the mineral commodities 
that are the focus of mining. These chemical anomalies can be 
manifested in all media (rock, water, soil, sediment, and biota) 
in the vicinity of the mine site and represent a natural part of 
these ecosystems. Because elevated concentrations are part 
of the natural ecosystem, these concentrations represent more 
realistic closure goals than generic regulatory guidelines.

Mine-waste characterization and designing a mine-waste 
management plan are important aspects of assessing the poten-
tial for water-quality impacts. There are several types of mine 
waste, and mine-waste characterization is commonly done in 
a staged approach. Materials that are characterized include 
waste rock (material removed to access the ore), spent ore, 
and the rock that forms the walls of the pit, if open pit mining 
is used to produce the ore. Spent ore can be either tailings or 
leach-pad waste (residue from moderately crushed rock that 
has had metals leached from it by reactive solutions). Tailings 
generally result from the concentration of ores from base-
metal (such as copper, lead, zinc, and nickel) and other metal 
(such as iron, and some uranium, gold, and silver) mines. 
Ore is crushed to sand or silt size and transferred to vats that 
contain surfactant solutions. The vats are aerated, which 
produces bubbles in the solution. Specific minerals adhere 
to the bubbles, which rise to the top and are skimmed off. 
Depending on the specific ore and the chemical additives used, 
either ore minerals or gangue (waste) minerals will rise to the 
top. The waste, or tailings, from this process is disposed of in a 
variety of ways. Tailings can be pumped as a slurry to tailings 
ponds, dried and stacked in piles, or mixed with a binder and 
disposed of as a paste, which then solidifies. Leach-pad wastes 
are commonly associated with many copper, gold, silver, and 
uranium deposits. Ore is crushed and placed on impermeable 
liners, where it is leached with solutions designed to extract 
the mineral commodities of interest. Copper is commonly 
leached with a sulfuric acid solution, whereas gold and silver 
are leached with a cyanide solution. The leach pad residues are 
usually left in place for disposal, and a new pad is constructed 
for new ore. Closure of spent piles may involve regrading the 
pile and (or) capping it.

The potential mine waste is characterized using several 
types of tests. It is common for tests to be conducted on cores 
from exploratory drilling and on reject material from prelimi-
nary metallurgical testing. Acid-generating potential is a major 
concern for some types of ores and associated wastes because 
of their specific mineralogical and geochemical characteristics. 
One type of test is known as “acid-base accounting” and is 
used to estimate the ability of the material either to generate 
acid or to neutralize it. The mineral pyrite—fool’s gold—is 
the main source of acid mine drainage, so the test estimates its 
abundance on the basis of the amount of sulfur in a sample. 
These tests estimate only the maximum acid-generating 
potential of a sample because a number of factors can limit 
the rate of acid-mine-drainage production.
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Acid-base accounting is categorized as a “static” test, 
because it is based on a single set of tests. In contrast, leaching 
tests of potential mine-waste material that span multiple weeks 
or years are known as “kinetic” tests. Kinetic tests not only 
provide information about the acid-generating potential of 
mine waste but also provide insights about the leachability 
of metals and other trace elements from the mine waste, as 
well as a timeframe for the reactions to occur. Humidity-cell 
tests are an example of a kinetic test. Humidity-cell tests, in 
which a sample is leached successively on a weekly basis 
in laboratory experiments that span weeks or years, provide 
better information about the ability of waste materials to 
produce acid and leach environmentally important trace 
elements. Laboratory kinetic tests can be improved upon by 
constructing similar experiments at a larger scale in the field. 
Here, the waste material is exposed to the natural variations 
of temperature and precipitation that the actual mine waste 
will be subject to rather than the constant, somewhat artificial 
conditions imposed by the bench-top experimental protocols. 
In any case, insights gained from pre-mining mine-waste 
characterization are typically refined as experience is gained 
during mine operation.

A mining impact assessment also requires that a number 
of design features be considered when evaluating potential 
impacts to water quality. Hydrologic characterization of 
mines is essential for understanding the risks associated 
with pit lakes or underground mine waters, and hydrologic 
characterization of the waste facilities provides insights about 
the exposure of surface water and groundwater to solid waste. 
Facilities have to be designed not only to accommodate typical 
seasonal variations in the amount of precipitation, but they 
also must be able to handle less common 500-year floods. The 
water-management, solid-waste-management, and wastewater-
management plans are also critical. Permit applications are 
required to describe closure and reclamation plans, how these 
plans affect water quantity and quality, and what the long-term 
needs for active or passive treatment of the water will be. 
These details include the final state of waste-rock piles and 
tailing storage facilities, such as the nature of post-closure 
covers, and plans to manage drainage flows off or out of waste 
piles. Likewise, predictions must be made regarding long-term 
water quality in planned pit lakes.

Mining also has the potential to affect aquatic ecosystem 
resources adversely in a variety of ways that must be evalu-
ated and described during the permitting process. Baseline 
characterization is needed to describe pre-mining fish and 
aquatic macro-invertebrate populations. Mine construction can 
affect riparian areas and influence infiltration. Water needed 
for ore processing and beneficiation can influence stream flow. 
Water-management structures, such as ditches and trenches, 
can channel the flow and influence the natural balance of 
erosion and sedimentation in a watershed, which can impair 
aquatic habitat. Dams and other barriers can impede the fish 
movement. Accidental releases of process water or mine 
drainage can degrade quality and affect aquatic biota. Plans 
for water treatment during operation and after closure must 

be described. All these factors are considered as part of the 
permitting process.

Wetlands represent a special case for potential impacts 
associated with mining because they are explicitly regulated 
under the Clean Water Act. They perform a variety of 
important environmental management and filtration functions, 
including groundwater recharge and discharge, flood storage 
and moderation, sediment trapping, and nutrient trapping 
and removal, and they provide habitat. The mine permitting 
process requires that wetland resources be fully documented.

The Quest for Best Practices
As previously noted, 1970 marks both the founding of 

the EPA and the start of the NEPA process that provided an 
environmental planning framework for modern mining sites. 
Passage of this law sparked a review of and an evolution in 
mining practices meant to protect the environment, and that 
review continues today. One measure of the success of the 
law and how it has improved environmental practices associ-
ated with metal mining in the United States is the decreased 
number of mining sites being designated as Superfund sites.

The EPA uses the Hazard Ranking System of CERCLA 
to evaluate the level of contamination at a site (U.S. Envi-
ronmental Protection Agency, 2016). The Hazard Ranking 
System is a numerical screening system that assesses potential 
impacts to both human and environmental (ecological) 
health. It considers groundwater, surface water, soil, and air. 
The assessments are made to determine whether the level of 
contamination at a site is severe enough to warrant inclusion 
on the EPA’s National Priorities List (NPL) (U.S. Environ-
mental Protection Agency, 2015). Placement on the NPL 
designates a site as eligible for cleanup under the Federal 
Superfund program.

The NPL includes both mine sites and related facilities, 
such as smelters and mineral storage facilities. In the 
following discussion, only mine sites are addressed, however, 
because smelters and storage facilities lack the intimate link to 
local geologic and environmental conditions that mines do and 
can be located at some distance from a mine site. Furthermore, 
understanding the environmental impacts at modern mines 
that have also had historical production can be complicated by 
legacy issues that are unrelated to modern mining practices. 
Nonetheless, the history of site placement on the NPL can be 
considered an indication of the progress that has been made in 
environmental protection associated with mine development 
since the passage of the NEPA.

The first listing of mine sites on the NPL (that is, as 
Superfund sites) was published in 1983; all the mines listed 
in that year were old mines that had begun operating in 1900 
or earlier, and some began operating as early as 1800—more 
than 170 years before any sort of guidance on environmental 
protection was available. As of 2016, the NPL includes 
approximately 60 mine sites with diverse mining histories. 
Table B2 is a list of these mine sites, including the dates for 
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Table B2. Historical summary of mine sites placed on the U.S. Environmental Protection Agency’s National Priorities List.—Continued

[EPA, U.S. Environmental Protection Agency; ID, identification; NPL, National Priorities List; n.a., not applicable]

Site name
EPA 

region
State EPA site ID number

Year mining 
started

Year modern 
mining started

Year mining 
ceased

Date listed 
on NPL

Callahan Mining Corp. 1 Maine MED980524128 1880 1968 1972 9/5/2002

Elizabeth Mine 1 Vermont VTD988366621 1809 1942 1958 6/14/2001

Ely Copper Mine 1 Vermont VTD988366571 1821 n.a. 1920 9/13/2001

Pike Hill Copper Mine 1 Vermont VTD988366720 1847 n.a. 1918 7/21/2004

Ore Knob Mine 4 North Carolina NCN000409895 1850 n.a. 1962 9/23/2009

Barite Hill/Nevada  
Goldfields

4 South Carolina SCN000407714 1989 1989 1994 4/9/2009

Brewer Gold Mine 4 South Carolina SCD987577913 1828 1987 1995 4/27/2005

Bautsch-Gray Mine 5 Illinois ILN000510407 1850 n.a. 1970 9/18/2012

Torch Lake 5 Michigan MID980901946 1890 n.a. 1969 6/10/1986

Chevron Questa Mine 
(Molycorp)

6 New Mexico NMD002899094 1920 1965 2013 9/16/2011

Jackpile-Paguate  
Uranium Mine

6 New Mexico NMN000607033 1953 1953 1982 3/15/2012

Tar Creek (Ottawa 
County)

6 Oklahoma OKD980629844 1900 n.a. 1967 9/8/1983

Cherokee County 7 Kansas KSD980741862 1850 n.a. 1967 9/8/1983

Annapolis Lead Mine 7 Missouri MO0000958611 1919 n.a. 1940 7/22/2004

Big River Mine Tailings/
St. Joe Minerals Corp.

7 Missouri MOD981126899 1929 n.a. Historical 10/14/1992

Madison County Mines 7 Missouri MOD098633415 1840 n.a. Historical 9/29/2003

Newton County Mine 
Tailings

7 Missouri MOD981507585 1850 n.a. Historical 9/29/2003

Oronogo-Duenweg  
Mining Belt

7 Missouri MOD980686281 1850 n.a. 1967 8/30/1990

Southwest Jefferson 
County Mining

7 Missouri MON000705443 1800 n.a. Historical 9/23/2009

Washington County Lead 
District–Furnace Creek

7 Missouri MON000705842 1720 n.a. 1980 3/10/2011

Washington County Lead 
District–Old Mines

7 Missouri MON000705027 1720 n.a. 1980 3/19/2008

Washington County Lead 
District–Potosi

7 Missouri MON000705023 1720 n.a. 1980 3/19/2008

Washington County Lead 
District–Richwoods

7 Missouri MON000705032 1720 n.a. 1980 3/19/2008

California Gulch 8 Colorado COD980717938 1859 n.a. Historical 9/8/1983

Captain Jack Mill 8 Colorado COD981551427 1860 n.a. 1992 9/29/2003

Central City, Clear Creek 8 Colorado COD980717557 1859 n.a. 1950 9/8/1983

Eagle Mine 8 Colorado COD081961518 1880 n.a. 1984 9/17/2001

Nelson Tunnel/Commo-
dore Waste Rock

8 Colorado CON000802630 1890 n.a. 1985 9/3/2008

Smuggler Mountain 8 Colorado COD980806277 1879 n.a. 1920 6/10/1986
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Table B2. Historical summary of mine sites placed on the U.S. Environmental Protection Agency’s National Priorities List.—Continued

[EPA, U.S. Environmental Protection Agency; ID, identification; NPL, National Priorities List; n.a., not applicable]

Site name
EPA 

region
State EPA site ID number

Year mining 
started

Year modern 
mining started

Year mining 
ceased

Date listed 
on NPL

Standard Mine

Summitville Mine

Barker Hughesville  
Mining District

Basin Mining Area

Carpenter Snow Creek 
Mining District

Flat Creek IMM

Libby Asbestos Site

Silver Bow Creek/ 
Butte Area

Upper Tenmile Creek 
Mining Area

Gilt Edge Mine

Richardson Flat Tailings

Iron King Mine– 
Humboldt Smelter

Atlas Asbestos Mine

Blue Ledge Mine

Coalinga Asbestos Mine

Iron Mountain Mine

Klau/Buena Vista Mine

Lava Cap Mine

Leviathan Mine

New Idria Mercury Mine

Sulphur Bank  
Mercury Mine

Salt Chuck Mine

Blackbird Mine

Bunker Hill Mining and 
Metallurgical Complex

Stibnite/Yellow Pine  
Mining Area

Black Butte Mine

Formosa Mine

Fremont National Forest/
White King and Lucky 
Lass Uranium Mines

Midnite Mine

Silver Mountain Mine

8

8

8

8

8

8

8

8

8

8

8

9

9

9

9

9

9

9

9

9

9

10

10

10

10

10

10

10

10

10

Colorado

Colorado

Montana

Montana

Montana

Montana

Montana

Montana

Montana

South Dakota

Utah

Arizona

California

California

California

California

California

California

California

California

California

Alaska

Idaho

Idaho

Idaho

Oregon

Oregon

Oregon

Washington

Washington

CO0002378230

COD983778432

MT6122307485

MTD982572562

MT0001096353

MT0012694970

MT0009083840

MTD980502777

MTSFN7578012

SDD987673985

UTD980952840

AZ0000309013

CAD980496863

CAN000906063

CAD980817217

CAD980498612

CA1141190578

CAD983618893

CAD980673685

CA0001900463

CAD980893275

AK0001897602

IDD980725832

IDD048340921

IDD980665459

OR0000515759 

ORN001002616

OR7122307658

WAD980978753

WAD980722789

1874

1870

1879

1890

1880

1909

1920

1882

1870

1876

1870

1904

1963

1904

1962

1860

1868

1861

1863

1854

1865

1905

1902

1883

1930

1890

1910

1958

1955

1928

n.a.

1984

n.a.

n.a.

n.a.

n.a.

1963

n.a.

n.a.

1986

1953

n.a.

1963

n.a.

1962

n.a.

n.a.

n.a.

1951

n.a.

n.a.

n.a.

n.a.

n.a.

1979

n.a.

1990

1958

1955

n.a.

1974

1992

1975

1960

1940

1953

1990

Active

1930

1992

1981

1969

1979

1930

1974

1963

1970

1943

1962

1975

1957

Historical

1982

Active

1991

Historical

1993

1965

1981

1965

9/14/2005

5/31/1994

9/13/2001

10/22/1999

9/13/2001

9/23/2009

10/1/2002

9/8/1983

10/22/1999

12/1/2000

2/7/1992

9/3/2008

9/21/1984

9/16/2011

9/21/1984

9/8/1983

4/19/2006

1/9/1999

5/11/2000

9/16/2011

8/30/1990

3/4/2010

5/10/1993

9/8/1983

9/13/2011

3/4/2010

9/19/2007

4/25/1995

5/11/2000

6/10/1986
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the historical start of mining, the start of modern-style mining, 
the end of mining (that is, when mining stopped), and the mine 
site’s year of placement on the NPL. Figure B2 shows this 
information in graphical form.

A few of the sites, such as the Coeur d’Alene mining 
district in Idaho (Bunker Hill) and the Butte mining district in 
Montana, have been mined more or less continuously since the 
late 1800s. Other historical mines saw early production and 
then became inactive because of ore depletion or significant 
decreases in metal prices, only to restart in modern times 
once metal prices increased or technological advances made 
production economically viable once again. Other sites began 
modern-style mining but before environmental protection 
requirements were in place (that is, before 1970). The term 
“modern-style mining” generally refers to mines that began 
operation after 1940, and is meant to include such practices as 
froth flotation for separation of ore concentrates as opposed 
to the hand-sorting of ores employed historically, and cyanide 
leaching of gold as opposed to mercury amalgamation. A final 
group of mines on the NPL is the set that went through the 
NEPA process for permitting.

The first mine that was permitted through the NEPA 
process (Summitville, Colorado) began operation under a 
new permit in 1984 and was designated as a Superfund site 
(placed on the NPL) in 1994 (table B2; fig. B2). Another mine 

permitted in 1979 (Stibnite/Yellow Pine, Idaho) was not listed 
on the NPL until 2011. For the mines listed on the NPL, the 
shortest time between the start of production and listing on 
the NPL is 3 years (Formosa, Oregon), and the longest time is 
32 years (Stibnite/Yellow Pine, Idaho). The most recent mine 
to be permitted through the NEPA process and placed on the 
NPL began operation in 1990. No new mine permitted in the 
United States since 1990 has had significant enough environ-
mental issues to warrant placement on the NPL, even though 
numerous mines have gone into production since 1990 (Long 
and others, 2010, p. 22).

For more than two decades, the quest for best environ-
mental practices associated with mining has seen an increased 
level of coordination and cooperation among public and 
private stakeholders. It has motivated mining companies, 
government regulatory agencies, government land manage-
ment agencies, government science agencies, and academia 
to work together to identify, investigate, and promote envi-
ronmental best practices in mining. The level of cooperation 
among mining companies in this effort is especially notable 
because the companies seek competitive advantages over one 
another in most other aspects of their businesses. Collabora-
tions on environmental best practices are generally made 
through consortia that involve various groups of stakeholders, 
professional conferences that facilitate the exchange of 
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EXPLANATION

Figure B2. Graph showing dates associated with all the mine sites on the U.S. Environmental 
Protection Agency’s National Priorities List (NPL). Dates, which correspond to those listed in table B2, 
include the historical start of mining, the start of modern-style mining, the end of mining, and the date 
of placement on the NPL. Vertical lines connect the dates for individual sites. The figure includes sites 
that started operation before the enactment of the National Environmental Policy Act (NEPA) of 1969 
(42 U.S.C. §4321 et seq.) as well as the one that started operating after its enactment.
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information, technology transfer efforts through workshops 
and other training courses, knowledge-gap-driven research, 
and the publication of print and Web-based resources.

Membership in these consortia spans the range of from 
highly selective membership to open membership (table B3). 
At the highly selective end are such groups as the Inter-
national Network for Acid Prevention (INAP), which is 
made up of representatives from major mining companies. 
More inclusive organizations, such as the Canadian Mine 
Environment Neutral Drainage (MEND) program or the 
American Acid Drainage Technology Initiative (ADTI), 
include the mining industry, their consultants, government 
agencies at all levels, nongovernment organizations, and 
academia. Because of their overlapping goals, these consortia 
interact extensively, mostly through jointly sponsored 
professional conferences.

Numerous “best practices” publications and case studies 
have resulted from the efforts of these consortia. For example, 
the INAP produced its online Global Acid Rock Drainage 
Guide (GARD Guide), which describes best practices for the 
prediction, prevention, and management of drainage produced 
from sulfide mineral oxidation, including metal leaching and 
acid generation (International Network for Acid Prevention, 
2014). Canada’s MEND program releases best practices and 
case study reports on its Web site (http://mend-nedem.org). 

The American ADTI publishes a series of workbooks on 
management technologies for waters affected by metal mining. 
To date, topics include the basics of metal-mining-influenced 
water (McLemore, 2008); the mitigation of metal-mining-
influenced water (Gusek and Figueroa, 2009); and the 
characteristics, predictive modeling, and sustainability of mine 
pit lakes (Castendyk and Eary, 2009). Other workbooks are 
in preparation.

Mine Permitting and Planning  
Process Overview

Mine permitting is a laborious process that must consider 
not only planning for mine development, but also planning 
for environmental protection during mining and after mine 
closure. The permitting process varies, depending on whether 
the mine will be located on private land, State land, or Federal 
land, although many aspects of the permitting process are 
similar among the location types.

In the United States, numerous permits are required 
to identify, develop, operate, and close a mine (Arizona 
Department of Mines and Mineral Resources, 2015). For 
State and Federal lands, permits may also be needed for 

Table B3. Selected consortia devoted to identifying and implementing environmental best practices associated with mining.

Consortium Host country
Founding 

year
Membership Focus

Acid Drainage Technology 
Initiative (ADTI) 
http://www.osmre.gov/
programs/tdt/adti.shtm

United States 1995 (coal); 
1998 (metals)

Mining industry, government, 
academia, nongovernmental 
organizations

Promote advances in acidic drainage 
prediction, prevention, control, 
sampling and monitoring, and 
treatment. Includes both coal and 
metal mining sectors.

International Network for  
Acid Prevention (INAP) 
http://inap.com.au/

International 1998 Mining companies Reduce liability associated with  
acid mine drainage related to 
sulfide mine materials.

International Council on Mining 
and Metals (ICMM) 
http://www.icmm.com/

International 2001 Mining companies, industry 
associations

Sustainable development perfor-
mance in the mining and  
metals industries.

Mine Environment Neutral 
Drainage (MEND) 
http://mend-nedem.org

Canada 1989 Mining industry, Federal and 
Provincial governments, 
academia, nongovernment 
organizations

Develop technologies to prevent  
and control acidic drainage.

Partnership for Acid Drainage 
Remediation in Europe 
(PADRE) 
http://www.padre.imwa.info

Europe 2003 Mining industry, government, 
academia, nongovernmental 
organizations

Promote dissemination of knowledge 
of current best practices and 
innovations relating to acidic 
drainage prediction, prevention, 
and remediation with a  
European emphasis.

http://www.gardguide.com
http://mend-nedem.org
http://www.osmre.gov/programs/tdt/adti.shtm
http://www.osmre.gov/programs/tdt/adti.shtm
http://inap.com.au/
http://www.icmm.com/
http://mend-nedem.org
http://www.padre.imwa.info
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mineral exploration. Permits for groundwater use, surface-
water use, and wastewater treatment and discharge are also 
required. These permits are designed to protect water quality 
and quantity in groundwater aquifers, streams, lakes, and 
wetlands. They cover all aspects of water management at a 
mine site. The storage and use of chemicals, explosives, fuel, 
and oil at mine sites require a number of permits. Lease agree-
ments must be established that include a geologic evaluation; 
an economic feasibility study; an environmental assessment; 
and mine operation, reclamation, and closure plans. The 
agreements must also include archeological and biological 
surveys. A number of permits govern water and solid-waste 
management at mine sites. A variety of air-quality permits may 
be required to cover emissions and dust. Permits also cover 
flood control, construction, and worker safety, among other 
aspects of mine operation.

Bonding, also known as financial assurance, is an 
important part of the mine permitting process. Companies 
are required to furnish a bond to cover the estimated costs of 
mine reclamation and closure. Financial assurance is a topic 
of significant concern during mine permitting because of the 
difficulty in making accurate estimates of reclamation and 
closure costs. Mining companies prefer to have bonds set as 
low as possible, whereas regulators seek to ensure that bonds 
are adequate for successful reclamation. A notable example 
of an inadequate bond is the Summitville Mine, which is 
a heap-leach gold-mining operation in Colorado. Galactic 
Resources Ltd. declared bankruptcy in 1992 and abandoned 
the site. The bond was $4.7 million, and although the EPA and 
the State of Colorado obtained an additional $28 million from 
the bankruptcy proceedings, the total cost of the cleanup has 
exceeded $150 million, which has been funded mostly through 
Federal and State taxes (Warhurst and Mitchell, 2000).

The time required to permit, construct, and commission a 
mine in the United States can be significant. Long and others 
(2010, p. 22) summarized the permitting and production history 
for recent mines (including uranium) in the United States. The 
time from the start of permitting to initial production ranged 
from 2 to 22 years and averaged approximately 10 years. The 
comprehensive regulatory environment in the United States 
requires environmental studies, due diligence for financing, 
permit application and approval, and public participation at 
multiple steps in the process, each contributing to the time 
from the start of the process to initial production. This time-
frame for permitting encompasses the time needed to discover 
and develop an orebody and to conduct the engineering studies 
necessary to design and build a mine.

Geoenvironmental Models
The environmental footprint of a mine is complex 

and depends upon a number of factors. Mine design, 
environmental protection planning, and closure must all 

be customized to the unique geologic and geographical 
characteristics of the deposit to be mined. In many cases, 
the quest for best environmental practices can obscure the 
important influences that the geologic characteristics of an 
ore deposit have on its environmental behavior. A means of 
linking the geologic characteristics of a mineral deposit to 
its potential environmental effects, either in its undeveloped 
state or as a mine, is through the “geoenvironmental model” 
concept developed by the U.S. Geological Survey (USGS). 
A geoenvironmental model of a mineral deposit is defined 
as “a compilation of geologic, geochemical, geophysical, 
hydrologic, and engineering information pertaining to the 
environ mental behavior of geologically similar mineral 
deposits (a) prior to mining, and (b) resulting from mining, 
mineral processing, and smelting” (Plumlee and Nash, 1995, 
p. 5; Seal and Hammarstrom, 2003). Geoenvironmental 
models are currently largely descriptive in nature. They 
represent empirical compilations of data that provide a 
powerful predictive capability of possible ranges of environ-
mental signatures. The models are best used as guidelines for 
potential ranges of environmental challenges that may apply 
to the site. They provide guidance for the early stages of 
mine development (prefeasibility stage) to be supplanted by 
site-specific data collected after a resource has been identified.

The geologic characteristics of a mineral deposit type 
influence approaches for mineral production, which, in turn, 
influence the potential environmental impacts. Geologic factors 
include the geographic distribution of mineral deposits; the 
depth of the mineral deposit; the mineralogy of the deposit; the 
grain size of the ore minerals; the ore grade; and the tonnage of 
ore (DeYoung and Singer, 1981). Climate is also an important 
factor in determining the environmental characteristics of a 
mineral deposit. Mineral deposits that are developed in wet 
climates have a greater probability of affecting surface-water 
resources, whereas impacts to groundwater resources are a 
greater concern in arid climates. The depth of the deposit 
dictates whether it will be developed by underground or open 
pit mining methods. Open pit mines require greater volumes of 
waste rock to be removed to access the ore. The mineralogy of 
the ore determines a number of the environmental properties 
of the ore and waste, such as their acid-generating potential. 
Pyritic waste rock requires special management to mitigate acid 
mine drainage. The grain size of the ore influences the distinc-
tion between ore and waste because fine grinding may be cost 
prohibitive. More grinding also increases the energy require-
ments for a mine, and therefore, its carbon footprint. The ore 
grade determines how much of the processed ore becomes 
waste. Further, the environmental footprint of a mineral deposit 
varies with its stage of mineral production; at the exploration 
stage, potential environmental impacts are the lowest, but the 
potential impact increases through the mine-development stage 
to the mineral-production (mining) stage (Eggert, 1994).

The USGS has been developing geoenvironmental 
mineral deposit models for more than two decades. Preliminary 
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models were completed in 1995 (du Bray, 1995). Since then, 
individual deposit models have been refined, such as those 
for base- and precious-metal massive sulfide deposits and 
gold deposits (Seal and Hammarstrom, 2003). Furthermore, 
environmental features of mineral deposits have been included 
in updated mineral deposit models for a variety of mineral 
deposits, including Mississippi Valley-type lead-zinc deposits 
(Leach and others, 2010); porphyry copper deposits (John and 
others, 2010); volcanogenic massive sulfide deposits (Shanks 
and Thurston, 2012); porphyry molybdenum deposits (Taylor 
and others, 2012); stratiform chromite deposits (Schulte and 
others, 2012); beryllium deposits (Foley and others, 2012); 
sedimentary-hosted cobalt-copper-gold deposits (Slack, 2013); 
nickel-cobalt laterite deposits (Marsh and others, 2013); 
rare-earth-element deposits (Verplanck and others, 2014); and 
magmatic nickel-copper-(platinum-group-element) deposits 
(Schulz and others, 2014).

Future Trends
Future trends in mining will likely have major implica-

tions for environmental protection—some positive and some 
negative. Some of these trends are the result of the increasing 
challenge inherent in making new discoveries coupled with 
increased demand for mineral commodities and the associated 
increase in the price of those commodities. Other trends are 
the result of a desire for more sustainable mining practices. 
These trends include the move toward the mining of lower-
ore-grade, large-tonnage deposits; increasing awareness of 
the carbon footprint of mining operations; and addressing 
the water requirements for larger scale mining operations in 
a context of predicted global increases in drought conditions 
resulting from climate change.

The trend to mine lower grade, larger tonnage deposits 
is motivated by several factors (Mudd, 2007a, b; 2010). One 
is the depletion of high-grade deposits near Earth’s surface, 
which has driven explorers to seek deposits at greater depth 
and (or) of lower grade. The lower grades necessitate finding 
deposits of larger size to achieve greater economies of scale. 
The economic feasibility of mining lower grade deposits has 
also been made possible by technological breakthroughs, 
such as solvent extraction and electrowinning of low-grade 
copper ore (a heap-leaching technique), in situ leaching for 
uranium, carbon-in-pulp extraction of gold, and other hydro-
metallurgical techniques. From an environmental perspective, 
these techniques will likely lead to larger waste rock piles 
and tailings storage facilities that will require mitigation and 
long-term management. Other trends that have important 
environmental ramifications include the use of more cyanide 
at gold mines, increased energy use, and increased water use.

Increased energy use is correlated with increased 
greenhouse-gas emissions (Mudd, 2007b, 2010). This correla-
tion has raised concerns about greenhouse-gas emissions 

associated with mining and the carbon footprint of mining in 
general. The desire to lower the carbon footprint of mining has 
motivated recent research in the feasibility of storing carbon 
dioxide in mine waste through mineral-carbonation reactions. 
Mine waste that contains magnesium-silicate minerals appears 
to be the most amenable for carbon sequestration through 
the engineered formation of magnesium-carbonate minerals. 
Candidate mine wastes include those from platinum-group-
metal deposits, magmatic nickel-copper deposits, asbestos 
deposits, and diamond deposits (Rollo and Jamieson, 2006; 
Pronost and others, 2011; Vogeli and others, 2011; Assima and 
others, 2014). The volume of this material may contribute to 
the development of “carbon-neutral” mines in the future.

Water management is an important issue at mines, 
both because of the quantity of water used at mines and the 
potential effect of mining on water quality. Resolving this 
issue is likely to become more pressing in the future if the 
frequency of droughts increases owing to climate change, as 
is widely predicted. A number of factors influence water use 
at mines, including climate, the ore-processing method used, 
mine design (for example open pit, underground, and in situ 
leaching), mine size, and material transport (for example, 
by slurry pipeline or by truck). There is a strong correlation 
between lower grade ores and increased water use for base 
(copper, lead, nickel, and zinc) and precious-metal (gold, 
silver, and platinum-group metal) mines, uranium mines, 
and diamond mines (Mudd, 2008). Thus, the trend toward 
mining lower grade ores is likely to result in increased water 
use at future mine sites and to have greater impacts on water 
availability in areas around mines.

Summary
Although the connection between society and mining 

began in the Stone Age when human ancestors first began 
fashioning tools from stone, policies and laws for managing 
the impact of mining on the environment have been in place 
for only a few decades. The steady and rapid growth of the 
global population since the start of the Industrial Revolution 
means that the amount of land available to provide for all our 
material needs is continuing to decrease on a per capita basis. 
With this increasing population comes increased demand 
for mineral resources, and meeting this demand is likely to 
become more challenging as near-surface high-grade deposits 
are depleted. A future trend with respect to mining will prob-
ably be toward the mining of larger deposits with lower grade 
ores. This trend will pose new environmental challenges, 
including how to manage greater volumes of mine waste, how 
to deal with increased greenhouse gas emissions resulting 
from the mining of larger volumes of ore, and how to address 
the increased water-resource needs of larger scale mines while 
still meeting the water requirements of areas near the mine for 
such uses as agriculture, drinking water, and sanitation.
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