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Chapter 1

AN EARTH-SYSTEM SCIENCE TOOLKIT FOR ENVIRONMENTALLY FRIENDLY
MINERAL RESOURCE DEVELOPMENT

G.S. Plumlee! and M.J. Logsdon?
1U.S Geological Survey, Box 25046, MS 973, Federal Center, Denver, CO 80225-0046
2Geochimica, Inc., 206 North Signal, Suite M, Ojai, CA 93023

INTRODUCTION

Environmental issues have become important, if not critical,
factors in the success of proposed mining projects worldwide. In
an ongoing and intense public debate about mining and its per-
ceived environmental impacts, the mining industry points out that
there are many examples of environmentally responsible mining
currently being carried out (e.g., Todd and Struhsacker, 1997). The
industry also emphasizes that the majority of mining-environmen-
tal problems facing society today are legacies from the past when
environmental consequences of mining were poorly understood,
not regulated, or viewed as secondary in importance to societal
needs for the resources being extracted. On the other hand, envi-
ronmental organizations (e.g., Mineral Policy Center, 1999) point
to recent environmenta problems, such as those stemming from
open-pit gold mining at Summitville, Colorado, in the late 1980s
(see Summitville summaries in Posey et al., 1995; Danielson and
Alms, 1995; Williams, 1995; Plumlee, 1999), or those associated
with a 1998 tailings dam collapse in Spain (van Geen and Chase,
1998), as an indication that environmental problems (whether
accidental or resulting from inappropriate practices) can still occur
in modern mining. Recent legislation imposing a moratorium on
new mining in Wisconsin, and banning new mining in Montana
using cyanide heap-leach extraction methods further underscore
the seriousness of the debate and its implications for mineral
resource extraction.

In this debate, one certainty exists: there will always be aneed
for mineral resources in developed and developing societies.
Although recycling and substitution will help meet some of the
world's resource needs, mining will always be relied upon to meet
the remaining needs. The challenge will be to continue to improve
the ways in which mining is done so as to minimize its environ-
mental effects.

The earth, engineering, and life sciences (which we group here
under the term “earth-system sciences,” or ESS for short) provide
an ample toolkit that can be drawn upon in the quest for environ-
mentally friendly mineral resource development. The papers in
this two-part volume provide many details on toolsin the scientif-
ic toolkit, and how these tools can be used to better understand,
anticipate, prevent, mitigate, and remediate the environmental
effects of mining and mineral processing.

As with any toolkit, it is the professiona’s responsibility to
choose the tool(s) best suited to a specific job. By describing the
tools now available, we do not mean to imply that all of these tools
need even be considered at any given site, nor that there are no
other tools that may be useful. Rather, our intent is to provide a

brief overview of many of the tools in a growing toolkit and to
illustrate ways in which they can be applied in all phases of envi-
ronmentally-friendly mineral resource development, including
exploration, mine planning and development, mitigation, and
remediation.

OTHER SOURCES OF INFORMATION

There are anumber of other excellent sources of general infor-
mation on the environmental effects of mining, or that address
specific aspects of environmental processes as they relate to min-
ing.

Recent textbooks or overview books on minera resources,
mining, and their associated environmental issues include Kesler
(1994), Holland and Petersen (1995), Ripley et a. (1996) and
Hudson et a. (1999, in press). There are also many sources of
information about the topic that reflect the perspective of the
groups that publish the information. Da Rosa and Lyon (1997)
present an overview of mining's environmental impacts from the
perspective of an environmental advocacy organization, the
Mineral Policy Center. The U.S. Environmental Protection
Agency (U.S. EPA, 1997) recently published a CD-ROM about
hardrock mining and related environmental issues from the per-
spective of an environmental regulatory agency. A multi-volume
book set was aso published by the Australia Environment
Protection Agency (1997).

A large number of general information sources on mining-
environmental issues have appeared on the internet in the last sev-
eral years. These include, for example, web sites sponsored by
government agencies (such as USGS MDIG, 1999; MEND,
1999), mining-environmental consultants (such as Enviromine,
1999), the mining industry (National Mining Association, 1999),
and environmental groups (such as the Mineral Policy Center,
1999). Email discussion groups such as the Enviromine list serv-
er (accessible through the Enviromine web site) have also been
established. These web sites, as well as several registries for envi-
ronmental and earth science web sites (such as USGS Earth and
Environment, 1999) provide many links to other sites that have
earth science or environmental content. We have included in the
reference list these and a number of other web sites that are cur-
rent as of early 1999.

There are a number of journals and volumes available with
papers that discuss the environmental aspects of mining from a
geologic, geochemical, or ecological standpoint, including: the
journals Applied Geochemistry, Contaminant Hydrology,



Environmental Geochemistry and Health, Environmental
Geology, Environmental Science and Technology, Mine Water and
the Environment, Journal of Geochemical Exploration, Journal of
Hydrology, Science of the Environment, and Water Resources
Research; and multi-paper conference proceedings or summary
volumes such as Jambor and Blowes (1994), Alpers and Blowes
(1994), Posey et a. (1995), and du Bray (1995).

TOOLSIN THE SCIENTIFIC TOOLKIT

A large number of techniques developed for earth-system sci-
ence investigations are also directly applicable to mineral-envi-
ronmental issues (Table 1.1), and include: geologic characteriza-
tion studies (geologic mapping, mineralogic characterization,
structural analysis); mineral deposit models and geoenvironmen-
tal models of mineral deposits; mineral resource, mineral-environ-
mental, ecosystem, and abandoned mine lands assessments; geo-
chemical characterization of waters, soils, sediments, plants, mine
wastes, mineral processing wastes, and other media; other geo-
chemical studies (laboratory simulation experiments, geochemical
modeling, stable and radiogenic isotopes, age dating); geophysical
characterization (including a variety of field methods such as
resistivity, ground-penetrating radar, and seismic tomography sur-
veys, and remote methods such as aeromagnetic and airborne elec-
tromagnetic surveys); remote sensing surveys, biological, toxico-
logical, and ecological characterization and testing; and geospatial
databases and geographic information systems (GIS) analysis of
the data in the databases. Interdisciplinary studies that integrate
these tools provide truly powerful insights into the environmental
impacts of mineral deposits, mining, and mineral processing.

ESS information and tools can be used to help plan and imple-
ment al phases of environmentally friendly minera resource
development, from exploration through mine design, permitting,
production, and closure, to environmental remediation of past
mining and processing operations. In our following discussion of
the ESS toolkit, we will progress through each of the phases of
mineral-resource development and discuss the types of tools that
are useful in each phase.

There are many spatial scales at which the ESS tools can be
applied, and vary from: global-scale (such as global mineras
information databases, and mineral-deposit or geoenvironmental-
deposit models based on global deposit occurrences); to national-,
regional-, or sub-regional-scale (such as regional geochemical or
geophysical surveys and databases); to district- or deposit-scale
(such as studies of the geology and mineral zoning within a min-
eral deposit or mining district, or studies of water quality within a
district); to mine- or site-scale (e.g., studies of mineral zoning in a
mine); to mine-working-scale (such as seasonal studies of water
compositions draining a particular adit); down to hand sample-
and microscopic-scale (e.g., mineraogical characterization of ore
and gangue minerals, or characterization of colloids or suspended
particulates that sorb metals in mine-drainage streams). In Table
1.1, we have listed the ESS toolsin avery general order of increas-
ing spatial detail at which they can suitably be applied; however,
many of the tools can each be applied at avariety of spatial scales.

Many of the ESS tools can be applied at a variety of temporal
scales as well. For example, regional geophysical or geochemical
surveys may be sufficiently complex and costly that they cannot
be repeated on a regular basis; however, some regional geochem-
ical surveys may be worth repeating after an extended period of

G.S. PLUuMLEE AND M.J. LOGSDON

time to measure long-term shifts in the geochemical landscape.
On the other hand, more local studies such as water quality stud-
ies may need to be be carried out on a regular basis (such as
hourly, weekly, or monthly) to address short-term variations that
result from diurnal, event-driven (such as a storm-related), or sea-
sonal processes.

A water shed basisfor environmentally friendly
mineral resour ce development

In recent years, there has been a general recognition on the part
of both scientists and regulators that the watershed (the area
drained by ariver or stream) is afundamental basis for character-
izing and understanding many of the environmental effects of
mineral deposits, mining, and mineral processing. Watershed
boundaries are natural hydrologic barriers that limit the flows of
surface waters and most ground waters to within the watershed.
The environmental effects of mineral deposits on a watershed are
strongly influenced by the compositions of the watershed ground
waters, surface waters, and sediments derived from the rocks
within the watershed, which are in turn a function of the climate,
geology, and ecology of the watershed. The major exceptions to
this are particulates or gases transported by wind between water-
sheds (such as smelter emissions or windblown dust from mine
waste or tailings piles), or ground water that, due to regional topo-
graphic gradients or the presence of conductive geologic struc-
tures, flows between watersheds (e.g., Winter et al., 1998). In our
discussion, we will highlight how mineral-environmental charac-
terization, prediction, mitigation, and remediation are generally
best carried out within a watershed context.

DATABASESAND GISANALYSIS

Increasingly, mineral-resource and mineral-environmental
decisions are being made on the basis of earth-system science
data. Many of these data are being compiled in vast digital data-
bases and interpreted using GIS analysis. The coverages of data-
bases range in scale from global (for example, data on the global
occurrences of mineral deposits) to microscopic (for example,
data on microscopic variations in composition of a single mineral
from amineral deposit).

The sheer number and size of databases available for interpre-
tation present formidable challenges in how to organize and inter-
pret multiple data sets that are relevant to a particular problem.
Increasingly, geospatial data (those that vary according to geo-
graphic location) are being interpreted digitally using GIS analy-
sis. GIS analysis provides ameans for integrating and interpreting
diverse geospatial datasets (or layers) such as land-use, popula-
tion, topography, climate, ecosystem, geology, geochemistry, min-
ing, remote sensing, and many others. It allows the user to under-
stand and quantify complex relationships between the data layers
that are not readily apparent when examined separately. The the-
ory of GIS analysis, as well as its applications to earth science
issues, are summarized by Bonham-Carter (1994). Both databas-
es and the GIS engines used to interpret the databases are becom-
ing more and more available on the Internet; we have provided in
the references the Internet addresses for examples of such data-
bases and GIS engines.
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TABLE 1.1—Scientific tools that are useful for successful mining-environmental prediction, mitigation, and remediation. For most of the tools, we
have included one or more general references, as well as one or more references that illustrate application of the tool in atopical study. References
from this two-volume set are indicated in italicized text. Other useful references are shown in plain text.

Tool

References

Use

Geographic Information Systems
(GIS) Analysis

Bonham-Carter (1994); Lee (1999
in press); Lee et al. (1999b in press)

Very useful for integrating large amounts of geospatial data and
interpreting spatial relationships between diverse data types.

Earth science databases, maps,
and GI S coverages

e Minerals information

 Mine site and production data
(eg., USGSMASMILS)

» Mineral exploration databases
« Significant deposit databases
* Deposit geology, mineralogy

databases
* Regional geochemistry surveys,

databases (“|andscape geochemistry”)

* Regional geophysics
databases

* Regional geology maps, databases

* Regional lithology maps, databases

* National or regiona seismic
hazards maps, databases

* National or regional landslide
hazards maps, databases

USGS Minerals Information (1998);

Natural Resources Canada (1999)

Babitzke et a. (1982); Berg and
Carillo (1980); Ferderer (1996);

McCartan et d. (1998); USGS Minera

Data Bases (1999 in press)
Wilburn (1998)

Bookstrom et al. (1996)

USGS Mineral Data Bases (1999
in press)

Smith (1997); Smith and Huyck (1999)

Saltus and Simmons (1997);
McCafferty et al. (1998)
Schruben et al. (1998)
Raines et al. (1996)

USGS Earthquake Hazards (1999)

USGS Landslide Hazards (1999)

« Data on consumption, production, uses, and recycling of a number
of mineral commaodities are regularly compiled globally, nationally,
and regionally.

« Indicate the locations, commodities, amounts of production, and
other information for present and past mining or processing sites.

« Provide information on exploration activities on a yearly basis,
including the location and commodities sought.

« Provide geologic, production, and commodity information on the
major producing mineral deposits or mineral districtsin aregion.

» Document geologic and mineralogic information at mine sites,
prospects.

« Determine regional variations in the geochemical composition of
rocks, sediments, plants.

» Mapping regional variations in rock magnetic, density, and
radiometric properties provides important insights into regional
variations in rock compositions and crustal structures.

» Geologic maps show the spatial distribution of rock units as differ-
entiated by age, rock type, as well as major structures such as
faults.

« Lithologic maps show the spatial distribution of rock units as dif-
ferentiated by their geologic properties (e.g., rock type, hydrologic
characteristics, acid-neutralizing capacity, etc.).

« Provide information on the risk for potential future earthquakesin
aregion, based on the frequency and magnitude of past earth-
quakes in that region.

« Provide information on the potential hazards for landslides, based
on the distribution of rock units that are geologically prone to
generate landslides.

Climate/hydrologic databases,
maps, GI'S coverages
* Climate

* Precipitation, evapotranspiration
temperature
» Watershed boundaries

» Water discharge, quality

e Water use

NOAA (1999)

NOAA (1999);
Shevenell (1996)

USGS (1982)

USGS Water Data (1999);

U.S. EPA STORET (1999)

USGS Water Data (1999);
Solley et al. (1998)

« Climate plays an important role in influencing the environmental
effects of mining and mineral deposits.

« Influence the amounts and types of vegetation, and the amounts of
surface-water runoff versus ground-water recharge, etc.

» Watersheds are a fundamental basis for understanding the geologic,
climatic, and environmental controls on surface- and ground-water
flow and quality.

 The scale of awatershed boundary can vary from loca (e.g., of a
short stream) to continental (e.g., of amajor river).

* Flow volumes of surface waters and chemical compositions of sur-
face and ground waters as a function of time and space are key to
understanding the potential downstream effects of mineral deposits,
mining, and mineral processing.

« Provide insights into existing water use patterns and availability in
areas where mineral resource development has occurred or may
occur. Water availability may be an important consideration in
resource development in some arid areas.

Ecoregion databases, maps,
GI S coverages

Bailey (1995)

Ecoregions provide a means for interpreting the environmental
effects of mineral deposits, mining, and mineral processing in a
biological context.

The spatia distribution and biological characteristics of ecosystems
are strongly influenced by climate, topography, and geology.
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Tool References

Use

Geologic and geoenvironmental
models of mineral deposits and
rock units

* Geologic mineral deposit models

« Geoenvironmental models of
mineral deposits

Plumlee (1999);
Wanty et al. (1999 in press);
du Bray (1995)

» Geoenvironmental models of rock Plumlee (1999);
units Smith and Huyck (1999);
Miller and McHugh (1999)

Plumlee (1999); du Bray (1995);
Guilbert and Park (1986); Cox and
Singer (1986); Kirkham et a. (1993)

Mineral deposits can be typed according to similaritiesin their
geology, size, and grade, as well as their environmental signatures.
Rock units with similar lithologic characteristics commonly have
similar environmental geology and geochemistry characteristics.

» Mineral deposit models summarize the key geologic, grade, and
size characteristics of geologically similar mineral deposits of a
given type. They also summarize key geologic and geochemical
processes by which the deposits form.

* Are widely used in mineral exploration; can aso provide important
insights into possible environmental issues such as the size of distur-
bance, and geologically associated deposit types.

» Geoenvironmental mineral deposit models summarize the key geo-
logic, size, and grade characteristics of geologicaly similar deposits
that influence environmental signatures and impacts of the deposits.

* Also present empirical data on environmental signatures and
impacts of mineral deposits mined by various methods in different
climates.

« For similar rock types, summarize important environmental
geology characteristics (mineralogy, physical strength, manner in
which the rocks fracture) geochemical characteristics (the content
and geoavailability of trace elements, acid-buffering or acid-
generating minerals, reactivity during weathering), and environmen-
tal signatures in different climates (such as pH, alkalinity, and
major and trace-element contents of drainage waters).

Mineral-resource, mineral environmental,
and geologic ecosystem assessments

* Mineral resource assessments

* Mineral environmental
assessments Leeet a. (1999 in press);

Price et al. (1995)

* Geologic ecosystem assessments
Bookstrom et a. (1996)

Van Loenen and Gibbons (1997);
USGS and Servicio Geolégic de
Bolivia (1992); Light et al. (1997)
Plumlee (1999); Plumlee et al. (1995c);

Frost et al. (1996); Raines et a. (1996);

» Compile and interpret information on the geology and mineral
depositsin a nation or region, with the purpose of estimating the
number of undiscovered mineral deposits of different types present.

» Compile and interpret information on the past, current, and poten-
tial future environmental effects of mineral deposits, mining, and
mineral processing within aregion or area.

» Geology-based assessments interpret the links between geologic
features and ecosystem characteristicsin aregion.

Abandoned mine lands assessments  Nimick and von Guerard (1998);
Price et al. (1995); Pioneer Technical

Government agencies have recently begun assessing the extent of
environmental problems caused by abandoned mine sites. These

Services (1994) assessments, where available, provide valuable information on
environmental issues in historic mining districts.
Geologic characterization
 Geologic mapping (regional-, Plumlee (1999); « Essential for understanding the distribution of rock types, geologic
watershed-, district-, mine-, and ore  Guilbert and Park (1986); and mineralogic zones, wallrock alteration zones, faults, and other
body-scale) Peters (1987) structures that are present at a site or in the surrounding watersheds.
» Mineralogic characterization Smith and Huyck (1999); A knowledge of the minerals and mineral textures, reactivities, and

Plumlee (1999); Nordstrom and

trace element contents of mineral deposits, rocks, soils, and sedi-

Alpers (1999) ments is key to understanding the metals, their geologic form, and
hence their geoavailability and bioavailability at a site.
* Structural analysis NRC (1996);  The distribution, origin, and degree of openness of fractures,
Ramsay and Huber (1987); faults, and joints is an important control on ground-water flow
Plumlee (1999) through a site.
Remote sensing studies Swayze et al. (1996); Images gathered by satellite- or airborne systems can be used to map
King (1995); regional to local variationsin avariety of parameters such as mineral

Leeet a. (1999ain press);
Lillesand and Kiefer (1987);
Clark and Roush (1984)

types and compositions or plant types and health, and therefore to
interpret the distribution of environmental features such as potentially
acid-generating rocks or mine dumps.

Environmental geophysics studies Campbell et al. (1999 in press);
NRC (1996); Custis (1994);

Ackman and Cohen (1994)

Can provide extremely useful information on the geologic and
hydrologic character of the subsurface, as well as on the migration
of contaminants and ground water through the subsurface.

Also aid in the remote (e.g., non-invasive) environmental characteri-
zation of mine waste piles (such as determining the amounts of sul-
fides present in mine wastes, or whether a waste pile is saturated
with water.
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TABLE 1.1—Continued

Tool

References

Use

 High resolution airborne
magnetic surveys

« High resolution airborne
electromagnetic surveys

» Ground penetrating radar
cross-hole seismic tomography

* Induced polarization, electromag-

Grauch and Millegan (1998)

Fitterman (1990);
Garney (1996)

NRC (1996);
Turaet a. (1992)

Campbell et al. (1999);

* New technology permits close flight line spacings that provide
detailed information on spatial variations in the magnetic properties
of rocks, such as differences in rock types or locations of fractures.
These have been successfully used, for example, to map fracturesin
magnetic aluvial sediments, volcanics, and crystalline rocks.

* Useful for identifying the 3-dimensional subsurface distribution of
electrically conductive rock units (such as clay units or water-satu-
rated aquifers) or mineralized ground waters.

» Used to characterize the distribution of fractures in the subsurface.

« Characterize the conductivity of rocks in the subsurface. Can be

netic sounding studies NRC (1996) used to help identify the sulfide content of mine dumps, as well as
the location of water-saturated zones within the mine dumps.
Hydrologic characterization Domenico and Schwartz (1990); Essentia to understanding surface- and ground-water flow through

» Water balance (precipitation vs.
evapotranspiration)

« Surface-water discharge

 Borehole geophysics

» Hydraulic testing (single hole
and multiple hole)

 Tracer studies

Freeze and Cherry (1979)
Shevenell (1996)

Rantz et al. (1982);
Ficklin and Mosier (1999)

Paillet (1993); Paillet et al. (1987);
NRC (1996)

Domenico and Schwartz (1990)

Domenico and Schwartz (1990);
Kimball (1996); NRC (1996);
Kimball et al. (1994); Kimball (1999)

amining or processing site and its surrounding watershed

« The amount of precipitation relative to evapotranspiration is an
important control on the vegetation and amount of surface-water
runoff and ground-water recharge in a watershed or at a site.

» Measuring temporal variations in flow from springs and streams at
asite and in the watershed surrounding a site is crucial to under-
stand the relative effects of water discharges (such as acid-drainage,
etc.) from amine site.

« Acoustic televiewers provide information on the orientation of
fracturesin adrill hole that may transmit ground water.

* Heat pulse flow meters test which of the fracturesin a drill hole
are hydrologically conductive.

 Provides information on rates of ground-water recharge and flow
around awell or set of wells.

* Injection of dyes or chemical tracers into wells, mines, streams,
provides insights into ground-water residence times, interactions
between ground and surface waters, and amounts of mixing with
tributary waters downstream.

Water quality measurements

« Waters with low trace metals

 Waters with high trace metals

« Surface-water sampling

» Ground-water sampling

Horowitz et a. (1994);
Ficklin and Mosier (1999);
Crock et al. (1999)

Ficklin and Mosier (1999);
Crock et al (1999)

Edwards and Glysson (1988);
Horowitz et a. (1990);

von Guerard and Ortiz (1995);
Kimball (1996); Kimball et al. (1994)
Ranville and Schmiermund (1999),
Domenico and Schwartz (1990);
Alley (19933)

Water-quality measurements form the basis of any environmental
study where water quality is an issue.

Proper sampling and analytical procedures are crucia, asis
collection of the different sample types necessary to adequately
characterize the dissolved, colloidal, and suspended particulate
compositions of waters.

* Rigorous field analysis and sampling procedures are needed for
waters with low trace metal contents, in order to minimize contami-
nation during sampling that could generate significant errorsin
results and interpretations.

» Simpler sampling procedures can be used for rapid evaluation of
sites where acid mine waters or other metalliferous waters are
present.

» Care must be taken to collect a representative sample from a sur-
face stream that may be quite variable compositionally across its
width-depth cross section. Point sampling from the stream bank
may likely not be as accurate as integrated cross-section sampling.

» Sampling of waters from wells requires specialized well develop-
ment and sampling procedures to assure collection of representative
samples (for example, to minimize mobilization of solids from
around the wells) and to minimize chemical changes in the sample
(such as oxygenation of reduced waters) during collection.

Geochemical analyses of rocks,
soils, plants, organisms

The geochemical compositions of rocks, soils, sediments, plants
and tissues can provide significant insights into the earth materials
that are sources or sinks for potentially toxic elements, how readily
the elements are mobilized into the environment, and how readily
the elements are taken up by plants and organisms.
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Tool

References

Use

* Rocks, soils, earth materials,
mining and mineral processing
wastes

* Sequential chemical extractions
of solid samples

* Plants and organisms

Crock et al (1999);
Plumlee (1999);
Smith and Huyck (1999)

Crock et al. (1999);
Leinz et al. (1999)

Crock et al. (1999); Dwyer et al.
(1988); Moore et a. (1991);
Gray et a. (1996)

« Total geochemical analyses measure the concentrations of major
and trace elements in solid samples, but provide no indication
of how mobile the elements are.

» Geochemical analyses of solids can be coupled with mineral ogical
characterization to fully understand the mineralogic residences of
potentially toxic elements.

» Measure the concentrations of metals tied up in each of pro-
gressively less reactive solid phases.

« Provide significant insights into the mineralogic residences and
potential geoavailability (Smith and Huyck, 1999) and bioavail-
ability of metals from the solids.

* Chemical analyses of metals in tissues provide important informa-
tion on how metals are taken up from the environment by plants
and organisms; are often useful to evaluate metalsin plants and
organisms at progressively higher levelsin food chains.

Paleontological analyses
of sediments

Brouwers et al. (1996);
Dallinger and Rainbow (1993);
Mezquita et al. (1997)

Remains of organisms (including frog and fish bones, tests of
microorganisms) in sediments preserve a stratigraphic record of past
water quality in alake, stream, or river.

Geostatistical and other numer-
ical analyses of geochemical data

* Factor analysis

* Kriging

Plumlee (1999); Davis (1973);
Johnston (1980); Alley (1993a)

Davis (1973); Johnston (1980);
Peters (1987); Alley (1993a, b)

Important tools in the interpretation of geochemical data sets

« Very useful for discriminating different trace-element populations
in geochemical data sets (such as natural versus smelter-related
element signatures in soils developed on mineralized rocks).

« Technique commonly used to estimate ore grades in large blocks of
rocks based on the grades of small samplesin drill holes.

Can also be used to estimate amounts of acid-generating sulfides or
acid-consuming carbonates in large volumes of potential waste
rocks based on smaller-volume core samples.

Stable isotope studies

» Hydrogen and oxygen isotopic
compositions of waters, minerals

« Sulfur isotopic compositions of
aqueous sulfate/sulfide,
sulfide/sulfate minerals

» Oxygen isotopic compositions of
aqueous sulfate and sulfate
minerals

» Carbon and/or nitrogen isotopic
composition of carbonates, nitrates,
and cyanide

Ingraham and Taylor (1991);

Coplen (1993); Clark and Fritz (1997);
Hamlin and Alpers (1996);

Rye and Alpers (1997)

Taylor and Wheeler (1994);
Ohmoto and Rye (1979)

Taylor and Wheeler (1994)

Ohmoto and Rye (1979);
Johnson et al. (1998)

Stable isotopes are useful for tracking sources of waters and
contaminants, and for understanding geochemical processes that
modify the waters or contaminants.

« Track sources of ground and surface waters (snowmelt vs. rainfall),
and processes (such as evaporation and water-rock interactions) that
have affected the waters. |sotopic compositions of minerals
indicate processes by which the minerals may have formed, or the
sources of waters from which some minerals formed.

« Track sources of agueous sulfur species (e.g., sulfide oxidation
vs. dissolution of sulfate minerals) and processes (such as bacterial
sulfate reduction) that have affected the sulfur species.

« |dentify sources of sulfate, biological processes that have affected
the sulfate, and relative roles of atmospheric oxygen versus ferric
iron in sulfide oxidation and acid-mine drainage formation.

« Identify sources of aqueous carbonate (atmospheric CO,, soil CO,,
organic contaminants, dissolution of carbonate minerals) or
aqueous nitrate (fertilizers, explosives, cyanide degradation), and
processes that have affected agueous cyanide (bacterial degrad-
tion, volatilization, etc.; Smith and Mudder, 1999)

Radiogenic isotope studies

* Lead isotopes

* Strontium isotopes.

Church et al. (1999); Ostlund et al.
(1995); Gulson et al. (1996);
Faure (1986)

Faure (1986)

| sotopes of elements that result from the radioactive decay of other

elements (for example 238U decays to 2%Ph) are useful for tracking

sources of metals, rocks, and soils.

« Track sources of lead in ores, rocks, soils, waters, organisms. For
example, can help determine the proportions of lead in an environ-
mental sample derived from the weathering of sulfides, local rocks,
smelter emissions, leaded gasoline, paint or other sources.

» Useful for tracing source rocks of soil or sediment materials, or
for identifying rocks with which waters have interacted.

Age dating of earth materials
and waters

Very useful for establishing historical record of natural and anthro-
pogenic contamination, and therefore for helping to establish pre-
mining background and baseline conditions.
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TABLE 1.1—Continued

Tool

References

Use

« 210pp, 137Cs dating of sediments

« 3I9Ar/%0Ar dating; K/Ar dating

« Dating of ground waters
(e.g., tritium, 14C, 36Cl, 85K,
chlorofluorocarbons)

+14C dating of organic material

Robbins (1978);
Ritchie and McHenry (1984);
Van Metre et a. (1997)

Dalrymple et a. (1995);
Vasconcelos et a. (1994)

Plummer et al., (1993); Coplen (1993);

Fontes (1980); Mook (1980);
Kimball (1984); Bentley et a. (1986)

Faure (1986)

* Provide a means for dating recent sediments, such as overbank or
lake sediments. Have been successfully used to track temporal
changes in sediment metal concentrations that result from metal
influx due to historic mining activities.

* Used to date the ages of potassium-bearing rocks, wallrock
dteration, mineral deposits, and secondary minerals.

* A variety of methods are used to date ground waters, each with
its own range of applicability and limitations.

 Useful to date organic matter in soils and sediments.

Laboratory-based geochemical
prediction experiments

« Static mine-waste tests
(acid-base accounting,
net acid production, consumption)

¢ Kinetic mine-waste tests
—Humidity cell tests

—Column, tank tests

¢ Leach tests

—EPA 1311 (TCLP)

—U.S. EPA 1312 (SPLP)

—USGS modified 1312
—USGS field rainfall experiment

Morin and Hutt (1997)

White et al. (1999)
White et a. (1997); Morin
and Hutt (1997)

White et al. (1999);
White and Jeffers (1994);
ASTM (1996); Morin and Hutt (1997)

Filipek et al. (1999);
Logsdon and Basse (1991)

Montour et al. (1998a, b);
U.S. EPA (1986-1995);
U.S. EPA (1995)

U.S. EPA (1986-1995); U.S. EPA
(1995); Montour et al. (1998a, b)

U.S. EPA (1986-1995)

Montour et a. (19983, b)
Montour et al. (1998a)

Useful for modeling and anticipating geochemical conditions that

may result from a variety of environmental processes.

It is challenging to design experimental procedures that adequately

replicate the natural geochemical and physical conditions and rates

that control the processes being modeled, and to use samples

that adequately represent the range of rocks, minerals, and

waters that will actually be present at a mine site.

* Predict the net acid-generating or acid-consuming potential of mine
waste samples, based on chemical analyses of the sulfide and car-
bonate contents of the samples.

e Itisdifficult to ensure that the samples used are representative of
the actual range in mineralogic and geologic characteristics of the
mine wastes.

* Results are optimized when coupled with detailed mineralogic
characterization of the sample to determine which minerals are
generating or consuming acid.

—Humidity cells react samples of mine wastes with humid air to
simulate and predict the compositions of mine-drainage waters that
may form from weathering of the wastes.

—The same rate, scale, sampling, and characterization challenges
exist as with static tests. Many tests are run for multiple weeks to
months

—Test the attenuation capacity of metals or other contaminants by
soils or rocks, the leaching efficiency of metals from ores by
heap leach solutions, or the generation of acid and metals from
mine wastes.

—Tests should be done in conjunction with mineralogical characteri-
zation of the solids.

» Used to simulate and predict the mobility of metals from mine
wastes, smelter slag, soils, or tailings solids as a result of reactions
with rain or ground waters.

* Severa different techniques use different leach solution composi-
tions, amounts of grinding of samples prior to leaching, and
amounts of agitation during leaching.

« Different techniques can produce significantly different results.

* Tests should be done in conjunction with mineralogical characteri-

zation of the solids.

—Extracts metals from <1 cm solids using acetic acid extraction
fluid and extensive agitation.

—Acetic acid extraction fluids (designed to simulate municipal-
industrial landfill waste fluids) over-solubilize Pb from mine
wastes, due to efficient extraction by Pb-acetate complexes.

—Designed to extract metals from <1 cm solids using a slightly
acidic synthetic rainfall extraction fluid and extensive agitation.

—Similar to 1312, but uses much less agitation.

—Sample of mine wastes leached by rainfall passing directly through
sample during rainstorm.
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Tool

References

Use

« Water mixing tests

Plumlee (1999);
Plumlee et a. (1995a)

* Can be used to help simulate potential geochemical impacts of
mine waters or mineral processing waters on water quality in the
surrounding watershed.

* Due to the difficulty in reproducing the actual watershed condi-
tions, these tests should be used as only a guide to the potential
impacts of a water on a watershed.

Geochemical and hydrologic
modeling (computer driven)

* Inverse (mass balance)
geochemical modeling

« Forward (reaction-path)
geochemical modeling

* Hydrologic modeling

 Coupled geochemical and
hydrologic modeling

Alpers and Nordstrom (1999);

Smith (1999); Appel and Reilly (1994);

Domenico and Schwartz (1990)

Alpers and Nordstrom (1999)

Alpers and Nordstrom (1999);

Smith (1999); Coggans et al. (1999)

Mercer and Faust (1981);
Huyakorn and Pinder (1983);
Appel and Reilly (1994);

Folger et al. (1997); NRC (1996)

Alpers and Nordstrom (1999)

Very useful ways to simulate and interpret geochemical and hydro-
logic processes at a site or in a watershed or basin, when used with
the proper recognition of appropriate constraints and limitations.

Most useful when constrained by: detailed chemical and physical
analyses of water samples (temperature, pH, redox, dissolved and
suspended concentrations of major and trace elements), and hydro-
logic data (aquifer tests, tracer studies, recharge/discharge rates, etc.)

* Useful for interpreting the possible amounts of minerals precipi-
tated, gases given off, etc., that produced the change in chemical
composition between water samples along a flow path. Also used to
test hypotheses regarding mixing of water types.

* Useful to anticipate changes in water composition that will result
from environmental processes such as sulfide oxidation, fluid
mixing, water-rock reactions, etc.

* Used to simulate flow of ground waters in subsurface. Most useful
when constrained by field hydrologic data on recharge/discharge
rates, aquifer testing results, etc. Methods to model flow through
porous media (e.g., sandstone aquifers) are well established;
fracture-flow modeling capabilities are still evolving.

* Couple forward chemical modeling with hydrologic flow modeling
to simulate fluid chemistry evolution along flow paths.

Limnology

Cole (1994); Wetzel (1983)

A good understanding of the hydrologic and geochemical character-
istics of lakes is key to anticipating and understanding the devel op-
ment and evolution of open-pit lakes.

Biological Characterization

¢ Microbial characterization

» Aquatic ecology characterization

» Aquatic toxicology tests

e Human health studies

Mills (1999); Brierley (1999);
Nordstrom and Alpers (1999);
Smith and Mudder (1999);
Schrenk et al. (1998);
Chapelle et al. (1993)

Moore et d. (1991);

Dwyer et al. (1988);

Kelly (1999)

Kelly (1999);

Gray and O'Neill (1997);
Moore et a. (1991)

Smith and Huyck (1999);

Krieger et al. (1999); Ross (1999)

Provides needed information on the impacts of mineral deposits,

mining, and mineral processing on humans, other organisms, and

plants.

 Evaluate the types and contributions of microorganisms that con-
tribute to environmental processes such as the formation of acid-
mine drainage, or the degradation of cyanide. Also evaluate the
impacts of metals on microbial communities.

* Integrate data on aquatic organism populations (including fish
and benthic invertebrates) and metal contents of organisms with
data on water quality and stream sediment compositions.

* Laboratory experiments that test the effects of acid waters and
other contaminated waters on the health of aguatic organisms and
insects living near water.

» Examine the effects of metals and minerals on human health.

Examples of process-oriented earth-system science studies

» Watershed characterization studies

« Wetlands studies

 Cyanide geochemistry, degradation

« Element mobility overviews

Miller and McHugh (1999);

Miller et al. (1999); Church et al.
(1999); Kimball (1999); Lambeth

(1999); Posey et al. (1995);
Church et a. (1993, 1997);

Nimick and Von Guerard (1998)

Walton-Day (1999); Clayton et al.
(1999); Wildeman and Updegraf (1997)

Smith and Mudder (1999); Filipek

(1999); Johnson et al. (1998);
Mudder (1999 in press)

Smith and Huyck (1999); Nordstrom

(1999); Wanty et al. (1999)

« Utilize many of the tools listed above to characterize the geologic,
geochemical, hydrologic, and ecological properties of watersheds.

* Characterize the geochemical and biogeochemical processesin
wetlands, which are a common treatment for acid-mine drainage.

* Characterize the processes that degrade cyanide in the environ-
ment.

* Chapters in this volume covering the geochemical and biogeochem-
ical processes that control element mobility in the environment.
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MINERAL EXPLORATION

Mineral exploration decisions are driven by a complex combi-
nation of economic, political, and geologic factors. As environ-
mental mitigation expenses continue to increase in importance to
the economic bottom line of proposed mining ventures, environ-
mental considerations will be increasingly factored into all stages
of mineral exploration projects, including the planning on where
to explore, collection of environmentally pertinent data during
regional exploration, and characterization of specific exploration
prospects. Although the focus of this section is geared toward
mineral exploration, the same information and techniques may
also be applied to a variety of issues such as identification and
remediation of abandoned mine sites, and understanding the
potential environmental effects of past, present, and future miner-
al resource development in aregional or national context.

Exploration planning

Exploration companies have traditionally used mineralsinfor-
mation (e.g., USGS Minera Resources Program, 1999; USGS
Minerals Information, 1999; Natural Resources Canada, 1999) on
the current and anticipated future global uses, production, recy-
cling, and substitution of various mineral commodities to deter-
mine the commodities upon which they focus their exploration
efforts. Mineral production databases and maps (e.g., USGS
Mineral Resources Program, 1999; USGS Mineral Data Bases,
1999 in press; McCartan et al., 1998) compile data on the size,
mining/processing type, and commodities produced by past and
current producing mines and mineral processing facilities, and
provide insights into the global or national distribution of com-
modity production.

Exploration geologists have traditionally guided their explo-
ration efforts with mineral deposit models, which summarize the
key geologic features, processes of formation, and grade-tonnage
relationships of mineral deposit types (a deposit type is agroup of
geologically similar mineral deposits). Deposit types form within
characteristic geologic and tectonic settings; as a result, explo-
ration for deposits of a particular type focuses on geologically and
tectonically favorable portions of the world, as elucidated by
global geologic and tectonic maps and map databases, and miner-
a deposit databases (USGS Mineral Data Bases, 1999 in press).
Palitical considerations (such as long-term political stability),
economic considerations (such as favorable economic incentives,
availability of transportation and other infrastructure, distance
from markets, etc.), and, increasingly, environmental considera-
tions (e.g., the length and complexity of the environmental per-
mitting process) also factor in the decision of where in the world
to explore.

Tools in the ESS toolkit can facilitate incorporation of envi-
ronmental considerations into the earliest phases of mineral
exploration planning. For example, geoenvironmental models of
mineral deposit types (du Bray, 1995; Plumlee, 1999; Wanty et .,
1999 in press) provide an indication of the potential environmen-
tal effects that may need to be mitigated or prevented should a
deposit be developed. These models could therefore help explo-
ration companies decide not to explore for particular types of
deposits that are geologically disposed for environmental prob-
lems requiring high environmental mitigation expenses (such as
pyrite-rich, carbonate-poor deposits that are likely prone to

extreme acid-rock drainage problems). Or, the models could help
focus exploration on deposit types with low environmental miti-
gation expenses, such as deposits with low pyrite contents and
high carbonate contents that are not prone to acid drainage.
Alternatively, the models may help focus exploration geographi-
caly in particular climates. For example, deposit typeslikely to be
acid-generating may be more easily developed with lower envi-
ronmental mitigation expensesin dry climates rather than wet cli-
mates. Or, exploration for acid-generating deposit types in wetter
climates could be focused on higher-grade, lower-tonnage deposit
types; the higher grades could help offset the increased acid-
drainage treatment expenses and the lower volumes of wastes pro-
duced could help reduce acid-drainage generation.

The geoenvironmental mineral deposit models at present do
not compile empirical data on actual environmental mitigation
expenses paid by producing mines. Such a compilation for differ-
ent deposit types in different climates could be very useful in both
an exploration and mine planning context, as it would alow a
more complete economic analysis of potential expenses (including
environmental mitigation expenses) and returns for particular
deposit types.

Environmental considerationsin regional exploration

Environmental data collection and interpretation should be an
integral part of any minera exploration program. Many of the
same earth science data used for the purpose of discovering min-
eral deposits can also aso beinterpreted in an environmental con-
text; the data and interpretations can thus provide advantageous
and timely environmental information for the mine planning and
permitting process, should the exploration program result in the
discovery of an economic minera deposit and development of a
mine. Even if the exploration program is unsuccessful in a partic-
ular region, the compilation of environmental information for that
region during exploration can contribute greatly to the genera
knowledge of environmental conditions developed on minera
deposits or mineralized rocks in particular climates.

For example, regional geologic maps are used by exploration
geologists to focus on areas within regions that are geologically
favorable for the occurrence of particular mineral deposit types.
These maps (when interpreted in a lithologic or rock characteris-
tic context; Raines et al., 1996) can also provide geologists with
important insights into the regional distribution of rock units that
may have particular beneficial or detrimental environmental geol-
ogy characteristics, such as the potential to consume acid in acid-
rock drainage or the potential to themselves produce acid-rock
drainage. Similarly, regional geologic maps identify regional-scale
faults or fractures that may control ground-water flow through a
mine or mineral deposit, or that may be structurally indicative of
other related smaller-scale fractures that control ground-water
movement.

Regional geochemistry surveys measure spatial variations in
the major- and trace-element compositions of rock, soil, sediment,
and plant samples collected over a region (Rose et a., 1979;
Smith, 1997; Plumlee, 1999); they are used in mineral exploration
to help locate and delineate geologic sources (such as economic
mineral deposits) for anomalous trace metals in the samples.
Existing national or regional geochemistry databases, such as the
USGS National Geochemical Database (Smith, 1997; USGS
Mineral Resources Program, 1999) are useful in regions where



10 G.S. PLUMLEE AND M.J. LOGSDON

data coverage is adequate; however, many exploration programs
carry out new geochemical surveys in regions of interest. These
same geochemical data also can be used to establish regional vari-
ations in environmental/geochemical background conditions
(those that exist prior to mining or other human activitiesin pris-
tine areas) and baseline conditions (those that exist at the time of
sampling prior to some anticipated change such as mining). Such
baseline and background information will be crucial to document
the pre-mining environmental geochemistry “landscape” (Smith
and Huyck, 1999) in a region if an economic mineral deposit is
discovered and developed into a mine. Whenever possible, splits
of samples collected as part of a regional exploration geochem-
istry survey should be saved if there is a high likelihood of mine
development in a region, both to provide material for reanalysis
and verification of the survey results, aswell asfor other environ-
mentally oriented analyses that would be helpful for the mine
planning and permitting process (such as sequential chemical
extractions to determine potential metal mobility from the sam-
ples; Crock et al., 1999).

Regional hydrogeochemistry surveys and water quality date-
bases measure spatia variations in the composition (pH, conduc-
tivity, dissolved oxygen, concentrations of major and trace ele-
ments) of surface waters and ground waters throughout a region
(Miller et a., 1982; Smith, 1997; Ficklin and Mosier, 1999; USGS
Water Data, 1999). Exploration geologists have successfully used
these surveysin a variety of climates to help locate and delineate
the extent of mineral deposits that are releasing metals and other
congtituents into ground and surface waters. Although hydrogeo-
chemical surveys carried out as part of mineral exploration pro-
grams are typically not implemented with sufficiently rigorous
sampling, chain-of-custody, and analytical protocols (Ficklin and
Mosier, 1999; Crock et al., 1999) to satisfy environmental permit-
ting and regulatory requirements, they do provide excellent infor-
mation on regional background and (or) baseline water quality
that is present in aregion prior to any mining that may result from
the exploration.

Geostatistical analyses (such as factor analysis) of regional
geochemistry data sets (see example in Plumlee, 1999) can help
discriminate different geologic and (or) anthropogenic sources
that contributed to the overall chemical composition of sediment,
soil, plant, or water samples. Factor analysis can also indicate the
relative contributions of different sources to the overall chemical
makeup of each of the samplesin aregiona survey.

National and regional geophysical databases such asthe USGS
National Geophysical Database (Phillips et al., 1993; USGS
Mineral Resources Program, 1999), interpretive geophysical maps
made from the surveys (Saltus and Simmons, 1997; McCafferty et
al., 1998), and regional geophysical surveys conducted by miner-
a exploration companies are an important component of many
exploration programs. They provide information on the 3-dimen-
sional spatial variationsin magnetic, electromagnetic, gravity, and
radiometric signatures of rocks, and so are particularly useful for
locating concealed mineral deposits that do not crop out at the
ground surface or locating rocks that may be favorable hosts for
mineral deposits. These regiona surveys, which generally are
acquired using airborne geophysical techniques, can also be
extremely useful for interpreting the 3-dimensional distribution of
environmentally important features such as fractures or rock units
that may conduct ground water, or for mapping the distribution of
large volumes of altered, sulfide-bearing rocks that may be poten-
tial sources for acid-rock drainage.

National and regional mineral production databases and min-
eral deposit databases (USGS Mineral Data Bases, 1999 in press;
Ferderer, 1996), significant deposit databases (Bookstrom et a.,
1996), and maps devel oped from these databases (McCartan et al.,
1998; Ferderer, 1996) provide explorationists with guides to the
locations, amounts of production, mining methods used, com-
modities produced, processing types, and geologic characteristics
of present and past producing major mining districts, mine sites
and mineral prospects in a region. This information is useful
because much current mineral exploration is focused on areas of
past or present production. When coupled with geologic mineral
deposit models, the databases can be used to help refine the geo-
logic understanding of the mineral deposits already discovered in
aregion. From an environmental standpoint, these databases are
also very useful for the exploration geologist to gauge the extent
and nature of mining activity that may be contributing to environ-
mental baseline conditions in aregion or watershed.

Mineral exploration databases (Wilburn, 1998) document the
locations of active mineral exploration projects on aregular basis.
These databases not only keep the exploration geol ogists updated
on the activities of their industry, they also provide an indication
of where mineral resource development may occur in the foresee-
able future. When coupled with geologic maps, mineral produc-
tion and deposit databases, mineral deposit models and geoenvi-
ronmental models of mineral deposits, these exploration databas-
es also can be used to help anticipate potential environmental con-
siderations that may accompany foreseeable future development.

Regional remote sensing methods (Lillesand and Kiefer, 1987;
Lee et a., 1999ain press) are commonly used in mineral explo-
ration programs. Multispectral satellite imaging (such as Landsat
Multispectral Scanner, MSS, and Thematic Mapper, TM) mea-
sures the el ectromagnetic spectrum reflected from the Earth’s sur-
face in relatively broad bands, whereas hyperspectral imaging
(such as the Airborne Visible and Infrared Imaging Spectrometer,
AVIRIS; Clark and Roush, 1984) measure the rel ectance spectrum
in much narrower bands. Airborne thermal infrared imaging (such
as the Thermal Infrared Mapping system, TIMS) collects digital
thermal infrared spectra. The satellite techniques offer broad
regional coverage, with generally lower resolution, whereas the
airborne techniques offer somewhat more limited regional cover-
age at higher resolution; however, new satellite systems will bein
place in the near future that will provide both broad regional cov-
erage and high resolution (on the order of 1-2 meters). These dif-
ferent techniques, each with their own capabilities (Lee et d.,
1999ain press) are commonly used to identify the spatial distrib-
ution of mineral types (such as clay alteration and secondary iron
oxide minerals) and vegetation types that are commonly associat-
ed with exposed, westhering mineral deposits (King, 1995;
Swayze et a., 1996). These methods are also used to identify
major structural features (lineaments) in the Earth’s crust thought
to be zones of weakness that help localize mineral deposits. In an
environmental context, remote sensing data provide the explo-
ration geologist with important insights into the distribution and
extent of mineralized rocks that may be contributing to natural
environmental variations in a region or watershed. If sufficiently
high resolution, the remote sensing techniques may also map the
in-stream distribution of secondary minerals formed from weath-
ering of mineral deposits (King, 1995).

Other national and regional geospatial databases provide
insights useful for both exploration and environmental purposes.
For example, data in regiona climate databases and maps
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(NOAA, 1999) can be used to estimate the spatial and seasonal
variations in temperature, precipitation and evapotranspiration,
which influence both the way that mineral deposits weather and
the resulting environmental signatures of unmined mineral
deposits and mining operations. Hydrologic databases and maps
showing the locations of streams, rivers, and watershed bound-
aries (USGS, 1982), water flow data (USGS Water Data, 1999),
and the ground-water component of stream flow (Winter et a.,
1998) all provide information that can be used to understand bet-
ter the spatial and temporal variations in hydrology of a region.
The spatial distribution of ecosystems is closely linked to varia-
tions in climate. Ecoregion databases and maps (Bailey, 1995)
provide insights into the distribution of vegetation and animal
communities likely to be present in a region, and therefore that
may be affected by mining. A variety of other geospatial databas-
es containing pertinent information on roads, land use, land clas-
sification, cultural features, topography and other information are
aso readily available through the Internet for a number of coun-
tries and regions within countries.

Mineral resource, mineral-environmental, and ecosystems
assessments

National, regional, and land-unit mineral resource assessments
(USGS and Servicio Geolégic de Bolivia, 1992; Van Loenen and
Gibbons, 1997; Light et al., 1997) integrate many of the tech-
niques in the ESS toolkit to provide an overview of the regional
geology and known mineral deposits in a nation, region, or gov-
ernment land unit (such as aNational Forest) within aregion. The
assessments also develop a qualitative or quantitative estimate of
the numbers and sizes of undiscovered mineral deposits of given
types that may be present. Such assessments compile existing
information and collect new data on a reconnaissance scale. They
are excellent sources of geologic information that are commonly
used by exploration geologists to help guide mineral exploration;
they are also used by government agencies and land managers to
understand the potential mineral endowment of government lands.

Mineral-environmental assessments link the regiona geology
and minera deposit information compiled in mineral resource
assessments with geoenvironmental models of mineral deposits
and geologic terrains to help understand the potential environ-
mental effects of unmined mineral deposits, past mining, and
future mining. Plumlee et al. (1995c) devel oped a prototype min-
eral-environmental map of Colorado to identify mining districts
with the greatest geologic potential to generate acidic or metal-
bearing drainage waters; Plumlee (1999) discusses ways in which
the Colorado map approach could be improved by evaluating the
impacts of the districtsin awatershed context rather than as* point
sources.” Lee et a. (1999b, in press) present a Gl S-based geoen-
vironmental assessment of Montana that uses GIS dtatistical
analysis to integrate multiple data layers (such as the environ-
mental geology of the rock units and mineral deposits, regional
geochemistry and geophysics data, and others).

A prototype ecosystem assessment of the interior Columbia
River basin, northwestern United States (Frost et al., 1996;
Bookstrom et a., 1996; Raines et al., 1996), demonstrates how
regional geologic, minerals information, mineral deposit, geo-
chemical, and mineral-environmental data can be integrated and
interpreted to help address ecosystem issues. For example, alitho-
logic map recast from the regional geologic map was used to map
the distribution of cliff-forming limestones that comprise good

peregrine falcon habitat (Frost et al., 1996).

The mineral resource, minera-environmental, and ecosystem
assessments provide excellent earth science, environmental, and
ecosystem data that can be used to guide environmentally friend-
ly mineral exploration in the regions they cover. They also provide
useful methodologies that can be drawn upon to help gather, inte-
grate, and interpret mineral resource and mineral-environmental
datain regions they do not cover.

Environmental considerationsin sub-regional
exploration or prospect evaluation

Once aregiona exploration program hasidentified target areas
with high geological potential for mineral deposit occurrences,
detailed studies are then conducted to identify, characterize the
geology, map the distribution, and estimate the size and grade of
mineral deposit prospects in the target areas. These studies nearly
always require extensive new data collection, usualy involving
more detailed application of many of the ESS techniques used to
generate the regional databases and maps discussed previously,
including: detailed geologic mapping; detailed rock, sediment,
soil, water, and (or) plant geochemistry surveys; high-resolution
ground or airborne geophysical surveys; and sampling of rocksin
the subsurface using rotary or core drilling, accompanied by geo-
logical, mineralogical, and geochemical characterization of the
drill samples and geophysical characterization of the rocks around
the drill holes.

At this point in the exploration program, the main objective is
to identify and delineate ore deposits that can be economically
extracted. However, with relatively little additional effort and
expense, alarge amount of environmental characterization can be
done simultaneously with the prospect evaluation activities that
can greatly help constrain how big arole environmental mitigation
costs may play in the economic viability of any prospects found.

Environmental characterization of exploration target areas or
specific target prospects can be done both by interpretation of the
data routinely collected as part of the exploration activity, and by
some collection of environmental-specific data.

Prospect evaluation and characterization

Once a target prospect is identified, detailed site characteriza-
tion is carried out using a variety of ESS tools to determine the
size, subsurface distribution, grade, process mineralogy (suitabili-
ty of the ore minerals for processing and extraction), and other
geologic characteristics of the target. Environmental information
should be compiled routinely as part of these prospect evaluation
activities.

A variety of important environmental geology information
(Plumlee, 1999) can be interpreted directly from the exploration-
driven geological (geologic mapping, drill hole logging), miner-
aogical, geochemical, and geophysical characterization studies,
such as:

e The 3-dimensional distribution and proportion of alteration
types, ore minerals, and gangue minerals within a deposit that
may help consume or generate acid during weathering
(Plumlee, 1999).

e The extent of pre-mining sulfide oxidation.

¢ The textures and relative weatherabilities (or reactivities) of
acid-generating sulfide minerals in the deposit (Plumlee,
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1999). In drill hole samples, a general idea of sulfide reactivi-
ties can be gleaned by observing if secondary efflorescent salts
gradually build up on the surfaces of exposed sulfides as moist
core or drill chip samples are allowed to dry out. Spritzing
dried core or drill chip samples with water and then measuring
the pH with pH paper may also provide an indication whether
or not soluble salts have formed on the sample as a result of
oxidation of readily-weathered sulfides. Etching rates of sul-
fides in polished drill core slabs or rock chip aggregates may
aso help (Plumlee, 1999).

e The textures and relative reactivities of acid-consuming car-
bonate minerals in the mineral deposit. These may be estimat-
ed by observing the amount of fizzing triggered when
hydrochloric acid is dropped on the carbonates; the greater the
fizz, the greater the reactivity, and therefore the greater the
ability of the minerals to react with and consume acid generat-
ed by sulfide oxidation (Plumlee, 1999). Etching of carbonate
and silicate mineralsin polished slabs may also help in the esti-
mation of acid-buffering capacity.

e The concentrations of environmentally important trace ele-
ments (Smith and Huyck, 1999) in the deposit, wallrock alter-
ation zones, and unaltered host rocks (Plumlee, 1999).

e The sulfide sulfur content (Crock et al., 1999) of the deposit,
wallrock ateration zones, and unaltered host rocks. This can
be used to estimate total amounts of acid that may be generat-
ed through weathering of waste rocks from a deposit.

e The distribution of hydrologically conductive joints or frac-
tures. For example, major fracture zones, when encountered
during drilling, result in a substantial loss in sample recovery
and drilling fluid circulation.

» Porosity and permeability characteristics of the deposit host
rocks.

e Thelocations of pre- and post-mining ground-water discharge
points. In many sulfide-rich mineral deposits, the locations of
pre-mining springs and post-mining discharge from workings
or waste piles are marked by extensive deposits of iron- or
manganese oxides (termed ferricrete or ferrosinter deposits;
Plumlee, 1999).

e The potential for natural hazards (such as earthquakes and
landslides: USGS Earthquake Hazards, 1999; USGS Landslide
Hazards, 1999) at the mine site and in the surrounding water-
sheds, which may lead to physical disruption of mining and
processing infrastructure such as tailings impoundments.
Exploration drilling characterization is used to understand the

3-dimensional geologic character and distribution of ore grades

within mineral prospects in the subsurface. For exploration
prospects that have a high potential for developing into economi-
cally viable mines, drill core and drill cutting samples can aso be
evaluated for their net acid-generating or acid-consuming poten-
tial through various static and kinetic testing methods such as
acid-base accounting, humidity cell, and column or tank tests

(Logsdon and Basse, 1991; White and Jeffers, 1994; White et &,

1997; White et al., 1999; Filipek et a., 1999). These tests are dis-

cussed in more detail in a subsequent section of this paper.

Data on the ore grades of exploration drill hole samples are
routinely subjected to avariety of geostatistical analysis methods,
such as kriging, to quantify the sizes, average grades, and distrib-
utions of ore zones within a mineral deposit. These same tech-
niques can also be used to estimate better the environmental char-
acter of a mineral deposit. For example, the concentrations of
environmentally important trace elements, sulfide sulfur, pyrite,

or carbonates, as well as acid-base accounting data, can be kriged
to help better quantify the potential of waste zones within a
deposit to generate acidic, metal-bearing mine drainage.

Remnants of past mining activity (such as mine adits, mine
waste piles, or tailings impoundments) in or near an exploration
prospect can provide valuable indications of the types of environ-
mental issues that may develop should a new mine be devel oped.
Waters draining mine adits, mine waste piles, or tailingsimpound-
ments should be sampled and analyzed for key environmental
parameters such as pH, conductivity, redox conditions, and major
and trace element concentrations (Ficklin and Mosier, 1999;
Crock et a., 1999). Mine waste piles or tailings impoundments
should be characterized mineralogically (including amounts of
primary sulfides, secondary minerals and efflorescent sdlts;
Plumlee, 1999). The immediate surroundings of the waste piles
should also be investigated for the presence of vegetation kill
zones that are usually manifested by iron-oxide hardpan, and that
are typicaly indicative of acid waters emanating from the waste
piles. Leach tests (U.S. EPA, 1986-1995; Montour et al., 1998a
and b) of the solid waste materials can aso be performed rela
tively easily to determine whether dissolution of soluble sec-
ondary salts from the mine wastes by snowmelt or rainfall will
generate acidic, metalliferous waters. AVIRIS remote sensing
techniques (USGS Speclab, 1998; Swayze et al., 1996) have also
been used to identify mine dumps that have a high potential to
generate acid, based on the remotely mapped presence of jarosite,
a potassium-iron hydroxysulfate mineral that forms from the oxi-
dation of pyrite and the evaporation of acid waters (Nordstrom
and Alpers, 1999).

Hydrologic characterization of a prospect is important to
establish the location of the ground-water table relative to the ore
zones (and potential future mine workings), and to understand
potential ground-water recharge through the ore zones and future
mine workings. Depth to ground water can be easily established
from exploration dill holes. Mapping of springsin ageologic con-
text (e.g., in relation to mapped fractures, contacts between rock
units, etc.) should be done during the wettest periods of the year
so that all potential water discharge points from the deposit are
fully understood; if possible, flows or discharge volumes of the
springs relative to those of local streams should be measured. In
competent rocks, exploration drill holes can be used to conduct
hydraulic aquifer tests that enable an estimation of drawdown
times and recharge rates in the drill holes, and hence the hydro-
logic transmissivity of the rocks surrounding the holes.
Exploration drill holes, when properly developed (e.g., careful
purging of multiple well volumes using slow pumping rates), may
be used to sample ground waters for chemical analysis; however,
the lack of casing and screening precludes sampling of potential
multiple-producing intervals. As with wells that have been cased
and screened, the sampling, analysis, and interpretation of
ground-water data should be done with appropriate attention to
methods, limitations, and cautions (Ranville and Schmiermund,
1999; Domenico and Schwartz, 1990; Alley, 19934).

Sub-regional watershed characterization

Environmental characterization of sub-regional exploration
target areasis most logically done on awatershed basis, including
the major watersheds normally depicted on 1:1,000,000 or
1:2,000,000 scale maps, as well as lesser watersheds within these
major watersheds. The major goa of this level of environmental
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characterization should be to evaluate the overall environmental
baseline conditions of the area, including contributions from both
natural and anthropogenic sources. This characterization can be
accomplished using data from existing regional databases (with
some field verification), followed by remote sensing characteriza-
tion, field characterization, and collection and interpretation of
new data. New data collection during exploration would most
likely be done primarily in areas around prospects that have high
geologic and economic potential to be developed into mines.

Important information to be compiled should include, for exam-

ple:

e Boundaries of major and lesser watersheds within the area

(these can be determined using topographic maps or digital
elevation data).

e Climate and ecosystem variations within the major and lesser
watersheds, including data on seasonal temperatures, precipi-
tation, evaporation, and vegetation types.

e Where available, data (preferably seasonal) on the flow and
water quality of major rivers and streams within the water-
sheds.

« Distribution and environmental geology characteristics (such
as carbonate content, sulfide content, chemical reactivity, like-
ly hydrologic conductivities, etc.) of rock units within the
major and lesser watersheds.

» Distribution of major faults and fractures that may transmit
ground waters.

e Locations, production, sizes, and, where available, environ-
mental geology characteristics of mines, prospects, mineral
processing sites, and other industrial facilities in the water-
sheds.

e The locations and distribution of unmined mineralized areas
that may contribute acid-rock drainage to the watersheds.

e The locations of actively draining mines, or mine waste piles
with extensive down-gradient vegetation kill zones.

*  Whereavailable, the geochemical compositions of stream sed-
iments, soils, and waters that indicate the extent of metal
mobility away from mineralized areas. These data are often
compiled as part of routine exploration geochemistry and
hydrogeochemistry surveys (e.g., Miller et al., 1982).

e |If available from regional databases, or from prior ecological
studies of the watersheds in question, data on the species, pop-
ulation sizes, and health of plant, animal, insect, and aquatic
organism communities within the watersheds.

ENVIRONMENTAL CONSIDERATIONSIN
MINE PLANNING AND DEVELOPMENT

If prospect exploration is successful and results in the discov-
ery of an ore deposit of sufficiently large volume, high enough
grade, and suitable process mineralogy to be mined and the met-
as extracted from the ore at a profit, then mine planning and
development is initiated. Ideally, as mine planning commences,
environmental information and data gathered as part of the
prospect exploration have aready provided a sufficient comfort
level about the potential environmental economics of the deposit.
However, detailed environmental impact statements (EIS's),
involving substantial new environmental data collection and inter-
pretation, are typically required by multiple government regulato-
ry agencies before a mining permit is granted. These studies are
needed to help anticipate and deal with potential environmental

problems before they occur—prevention and mitigation are
aways less costly and more easily accomplished than remediation
after the problems develop. Many examples of EIS's are available
from the regulatory agencies that require them, or from the min-
ing companies themselves. Typically, these EIS's are prepared by
environmental consulting companies under contract to the mining
company. However, in particularly contentious cases, both regula-
tors and industry may contract their own EIS's.

Itisnot the intent of this section to provide a cookbook on how
to prepare an EIS. Rather, it is designed to show how tools in the
ESS toolkit are aready widely used in mine planning and devel-
opment, and to show how anumber of toolsin the toolkit that have
not been widely used can provide additional valuable information.
The following sections will show how the ESS tools can be
applied to help (a) characterize pre-mining background and base-
line conditions at the proposed mine site and in its surrounding
watershed(s); (b) predict potential future environmental impacts
that may result from mine devel opment, and; (c) monitor environ-
mental conditions during mining. The application of ESS tools to
help minimize and remediate any potential environmental prob-
lems will be discussed in the following section.

Characterizing pre-mining environmental baseline
and background conditions

It is crucial that the pre-mining environmental baseline condi-
tions (those that exist prior to the proposed mining) and back-
ground conditions (those that existed naturally prior to any mining
or human activities) at a proposed mine site and within the water-
shed(s) surrounding the site be constrained in as much detail as
possible prior to any mine development and production. This
information will alow the potential environmental impacts that
may result in the watershed from proposed mining at the site,
given various levels of mitigation, to be understood more fully. In
addition, this will allow the mining company, government land
managers and regulators, and the general public to measure the
relative contributions of the site to any environmental degradation
that is observed after commencement of mining.

Quantification and verification

In general, environmental characterization and prediction
activities carried out as part of the mine planning and development
process require a substantially greater level of quantification and
verification than is likely achievable or affordable during explo-
ration programs. For example, a variety of detailed new data
should be collected for both the site and its surrounding water-
shed, including: existing environmental and ecological conditions;
surface- and ground-water quality and hydrology; and locations
and environmental effects of mines, prospects, processing facili-
ties, and unmined mineralized areas. Although existing data col-
lected as part of regional studies or the exploration process will be
useful for helping to guide the new sampling, the existing data
may not have been collected in adequate spatial or temporal detail,
or with appropriate methodol ogies and documentation to be suit-
able for preparation of site EIS's. For new data collection, detailed
field laboratory and analytical records, results, and notes (summa-
rizing methods and assumptions) should be archived in order to
allow regulators, land managers, and the general public to recon-
struct or trace the data gathering process, if necessary. Rigorous



14 G.S. PLUMLEE AND M.J. LOGSDON

QA/QC (Quality Assurance/Quality Control) protocols for all
types of studies (including field mapping and other earth science
investigations) also should be followed, or established if no others
areavailable. The main goal should be to meet or exceed the quan-
tification standards set by government land management or regu-
latory agencies.

Any ground- and surface-water quality measurements made
should be as complete and detailed as possible (e.g., pH, conduc-
tivity, total dissolved solids, akalinity, acidity, dissolved oxygen
and other redox parameters, total and dissolved major- and trace-
element concentrations, organic species). Although such detailed
analyses are not typically required from a regulatory or mine-per-
mitting standpoint, and hence may be viewed as an excess
expense, they are in fact essential to adequately characterize the
geochemical and biogeochemical processes controlling water
quality (Ficklin and Mosier, 1999; Alpers and Nordstrom, 1999).

Finally, the prospect of legal actionsisincreasingly facing pro-
posed mining projects. Hence, all data collected (as well as field
notes, laboratory notebooks, etc.) should be considered as poten-
tial legal evidence, and so should be subjected to rigorous chain of
custody and other evidentiary procedures that demonstrate that
samples have not been tampered with between collection and
analysis.

Mine site characterization

Much of the geologic information needed to help interpret a
site’s environmental geology characteristics will probably have
been collected in sufficient detail as part of the detailed prospect
evaluation (see previous discussions). However, further geologi-
cal characterization may be warranted.

For example, fractures and joints are the dominant hydrologic
conduits (NRC, 1996) in many mineral deposits. As a result, fur-
ther detailed geologic mapping and analysis of structures and
joints may provide needed information on fracture flow hydrolo-
gy at asite. Ground based environmental geophysics studies such
as ground penetrating radar, seismic tomography, or resistivity
surveys may help supplement the geologic mapping by providing
useful information on the location of hydrologically conductive
(or non-conductive) structures or rock units in the subsurface
(NRC, 1996; Turaet d., 1992).

Mineralogical and geochemical characterization (Plumleeg,
1999) of any existing mine waste or tailings dumps from prior
mining activities, as well as soils in any adjacent vegetation Kill
zones to the waste dumps should be coupled with leach studies
(Montour, 1998a and b) of the wastes to assess the potential for
environmentally detrimental surface runoff. For very large waste
dumps or those that are of particularly high potential for environ-
mental problems, characterization via drill sampling of the dump
materials may be warranted. Geophysical characterization of the
waste piles may help provide information on the subsurface dis-
tribution of moist or saturated zones within the dumps, as well as
on geochemical processes going on within the dumps (Campbell
et a., 1999 in press).

Mineralogical and geochemical characterization and age dat-
ing of any ferricrete deposits may provide information on the pre-
mining quality of waters draining the site (e.g., Furniss and
Hinman, 1998).

Pre-existing environmental conditions should be characterized
through a careful analysis over the course of at least a full year,

and preferably longer, to allow the fullest range possible of sea-
sonal and climatic variations to be measured. Detailed hydrologic
and water-quality data should be collected regularly (monthly or
even weekly) for any streams flowing through the site, and of any
existing springs on the site that drain unmined rocks or existing
adits, tailings piles, or mine waste piles (e.g., Lambeth, 1999)

Meteorological data (rain and snowfall amounts, maximum
and minimum temperatures) measured on a regular (preferably
daily) basis are needed to understand the site surface- and ground-
water hydrology. In addition, calculation of seasona evapotran-
spiration rates and a net water balance at the site (see Shevenell,
1996, and references therein) is absolutely crucial both from an
environmental standpoint and a mineral processing standpoint;
these affect ground-water recharge rates and water accumulation
rates in mine-water storage ponds, heap leach impoundments, or
minera processing ponds.

The ground-water hydrology at the site should be analyzed via
a network of wells sited to provide a maximum understanding of
ground water relations to topography, geology (faults, rock units,
etc.), and mine workings. Depth to water table, as well as ground-
water quality, should be measured regularly (weekly or monthly).
Aquifer tests should be completed in order to understand potential
ground-water recharge and flow rates, as well as the conductivi-
ties of known fractures in between wells. Tracer tests (Kimball,
1996; Domenico and Schwartz, 1990; NRC, 1996) may also pro-
vide key information on the subsurface flow and relations between
ground and surface waters at the site. Age dating of the ground
waters, when linked with regular water-table measurements, may
provide further insights to the sources, recharge rates, and flow
rates of ground waters through the site.

Stable isotope studies of the site’'s mineral deposits, its ground
and surface waters, and dissolved constituents of the waters can
provide important information on sources for the waters and their
congtituents, as well as the geochemical or biogeochemical
processes that have affected the waters. Stable hydrogen isotope
analyses of surface and ground waters at the site provide insights
into the sources of the waters and processes such as evaporation
that may have affected the waters. For example, waters that are
derived directly from snowmelt recharge will be quite light iso-
topically compared to those that are derived from rain-water
recharge. Waters that have been subjected to evaporation (such as
open-pit waters, or waters in hot underground workings where
sulfide oxidation is rampant) will be quite heavy isotopicaly
(Hamlin and Alpers, 1996). Stable hydrogen and oxygen isotope
measurements of H- and O-bearing primary and secondary miner-
as can indicate the processes by which the minerals formed, and
the isotopic compositions of the waters from which minerals were
deposited (Rye and Alpers, 1997). Stable sulfur isotope composi-
tions of agueous sulfate, when compared to the sulfur isotopic
compositions of sulfides present at an existing mine site, can pro-
vide an indication of the mineralogical source(s) of the sulfate
(Taylor and Wheeler, 1994). Stable oxygen isotope measurements
of aqueous sulfate can provide information on whether sulfide
oxidation occurred as aresult of oxidation by atmospheric oxygen
or by ferric iron (Taylor and Wheeler, 1994; Alpers and
Nordstrom, 1999). Bacterial reduction of aqueous sulfate in some
environments (such as wetlands or flooded mine workings) may
also be manifested in the sulfur and oxygen isotopic composition
of the aqueous sulfate (Taylor and Wheeler, 1994; Hamlin and
Alpers, 1996). Stable carbon isotope measurements of agueous
carbonate species can provide an indication of whether they were
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derived from incorporation of soil gas by ground waters or disso-
lution of carbonate minerals.

Asaresult of the detailed geologic, hydrologic, and geochem-
ical characterization studies, the mining company, its consultants,
and the regulators overseeing the site should have developed as
comprehensive an understanding as possible of the site’s hydrolo-
gy and geochemistry prior to the proposed mining. Hydrologic
modeling and geochemical modeling studies also may help in this
understanding. For example, inverse chemical modeling (Alpers
and Nordstrom, 1999) may be useful in understanding the differ-
ent ore and wallrock minerals that reacted with rain or snowmelt
water to produce a given spring water composition measured at
the site; this modeling is most successful when used in conjunc-
tion with detailed mineralogical characterization of the deposit
and host rocks, coupled with detailed and complete water analy-
ses (Alpers and Nordstrom, 1999; Ficklin and Mosier, 1999).
Hydrologic modeling of the site (Domenico and Schwartz, 1990)
will provide an indication of existing ground-water flow condi-
tions, and can be used to anticipate the effects of mining on the
local hydrology (discussed in a subsequent section).

Ecological characterization of the site, including an inventory
of terrestrial and aquatic plant and organism populations, should
also be completed to document the ecological status quo prior to
the proposed mining.

Water shed characterization

Establishment of detailed environmental baseline conditions
existing in the watershed(s) surrounding a proposed mine site is
crucial, because any environmental impacts of the proposed mine
will be measured and judged on a watershed basis. Among other
examples, interdisciplinary studies examining the downstream
effects of the Summitville Mine (Posey et al., 1995) provide
excellent examples of the types of studies that must also be done
on awatershed basis to evaluate pre-mining baseline conditions.

The locations of mineralized areas, other mine sites, and other
potential sources of environmental degradation (such as industri-
a sources) must be identified; this may have been largely accom-
plished during exploration and prospect evaluation activities.

As discussed previously, remote sensing studies have been
used successfully to identify mine dumps and tailings impound-
ments having the greatest potential to generate acid drainagein a
district, based on identification of jarosite-bearing mineral assem-
blages within mine waste dumps, and goethite in soilsimmediate-
ly surrounding the dumps (Swayze et al., 1996).

Detailed measurements of surface-water discharge and quality
should be made on a regular weekly or monthly basis (Walton-
Day et al., 1995; Kimball, 1999). This level of detailed temporal
and spatial sampling is necessary to quantify any impactsfrom the
proposed mine site on surface-water quality relative to impacts
from other sources. Measurement and sampling sites should be
located on the major stream or river in awatershed below each of
its confluences with major tributaries or tributaries along which
environmental degradation is occurring. Sampling and measure-
ment sites should also be spaced along any tributaries that may
potentially be affected by the proposed mine, and should include
sites both upstream and downstream from the mine. If possible,
water discharge and quality measurements should also be made
during one or more storm events to assess potential short-term
variationsin water flow and quality that may be superimposed on

longer-term seasonal variations (Ortiz et a., 1995); such short-
term storm events may result in brief but potentially toxic pulses
of metal-laden waters from the dissolution of soluble metal salts
in mine wastes or natural weathering of mineralized rocks. Ideally,
both filtered and unfiltered water samples (Ficklin and Mosier,
1999) should be collected to understand the contributions of both
dissolved and suspended particulates to the total metal loads. In
addition, specialy filtered samples (Ficklin and Mosier, 1999)
designed to understand the amounts of suspended colloidal mate-
rials should al so be collected (Church et a., 1997). Turbidity mea-
surements should also be made to help understand the amounts of
suspended sediment present (Edwards and Glysson, 1988).

Collection of stream-water samples for water-quality analysis
typically should involve an integrated cross-sectional sampling
approach, rather than a point sampling approach from the stream
bank (von Guerard and Ortiz, 1995); many streams and rivers can
vary substantially in composition across any given width-depth
cross section, and so point samples collected from the bank or in
the center of a stream may not be representative of the cross-sec-
tional average composition.

In-stream hydrologic tracer studies (Kimball, 1996) may be
necessary to accurately determine flow and to determine how
major streamsin the watershed(s) gain water from or lose water to
the ground-water reservoir (Winter et al., 1998). In addition, syn-
optic sampling methods, where all samples and flow measure-
ments in a watershed or along a river stretch are collected within
a short period of time, provide a snapshot of the entire river sys-
tem that is very useful for interpreting the surface-water hydrolo-
gy of theriver or stream system (Kimball, 1996).

Ground-water characterization should also be carried out on a
regular basis through sampling of wells located both up-gradient
and down-gradient from the mine site in order to determine
regional variations in ground-water quality, depth to water table,
and other hydrologic parameters. If possible, aquifer tests should
aso be carried out on these wells to understand potential transit
times of ground water from the mine site to the surrounding wells.

As discussed previously for mine site characterization, stable
and radiogenic isotope studies of surface waters and ground
waters in the watershed may provide useful information on the
sources of and geochemical processes affecting the waters and
their dissolved constituents.

At the same time surface water samples are collected and flow
measurement are made, it is also beneficia to characterize the
aquatic ecology (e.g., Moore et a., 1991) of the streams in the
watershed(s) surrounding the proposed mine site. These assess-
ments should be made at least once during each of low-flow and
high-flow conditions.

Detailed stream sediment surveys of the watershed(s) sur-
rounding amine site, if not done as part of the sub-regional explo-
ration and prospect evaluation, should also be done not only to
establish a geochemical baseline in the sediments prior to pro-
posed mining, but also to understand metal contributions to the
sediment load from unmined mineralized areas and past mining
activities. Sequential chemical extractions (Crock et a., 1999) of
the sediment samples provide an indication of the availability of
metal s from the sediments. Radiogenic isotope studies of elements
such as lead in the sediment samples can be used to help under-
stand the proportions of each sediment sample's metal content that
are derived from particular sources such as mining districts or
unmined mineralized areas (Church et a., 1993, 1997, 1999).
Geochemical studies of lake or stream sediment strata, coupled
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with age dating studies such as Pb?0 dating, measure temporal
variations in metal loading to the sediments over time (Nimick
and Moore, 1994; Horowitz et al., 1994; Church et al., 1993).
Paleontological analyses of animal remains in the sedimentary
strata also may provide an indication of temporal variations in
past water quality. For example, different taxa of freshwater
ostracods are viable in different pH ranges of water; when they
die, the tests of the ostracods fall to the lake bottom, are incorpo-
rated into the sediments, and provide a stratigraphic record of
past variations in pH (Brouwers et a., 1996; Mezquita et al.,
1997).

Chemical analyses of plants in the watershed(s) surrounding
the proposed mine may also provide important baseline informa-
tion. Tree ring analyses of trees affected by surface and ground
waters originating in part from the proposed mine site may pro-
vide insights into metal uptake over time (Gough et al., 1995). If
surface waters or ground waters potentially affected by the mine
site are used for irrigation, analysis of plants irrigated by the
waters, coupled with analyses of the metal contents of the irriga-
tion waters and theirrigated soils should also be done to establish
pre-mining irrigation baselines (Erdman et al., 1997).

Anticipating the potential environmental effects of a mine

There are a number of different ESS tools that can be used to
help anticipate the potential environmental effects that might
develop from a proposed mine. Many of these predictive tests and
models are required or routinely carried out as part of the prepa-
ration of the proposed mine's EIS. In addition, much of the infor-
mation that will hopefully have been collected during pre-mining
baseline studies, such as environmental characterization of exist-
ing mine dumps or draining adits, will also provide important
insights. It is important to note that none of these predictive
methods can provide an absolutely accurate and quantifiable pre-
diction of a mine's potential environmental effects; however,
especially when multiple methods are used in concert, avery use-
ful, educated estimate of the potential effects can be obtained.

Predicting the composition of mine waters

A variety of methods are commonly used to predict the poten-
tial for mine workings, mine waste piles, or tailings solids to
develop acidic or metalliferous drainage waters. Static tests such
as acid-base accounting (White et a., 1999; Morin and Huitt,
1997; ICARD, 1997) typically involve measurement of the total
acid generating potential (in the form of sulfide sulfur content)
and acid consuming or neutralizing potential (in the form of car-
bonate content) of samples of prospective ore and waste rocks
from the mineral deposit to be mined. Potential complicationsin
interpreting these tests arise from verifying whether the samples
analyzed are truly representative of the range of rock typesin the
deposit that will be exposed by mining. In addition, there is often
the possibility that the measured carbonate content either under-
estimates or over-estimates the acid-consuming capacity of the
samples: other minerals such as some aluminosilicates may also
react with and consume acid, some carbonate minerals (such as
ankerite and magnesite) are slow to react with acid, and carbon-
ates such as siderite (an iron carbonate) may actually generate
acid upon weathering under some chemical conditions (Plumlee,

1999). Kinetic tests include humidity cell tests, which subject
samples of ore and waste rocks to cycles of moist or dry air (White
et al., 1997; White and Jeffers, 1994; ICARD, 1997; Filipek et al.,
1999; Morin and Hutt, 1997), and flow-through column or tank
tests (Logsdon and Basse, 1991), in which waters are run through
containers of ore and waste rock samples. The effluent waters are
then measured for pH and metal content. As with the static tests,
these kinetic tests are complicated by the challenge of whether or
not the samples are representative of the total range of rock types
in the deposit. However, subjecting sufficient numbers of samples
to the tests, and increasing the sample size (Logsdon and Basse,
1991) will help in this regard. It is aso a challenge to develop
experimental proceduresthat reproduce the environmental condi-
tions and reaction rates that will occur at the mine site.

Empirical data on mine water compositions measured at geo-
logically similar minesin similar climates (components of geoen-
vironmental mineral deposit models, Plumlee et a., 1999; du
Bray, 1995; Priceet al ., 1995) may also be used to help understand
the range of mine water compositions that may develop at the
prospective mine site. The advantage of such an empirica
approach is that the data measured reflect actua rates of sulfide
oxidation that occur in the field, and integrate large volumes of ore
and (or) waste materials. The disadvantage is that the deposits for
which empirical data are available may not betruly similar in geo-
logic, hydrologic, or climatic setting to the deposit under develop-
ment (Plumlee et al., 1999).

With appropriate recognition of its limitations, geochemical
modeling (Alpers and Nordstrom, 1999) may also be used to help
anticipate potential mine-drainage compositions. These calcula-
tions can be used, for example, to model the progressive changein
water and rock compositions that could result from the reaction of
oxygenated rain water with different ore and waste rock types
based on observed proportions and reactivities of sulfide, carbon-
ate, and aluminosilicate minerals. VVarious options such as sorption
of metals onto secondary hydrous iron oxides can also be added to
the calculations (Smith, 1999; Alpers and Nordstrom, 1999). The
calculations are best accomplished when constrained by field
measurements of actual water compositions, coupled with miner-
aogica characterization of the primary ore and wastes, and sec-
ondary minerals formed by the oxidation of these rocks. Inverse
chemical modeling calculations (Alpers and Nordstrom, 1999)
based on existing water compositions may aso be used to help
determine the minerals that are reactive and modifying water com-
positions at a site.

Another indication of the potential mine water compositions
that may develop at a proposed mine site are any waters that are
draining existing mine workings and wastes at the site. However,
if the proposed mining involves extensive new ground disturbance
and exposure of unoxidized sulfides to weathering, the use of
existing water compositions as a model may underestimate the
potential acidity and metal content of the waters generated by the
proposed mining. For example, Reynolds adit waters draining the
underground workings at Summitville prior to open-pit mining
were quite acidic, with 8-10 ppm dissolved Cu (Plumlee et &,
1995h, 1999). As aresult of the increased exposure of unoxidized
sulfides and other hydrologic aterations by the open-pit mining
(Plumlee et al., 19953), the Reynolds adit waters increased rapid-
ly in metal content during the 7 years of mining, with dissolved
Cu concentrations eventually reaching as high as several hundreds
of ppm.

Leach studies (e.g., Montour, 1998a and b) of existing mine
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wastes, when coupled with mineralogical characterization of the
wastes and characterization of vegetation and soils down-gradient
from existing mine dumps, may also provide pertinent insightsinto
water compositions that may develop from new mining at a site.
However, the compositions of the resulting leachate waters may
vary substantially depending upon the leach methods used, the
ratio of water to rock used in the leach tests, and the degree of agi-
tation used in the tests (Montour et al., 1998a and b).

Effluents from kinetic tests and mixing tests can also be used in
toxicological studies (Kelly, 1999) to help estimate the potential
effects of drainage from the site on aquatic organisms.

Predicting the composition of open-pit waters

Dueto the great increase in the last several decades of open-pit
mining operations, considerable effort and expense on the part of
mining companies, regulators, and their consultants has been put
into the prediction of water quality in pit lakes that develop after
open-pit mining activity has ceased. The compositions of existing
open-pit lake waters have been shown to vary with depth in the
lake and seasonally, much the same as observed in many regular
lakes. The compositions also vary as afunction of the local topog-
raphy and ground-water hydrology, the amounts of evaporation
and precipitation, the type and extent of biological activity, the
morphology of the pit (which influences the pit lake limnology),
and the geology of the rocks surrounding the pit. Measuring the
compositions of pit waters developed in ore deposits of similar
geology and climate characteristics (Plumlee, 1999; Plumleeet al.,
1999; Price et al., 1995) provides some insights into potential pit
water compositions that may develop at a particular deposit.
However, the number of pit lakes for which water quality data are
available is somewhat limited, and hence integrated geochemical,
hydrologic, and lake hydrodynamic modeling studies are increas-
ingly called upon as predictive tools (e.g., Atkins et a., 1997;
Kempton et a., 1997; Miller et al., 1996). Due to the many com-
plex factors controlling pit lake compositions, and possible
changesin these factors over the tens to hundreds of years that may
be required for a pit lake to reach its maximum extent, the results
of these predictive models should be viewed as approximations. As
more pit lakes form for which detailed predictive hydrogeochemi-
cal models have been developed, and empirical data are collected
on spatial and temporal variationsin pit water quality (e.g., Atkins
et a., 1997; Davis and Eary, 1997), the accuracy of the predictive
models will undoubtedly be refined.

Estimating the potential impacts of mine waters and mineral
processing waters

In addition to anticipating the potential compositions of mine
waters that may develop at a mine site, it is also important to esti-
mate the potential impacts of these waters, and any mineral pro-
cessing waters and other solutions generated at the site, on ground-
and surface-water quality. Measuring the effects of waters draining
existing mine workings and mine wastes on water quality and ecol-
ogy in the watershed, presumably done during pre-mining water-
shed baseline characterization, will provide some insights.

Mixing experiments (e.g., Plumlee et al., 1995b) may provide
further information to help anticipate potential environmental
impacts of the mine or mineral processing waters. In these experi-
ments, effluents from kinetic mine waste tests, leach tests, or pre-

mining ore processing evaluations can be mixed with samples of
the local ground or surface waters, and the resulting composition-
a changes measured. However, the actual physical and geochem-
ical conditions present in the surface or ground waters down-gra-
dient from asite will be difficult to replicate. Further, the potential
variations in mine-water compositions and proportions in which
the mine waters mix with local ground or surface waters will
require a significant number of experimental runs. Hence, these
mixing experiments should be viewed only as indicators of poten-
tial environmental effects.

Chemical modeling of the progressive downstream dilution of
mine waters that may develop at a site can also be effective. Seea
similar approach used by Miller and McHugh (1999) as an exam-

ple.

MINING-ENVIRONMENTAL PREVENTION
AND REMEDIATION STRATEGIES

Ideally, with effective prediction, many mining-environmental
problems should be anticipated and prevented before they occur at
proposed and active mine sites. Prevention is generally much eas-
ier and cheaper to accomplish than remediation once the problems
develop. Further, although preventative measures are generaly
accomplished at the mine site, remedial actions may not only be
required at the site to stop the source of the problems, but also may
be required in the surrounding watershed to repair damage well
away from the site. Earth-system science data and tools are key to
the development of effective engineered solutions to mining-envi-
ronmental problems.

Prevention and treatment of acid-rock drainage

There are avariety of engineering approaches to the prevention
and treatment of acid-rock drainage. Excellent summaries are
included in Kwong (1993), Evangelou (1995), ICARD (1997),
Filipek et a. (1999), and other general sources listed in the first
part of this paper.

Prevention

Most preventative measures (which also may be used to help
remediate existing drainage problems) involve prohibiting the oxi-
dation of pyrite and other iron-bearing sulfides, which is the key
contributor to severe acid-mine drainage problems (Nordstrom and
Alpers, 1999; Plumlee, 1999; Evangelou, 1995).

Isolation of sulfide-bearing wastes from atmospheric oxygen
and oxygenated waters is commonly used to decrease the genera-
tion of acid mine drainage. For example, capping of sulfide-rich
waste dumps with impermeable barriers (e.g., Blowes et a., 1994,
reports available through MEND, 1999) will help decrease the
flow of oxygenated rain and snowmelt waters through the dump;
however, the barriers must be designed to prevent the devel opment
of leaks. In addition, care must be taken in areas of steep topogra-
phy to prevent flow of ground waters from springs into the dump
beneath the cover.

Blending of acid-generating mine wastes with carbonate-rich
rocks has been used at some minesin the anticipation that the car-
bonates will react with and consume the acid generated by sulfide
oxidation, and that secondary minerals formed by neutralization of
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the acid waters will decrease porosity and permeability. However,
armoring of the carbonates by secondary iron oxides may reduce
acid-consuming efficiency. Further, increasing the pH of waters
flowing through the wastes does not guarantee that the waters will
have low metal concentrations (Plumlee et al., 1999). Techniques
in which liquid slurries of akaline reagents are injected into the
waste dumps have the same anticipated outcome and potential
shortcomings.

Disposal of acid-generating tailings and wastes under water is
commonly used, with the presumption that the limited quantities
of oxygen carried by water that is out of contact with the atmos-
phere will greatly reduce sulfide oxidation and acid generation.
For example, sulfidic tailings are often backfilled into under-
ground mine workings below the water table, which then flood
after mining. However, such a treatment strategy should aso
include an evaluation of the amounts and types of soluble sec-
ondary salts present in the underground workings. Such saltsform
by evaporation of acid waters or oxidation of sulfides by humid air
(Alpers and Nordstrom, 1999; Plumlee, 1999) in the underground
workings and can provide aready source of ferric iron, which can
then trigger sulfide oxidation in the absence of direct atmospheric
oxygen. In mining operations close to the ocean, sulfidic tailings
areincreasingly being disposed of in the ocean; while sulfide oxi-
dation and release of the acid and metals are greatly inhibited,
assessments must also be made of the extent of metal uptake from
the solids by benthic organisms (see, for example, studies of lead
uptake by benthic organismsin streams affected by lead tailingsin
Dwyer et a., 1988).

Application of bactericides to sulfide-generating mine wastes
has been used in recent years to kill the bacteria that catalyze sul-
fide oxidation (Evangelou, 1995; Mills, 1999; Nordstrom and
Alpers, 1999). However, repeated application of the water-trans-
ported bactericides is necessary, and transport of the bactericides
to al sulfide mineral surfacesis very difficult (Evangelou, 1995).
Techniques that have recently been developed to process gold
ores, which use bacteria to oxidize sulfides prior to heap leaching
(Brierley, 1999), may aso be used increasingly in the future to
treat sulfidic mine wastes prior to final disposal.

Techniques that microencapsulate sulfides with non-reactive
phases are currently under development (Evangelou, 1995). For
example, treatment of pyritic wastes with solutions containing
potassium phosphate and hydrogen peroxide causes the oxidation
of the iron in the pyrite to ferric iron and the precipitation of fer-
ric phosphate solid on the pyrite surface. The solid coating forms
an armor that greatly decreases the rates of oxygen and water
access to the pyrite surfaces.

Hydrologic isolation techniques have been proposed and put
into limited use to prevent flow of ground waters through sulfide-
bearing mineral deposits. Grout curtains (where impermeable
grout is injected into fractures) have been used, for example up-
gradient from mine workings to seal the fractures and divert
ground-water flow around workings. Such techniques require
detailed understanding of the fracture-flow hydrology of the site,
as well as along-lasting, effective grout.

Treatment
A variety of methods have been developed to treat acid-rock

drainage once it forms (see, for example, Evangelou, 1995;
Skousen and Ziemkeiwicz, 1995; and case studies in ICARD,

1997). Active treatment methods require continued addition of
reagents to treat the waters, along with active maintenance and
mechanical devices to mix the reagents with the waters. Passive
systems require little or no input of reagents, active maintenance,
or mechanical devices.

Passive treatment systems such as anoxic limestone drains
have been used for quite some time to treat coal mine drainage
(Hedin et al., 1994). Acid waters flow through cells with periodi-
cally replenished crushed limestone, which then reacts with the
acid to raise the pH. However, the waters must first have low dis-
solved oxygen to prevent precipitation of hydrous ferric oxide
armor on the carbonate surfaces. Aluminum-rich waters are not
suitable for treatment because they can also armor the carbonates
with Al precipitates (Wildeman et a., 1997). Further, once the
waters leave the drain, oxidation of ferrousiron to ferric iron and
formation of hydrous ferric oxide particulates can lead to a pH
decrease (Nordstrom and Alpers, 1999).

Near-neutral waters commonly drain carbonate-rich rocks or
rocks altered to contain carbonates that are present in or around
some types of mineral deposits (Plumlee, 1999; Plumlee et al.,
1999). These types of rocks may have potential for use as large
anoxic limestone drain systems, if they can be suitably fractured
to increase water-rock interactions, and if appropriate flow sys-
tems can be engineered that do not allow contamination of the sur-
rounding ground and surface waters.

Wetlands (both natural and engineered) and bioreactors are
two other passive treatment systems that are increasingly being
used to treat acid rock drainage (Walton-Day, 1999; Clayton et al.,
1999; Wildeman and Updegraff, 1997; Herbert et al., 1998).
Aerobic and anaerobic wetlands can serve to filter particulates
from waters. Anaerobic wetlands and bioreactors devel op reduced
geochemical conditions due to decay of organic matter; bacterial
sulfate reduction then increases the pH and precipitates the metals
as sulfides. Anaerobic wetlands and bioreactors can be quite effec-
tive; however, both produce sulfide precipitates that must remain
isolated from the atmosphere, lest oxidation and acid generation
start all over again.

A number of active treatment systems involve mechanical
addition of lime or other reagents to the acid drainage. The treat-
ment raises the pH of the waters and removes the metals into a
sludge, which is then separated physically by settling (either by
mechanical separators or passive settling ponds) and disposed of .
A disadvantage of these systems is that they require periodic
upkeep and addition of reagents over the life of the treatment sys-
tem. They aso require long-term disposal of large quantities of
sludge produced by the treatment. A number of these systems also
require mechanical devices to mix the reagents with the drainage
waters.

Some of the alkaline-addition treatment systems only add alka-
line reagents with or without flocculants. In these systems, the
metals are largely removed through precipitation of iron, alu-
minum and manganese particulates and sorption of metals onto
the particulates. These systems have the advantage of generating
oxidized dudge that is a relatively non-reactive residence for the
metals; however, some metals may be released from the disposed
sludge if it comes into contact with ground waters having an
appropriate pH to trigger metal desorption (Smith, 1999). Other
treatment methods involve the addition of lime to raise the pH, as
well as the addition of sodium sulfide or bisulfide to precipitate
the metals as sulfides. The disadvantage of these methods is that
the sulfide sludge must be disposed of in an anoxic environment
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to prohibit re-oxidation and renewed acid generation.

Increasingly, innovative active treatment schemes also are
being devel oped that use as reagents a kaline waste products from
a variety of industrial processes (such as paper mill waste or
cement kiln dust; Chtaini et al., 1997). However, the chemical
makeup of these innovative reagents and samples of treated waters
from pilot studies should be carefully analyzed to make sure that
the waste reagents are not adding additional trace elements or
other contaminants to the waters they are being used to treat.

In studies of a number of different mine drainage waters,
Smith (1999) and Smith et al. (1992) demonstrated that dilution of
acid-mine waters with surface waters may provide substantial mit-
igation of the acid without special addition of reagents. Thus,
semi-passive treatment schemes that utilize dilution and particu-
late settling prior to discharge may be appropriate for some
drainage and local water compositions. These studies also showed
that dissolved metal concentrations in mine-drainage streams are
strongly influenced by sorption onto suspended particulates, but
not by sorption on bed sediments. These results indicate that
drainage treatment plans which utilize sorption of metals onto par-
ticulates should be designed to maximize interactions between the
waters and their suspended particulates (Smith, 1999). Therefore,
settling ponds should be designed with partially submerged cur-
tains that inhibit laminar flow of waters across the tops of the
ponds, and that encourage circulation throughout the pond (Smith
eta., 1992).

Geochemical modeling can be used to understand how
amenable different acid water compositions are to some active
treatment methods (Smith, 1999; Alpers and Nordstrom, 1999).
For example, calculations modeling the progressive neutralization
of acid waters by either lime addition or water dilution can be set
up to estimate the amounts of particul ates formed and the amounts
of various metals sorbed onto the particulates (a function of the
origina pH and proportions of particulate forming metals to sorb-
ing metals in the waters) over various target end pH values
(Smith, 1999). The calculations can also be used to determine the
optima pH to which the waters should be treated; some metals
such as those that form oxyanions (e.g., arsenic or molybdenum;
Smith and Huyck, 1999) or strong carbonate complexes (such as
uranium; Wanty et al., 1999) desorb at high pH values, and so
treatment to excessively alkaline pH values may end up releasing
potentially harmful concentrations of these elements.

Electrochemical methods are also being developed and tested
to treat acid-mine waters. These methods employ the electrolytic
properties of acid-mine drainage and the differences in electrical
potential between a cathode (such as sulfidic rocks) and an anode
(such as Fe, Al, or Zn) to set up agalvanic cell in the mine waters
(see, for example, Shelp et al., 1996, 1995). In their experiments
with Zn anodes, for example, Shelp et a. (1996) were ableto raise
the pH of low-dissolved oxygen waters from 3 to 6.7 over atwo-
month period, and achieve a corresponding significant decreasein
the concentrations of wide variety of metals such as Fe, Al, Co,
Cu, and Ni that were exchanged for Zn from the anode. However,
these methods add metal dissolved from the electrode (such as Zn,
Fe, or Al) into the waters, which may require further treatment to
remove.

Finally, methods to economically extract one or more metals
from the acid mine waters to help offset the treatment costs are
being developed and applied. For many years, copper has been
recovered from Cu-rich acid mine waters using a simple electro-
chemical method in which copper from the waters replaces and

plates out on scrap iron. A more sophisticated variation on this
technique, solvent-extraction electrowinning, isincreasingly used
as the primary extraction technique in many copper deposits, and
has been proposed to recover copper from acid-mine drainage as
well (Miedecke et al., 1997).

Adit plugging

Adits and tunnels that were installed to drain underground
mine workings are common sources of acid mine drainage.
Plugging of draining adits and drainage tunnels has been proposed
at many sites and carried out at several of these sites to reduce the
amounts of drainage waters needing treatment. The reasoning
behind plugging isthat it not only removes a point source for acid
drainage, but it also backs ground water up into the underground
mine workings, thereby precluding atmospheric oxygen from
reaching and oxidizing sulfides.

However, there are several potential disadvantages to adit
plugging. First, if fractures, joints, or other hydrologic conduits
are present that can transmit ground waters from behind the plug
to the ground surface, then leakage around the plug may occur and
the original single drainage point sourceis, in effect, converted to
a number of smaller point sources. In some cases, the adit plug-
ging may simply reactivate pre-mining ground-water discharge
points, as indicated by the presence of pre-mining ferricrete
deposits. Second, the flooding of underground mine workingswill
likely lead to the dissolution of any soluble secondary salts that
have accumulated in the workings as a result of evaporation of
acid waters or in-situ oxidation of sulfides by humid air. Release
of ferric iron from the salts (Nordstrom and Alpers, 1999) will in
turn trigger more sulfide oxidation without the need for direct
contact with atmospheric oxygen. Adit plugging may therefore
lead to at least a short-term increase in concentration of metals
and acid in the ground waters behind the plug. If the water table
behind the plug fluctuates seasonally, then there is a high likeli-
hood that the cycle of soluble salt formation, salt dissolution, and
sulfide oxidation will continue indefinitely, and there may be lit-
tleto no overall gain in water quality.

Hence, before adit plugging is considered as a viable remedial
action, several key bodies of geologic, geochemical, and hydro-
logic information should be gathered and interpreted. The loca-
tions and extrapol ated surface outcrops of any fractures, rock con-
tacts, or other hydrologic conduits behind the proposed plug loca-
tions should be carefully documented using geologic mapping or
geophysical techniques. Locations of pre-mining springs should
aso be carefully mapped and linked to the fracture maps. The
amounts and types of secondary salts present in the underground
workings should be characterized. The site should be character-
ized in detail hydrologically, with special attention paid to identi-
fying the distribution of hydrologically conductive mine workings
and fractures, and the areas through which ground water is
recharged into the underground workings. A detailed hydrologic
model of the site should then be developed (which preferably
incorporates fracture flow) to determine the extent to which the
water table will rise as a result of the plugging, and the extent to
which the water table will fluctuate seasonally. Geochemical
models should be linked to the hydrologic models to understand
how the composition of ground waters in the mine workings will
change as a result of plugging and seasonal variations in water
table level behind the plug once it isin place.
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Treatment of mineral processing wastes and solutions

Many mineral processing solutions are recycled as much as
possible during mining, in order to minimize water and reagent
usage. However, disposal of these solutionsisinevitable once their
extractive capacities have been exhausted. The wastes left from
minera processing are also disposed of .

Mill tailings and tailings waters

In general, mill tailings left after the milling and physical or
chemical extraction of the mineral commaodity of interest are dis-
posed of through discharge of a dlurry to atailings impoundment,
where the solids settle from the slurry and much of the liquid
decanted for reuse or disposal. The tailings solids have minerals
similar to those in mine waste rocks from the deposit, only in
potentially different proportions (for example, flotation tailings
commonly are depleted in sulfides compared to the ores and waste
rocks) and in much smaller particle size. The liquids that remain
in the impoundment depend upon the type of milling process, but
often contain some levels of organic chemicals (such as detergent-
like surfactants), cyanide, and other reagents used to enhance the
minera recovery. With time, these chemicals tend to be diluted
through addition of rain water, or are degraded as a result of bac-
terial action, photolytic degradation, or other processes. Due to
reactions with the tailings solids, the tailings waters generally
evolve over time to chemical compositions similar to those of
mine waters draining the same deposit type, except that the tail-
ings waters can contain higher concentrations of acid and (or)
metals than corresponding mine waters due to the fine grain size
of the tailings and evaporative concentration in dry climates
(Plumleeet al., 1999). Reactions of acid waters with carbonates or
other minerals in the tailings impoundments may produce higher-
pH waters with lower metal contents. Also, reducing conditions
may develop in the deeper portions of tailings impoundments.
Both waters and solids from uranium mill tailings may have ele-
vated concentrations of radioactive daughter products such as
radon and radium that result from the radioactive decay of urani-
um (Landa, 1999); they may also have elevated concentrations of
metals such as Co, Ni, Mo, and Se that are commonly associated
with uranium ores, and elevated levels of total dissolved solids.

There are severa potential environmental effects of mill tail-
ings impoundments that are the focus of prevention and remedia-
tion efforts. In historic mining districts, mill tailings were com-
monly released directly into nearby streams and rivers. Erosion or
failure of tailings impoundments may also release large volumes
of finely ground tailings solids into the environment; substantial
tailings deposits then can accumulate in low-flow portions of the
streams into which they are released, where they can become a
long-term, non-point source for acid drainage. Waters may leak
from impoundments into the local ground or surface waters (e.g.,
Coggans et al., 1999), or may be released catastrophicaly into
surface waters if the impoundment dam fails.

Prevention of environmental problems associated with mill
tailings requires design of effective tailings impoundments that
will not fail. Effective geotechnical characterization of the
impoundment site, coupled with a detailed understanding of the
risk for natural hazards such as earthquakes, landslides, and flash
floods are therefore crucial in the design of the impoundments.
Blending of sulfidic tailings with carbonate-rich material as the

tailings are placed in the impoundment may help to minimize the
development of acid-rock drainage from the impoundment; how-
ever, tailings waters with near-neutral pH values may still carry
elevated levels of metals such asZn (Plumleeet al., 1999). A com-
mon method of tailings disposal that is quite effective from an
environmental standpoint is the backfill of tailings-cement paste
mixtures in underground workings; although this techniqueis pri-
marily used to provide ground support, it may also help mitigate
acid-rock drainage, as the cement helps neutralize acid generated
by oxidation of sulfides in the tailings solids. In addition, back-
filling of sulfide mill tailings in underground workings below the
post-mining water tableis carried out at a number of mining oper-
ations; once mining and pumping of ground water from the work-
ings ceases, flooding of the backfilled workings submerges the
tailings and precludes ready access of atmospheric oxygen.

As with acid-generating mine wastes, mill tailings can be
remediated by isolation of acid-generating sulfides from the
atmosphere; however, the large volumes of tailings that are typi-
cally generated by many large-scale mining operations may make
such an approach quite expensive. For tailings that have been
released into fluvial environments, removal of the tailings from
the fluvial environment and isolation is an option. Alternatively,
some remedial approaches have used lime addition to the upper
portions of fluvia tailings deposits, which help mitigate (but do
not entirely preclude) acid drainage generation in the deposits.

Organic chemicals and other reagentsin tailings waters may be
treated with avariety of chemical or bacterial destruction process-
es. Acid and metals in the tailings waters may be treated with the
same types of approaches used to treat acid-mine drainage dis-
cussed previously.

Heap leach solids and processing solutions

At present, there are two main types of heap leach mineral pro-
cessing utilized by the mining industry, including sulfuric acid
heap leach processing of copper ores and cyanide heap leach pro-
cessing of gold ores. Heap leach processing of copper ores
involves application of sulfuric acid solutions to sulfide and (or)
oxide copper ores. The copper is then leached from the ores and
recovered using solvent extraction-electrowinning. The process
solutions develop compositions similar to those of acid-mine
drainage waters, but with generally lower pH and much higher
acidities and concentrations of metals (due to the repeated recy-
cling of the solutions in the heap), and so can be treated similarly
to acid drainage. After efficient copper extraction hasfinished, the
heaps may be treated by rinsing with dilute water; however,
extremely large volumes of water may required to accomplish suf-
ficient rinsing. Alternatively, the heaps may be treated with alka-
line solutions to raise the pH and precipitate secondary hydroxide
and sulfate minerals in the heap pore spaces. If the heaps
processed sulfide-rich ores, then the same potential for long-term
acid generation exists as with sulfide-rich mine wastes, and the
treatment options are the same as for the mine wastes.

Cyanide heap leach facilities use alkaline cyanide solutions to
leach gold from oxide ores (Smith and Mudder, 1999; Mudder,
1999 in press). There are a number of geochemical and biogeo-
chemical processes that degrade cyanide in the environment,
including, for example, volatilization of HCN gas (triggered by
mixing of the solutions with lower-pH surface waters), aerobic
bacterial degradation to nitrate and carbon dioxide, precipitation
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of insoluble cyanide compounds, and photolytic degradation
(Smith and Mudder, 1999; Mudder, 1999 in press). These process-
es require time to completely degrade the cyanide, and the envi-
ronmental effects of accidental cyanide spills may reflect the rate
at which the cyanide is released to the environment compared to
the rates of possible degradation mechanisms. In some cases, the
environmental effects of accidental cyanide loss to the environ-
ment may more likely result from the adverse effects of metals
such as Zn and Cu that had been complexed with the cyanide.

After cyanide heap leach processing is completed, or after the
extraction capacity of the solutionsis exhausted (due to buildup of
thiocyanates, or other metal-cyanide complexes that reduce gold
extraction efficiency) the leftover solutions are treated by a vari-
ety of processes such as peroxide or sulfur dioxide treatment to
degrade the cyanide, land application (which spreads the cyanide
over large enough areasto alow efficient photolytic degradation),
or bacterial degradation (Smith and Mudder, 1999; Mudder, 1999
in press). As mentioned previously in the section on treatment of
acid-mine drainage, mixing of spent cyanide solutions with acid-
mine drainage may be alow-cost means to treat both at mine sites
where both are an issue (Plumlee et al., 1995b).

Cyanide heap leach pads have in the past been treated after
cessation of processing by repeated rinsing with dilute waters. In
theory, the rinsing diluted the cyanide remaining in the pore
spaces and dropped the pH of the cyanide solutions below the 9.36
value needed to maintain cyanide ions in solution, thereby leading
to additional degradation by volatilization. However, large vol-
umes of rinse water were needed for this process. Increasingly,
mining companies are treating the process solutions draining from
spent heaps by partially evaporating and then recycling them in
the heaps; this is repeated until the volume of drainage is small
enough to be treated through bioreactors or wetlands.

Studies evaluating cyanide and its degradation products pro-
vide important insights into the geochemical stability of cyanide
in ground and surface waters (Smith and Mudder, 1999; Filipek,
1999). Recent stable isotope studies (Johnson et al., 1998) have
shown that the stable carbon and nitrogen isotopic compositions
of cyanide and possible degradation products (such as nitrates and
aqueous carbonate) are also very useful for understanding the rel-
ative importance of the different cyanide degradation mechanisms
present in active and abandoned heap leach pads.

Smelter wastes and soils affected by smelter emissions

Smelting and roasting extract metals from sulfide ores by com-
bining the sulfides with fluxes (such as silica and carbonate min-
erals) in a high-temperature reducing environment. Native metals
accumulate in the bottom of the furnace beneath slag, which
forms by the combination of iron, calcium and other non-metallic
elements in the ores and fluxes. The molten slag is then discard-
ed; when it cools, solid slag is produced that contains abundant
iron-silicate glass, and minerals. Calcium- and magnesium-bear-
ing glasses and minerals also may be present depending upon the
composition of the ores and fluxes used. The slags can have quite
high metal contents, with the metals present as small inclusions of
sulfides or metal oxides, or tied up within the silicate glasses and
minerals (Parsons et al., 1998; references in Plumlee, 1999).

Gases rich in sulfur dioxide and carrying metal-rich particu-
lates also are generated during smelting and roasting. Modern

smelters have extensive treatment procedures that scrub the
gaseous emissions of much of their deleterious gases and their
particulate load. However, historic smelting activities without
such modern scrubbing equipment commonly left behind metal-
rich depositsin the local soils, as well as vegetation killed by the
effects of acid rain (generated by reactions of the sulfur dioxide
with atmospheric water vapor).

The most common method for remediating smelter slag and
soils affected by smelter emissions is isolation of the slag, and
removal and isolation of affected topsoil.

ESS studies can be used to greatly increase the understanding
of metal mobility from slag and soils (see references in Plumlee,
1999), information that can then be used to help guide and focus
the remediation process. Mineralogical characterization, coupled
with sequential chemical extraction studies of the slags and sails,
can be used to understand how readily available the metals arein
different slag types and soil horizons, thereby helping to focus the
remedia efforts on the most problematic areas (Parsons et a.,
1998). Analyses of plants and vegetables growing on the soils can
show whether the metals are being taken up by the plants in suf-
ficient quantities to be toxic to animals and humans that eat the
plants. Lead isotope studies of soils and human lead (Gulson et
a., 1996) can indicate the extent to which lead is being taken up
from the soils relative from other sources such as lead-bearing
paint. Smeltersin many historic mining districts added metal-rich
particulates to metal-rich soils derived from mineralized rocks;
detailed geochemical sampling of the area affected by these
smelters’ emissions can be coupled with factor analysis of the
geochemical datato help understand background metal levels and
the distribution of sites most affected by the smelting (Chaffee,
1980, 1987).

SUMMARY

This chapter has given a very brief overview of alarge num-
ber of earth-system science methods, studies, and reference links
to other studies that can be used to better measure, understand,
predict, mitigate, and remediate the environmental effects of min-
eral resource development. We have also shown examples of how
these tools from the earth-system science toolkit can be applied in
all phases of mineral resource development. The greatest benefits
arise when methods from diverse disciplines (such as geology,
geochemistry, hydrology, geophysics, ecology, and toxicology)
are integrated and applied together to address mining-environ-
mental issues.

We do not mean to imply that al tools that we have discussed
here are suitable for application at all sites or in al instances,
rather, the toolkit contains a wide variety of tools that are avail-
able for use at the discretion of those who best know the issues to
be examined. However, many of the methods discussed here are
already in widespread use by the mining industry, environmental
consultants, and federal land managers and regulators as part of
mine planning, permitting, and remediation. In the future, we
expect that more of the methods and types of studies discussed
here, as well as many new methods yet to be developed, will be
widely used as a routine component of environmentally friendly
mineral resource development.
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Chapter 2

AN OVERVIEW OF THE ABUNDANCE, RELATIVE MOBILITY,
BIOAVAILABILITY, AND HUMAN TOXICITY OF METALS

Kathleen S. Smith! and Holly L.O. Huyck?
1U.S Geological Survey, Box 25046, MS 973, Federal Center, Denver, CO 80225-0046
2P.0. Box 28161-16, Lakewood, CO 80228

“ Al things are poisonous and yet there is nothing that
ispoisonous; it isonly the dose that makes a thing poi-
sonous.” —PA. Paracelsus (1493?-1541)

INTRODUCTION

A major reason for considering the environmental geochem-
istry of mineral deposits is the environmental impact from such
deposits on human, animal, and plant life. Some human activities
may perturb or ater natural cycles of metals in the environment
leading to accumulation of many potentially toxic metals in the
food chain. To adequately assess the impact of human activitieson
metals in the environment, one must approach the issue from both
a geological/geochemical/physical viewpoint and a biological/
biochemical/toxicological perspective.

This chapter provides a geochemical and a biological context
for chaptersin this volume that discuss specifics of environmental
geochemistry of mineral deposits. We alternate between the geo-
logical/geochemical/physical and biological/biochemical/toxico-
logical aspects of selected metals. Because the emphasis of this
volume is the environmental geochemistry of mineral deposits, we
present examples that relate to metals or mineral deposits rather
than provide areview of the literature. We a so place emphasis on
geological, geochemical, and chemical factors that affect metal
bioavailability and toxicity to highlight connections between the
earth and biological sciences. Radioactive materials are beyond
the scope of this chapter.

Definitions

In this chapter, we use the term “metal” in a general sense to
mean an element that, in agueous solution, displays cationic
behavior or that has an oxide that is soluble in acids (Parish,
1977). By this definition, elements that are non-metals include
hydrogen, the rare gases, boron, carbon, silicon, nitrogen, phos-
phorus, arsenic, oxygen, sulfur, selenium, tellurium, polonium,
fluorine, chlorine, bromine, iodine, and astatine. In our compila-
tions, we may include some of the non-metals under a heading of
“metals’ in order to provide as much of the available information
as possible. McKinney and Rogers (1992) state that the elements
of magjor interest to the U.S. Environmental Protection Agency
(U.S. EPA) include aluminum, antimony, arsenic, barium, berylli-
um, cadmium, chromium, cobalt, copper, lead, manganese, mer-
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cury, molybdenum, nickel, selenium, silver, sodium, thallium,
vanadium, and zinc.

To understand toxicity of metals in humans, one must define
various terms. “Toxicology” is the study of adverse effects of
chemicals on living organisms. “Ecotoxicology” is the study of
potentially harmful substances in the environment and involves
the disciplines of environmental chemistry, toxicology, and ecolo-
gy. “Toxicity” of an element or achemical compound is the capac-
ity of the material to adversely affect any biological function. A
“toxicant” is a toxic material of non-biological origin whereas a
“toxin” is atoxic material of biological origin.

Our definition for “biocavailability” is based upon Newman and
Jagoe (1994): “Bioavailability is the degree to which a contami-
nant in apotential sourceisfreefor uptake (movement into or onto
an organism).” Thus, we use the term bioavailability in a broad
sense. Some definitions of bioavailability further imply that the
toxicant must affect the organism. In environmental toxicity stud-
ies, the definition of bioavailability varies with the toxicant under
study, the method of determining amount of toxicant absorbed,
and the target organism (e.g., see Davis et a., 1992). In the field
of toxicology, the term bioavailability is often used to compare
resulting blood concentrations from a one-time oral dose with the
same dose administered intravenously. Dickson et al. (1994) dis-
cuss various definitions of bioavailability and state that the term
eludes a consensus definition. The term “ bioaccessibility” refersto
the amount of contaminant liberated under a specified set of test
conditions (Ruby et al., 1993).

The term “geoavailability” (coined by W. Day, verbal com-
mun., U.S. Geological Survey, 1993) was initidly defined in
Plumlee (1994). Geoavailability is that portion of a chemical ele-
ment’s or a compound’s total content in an earth material that can
be liberated to the surficia or near-surface environment (or bios-
phere) through mechanical, chemical, or biological processes. The
geoavailability of achemical element or acompound is related to
the susceptibility and availability of its resident mineral phase(s)
to alteration and weathering reactions.

PATHWAYS FROM TOTAL METAL CONTENT
THROUGH TOXICITY

Figure 2.1 illustrates pathways and relationships between total
metal content in an earth material and potential toxicity to an
organism. Total metal is the abundance of agiven metal in an earth
material and geoavailability isafunction of the total metal content,
access to weathering, and susceptibility to weathering.
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FIGURE 2.1—Diagram showing the pathways and relationships between
total metal in an earth material and toxicity. As a metal or toxicant moves
from one stage to another, generally less than 100% is transferred; not all
of the total metal content in an earth material is usualy geoavailable,
bioavailable, or toxic. The gray scale on Figure 2.1 portrays this concept.
Loops“d’ and “b” signify transport and deposition of metals into another
earth material (e.g., from weathering rocks to soil or sediment). Loops “c”
and “d” denote direct uptake of the earth material by plants or animals
(e.g., pica by children) and possible redeposition of metals by decay or
excretion. Loops “€” illustrate biomagnification (see text).

“Dispersivity” refers to physical processes, or the ability to
scatter via non-chemical means. Dispersion may occur via
processes such as movement of bedload or suspended-sediment
load in streams or astransport through air (e.g., smelter emissions,
wind erosion). Mobility refers to chemical processes, which
include chemical interactions with the surficial or near-surface
environment, and the capacity for movement within fluids after
dissolution. Mobility embodies the physicochemical characteris-
tics and speciation of elements in aqueous systems.

Controls on geoavailability, dispersivity, and mobility incor-
porate both source characteristics and processes that interact with
those characteristics, as summarized in Table 2.1. Plumlee (1999)
discusses many of these characteristics and processesin detail; we
note them here only in relation to controls on geoavailability, dis-
persivity, and mobility.

On Figure 2.1, we make a distinction between plants and ani-
mals because bioavailability is generally a prerequisite for uptake
in plants, whereas animals may intake (ingest, inhale, etc.) toxi-
cants that subsequently pass through their bodies without any sys-
temic uptake. For animals, two levels of bioavailability distin-
guish (1) systemic uptake (e.g., into the bloodstream) from (2)
uptake into target organs, where toxicants can accumulate and
create specific toxicity symptoms (after Valberg et al., 1994; not
shown on Fig. 2.1). For plants, metals can be either directly
absorbed from the environment and stored by plant organs at the
point of absorption (e.g., roots and leaves) or translocated and
accumulated within plant tissues.

Bioavailability is a function of geoavailability, dispersivity,
mobility, mode and pathway of exposure, biological specificity,
and individual susceptibility of an organism. In this chapter, we

use a broad definition for bioavailability based upon Newman and
Jagoe (1994) (see definition above). Bioavailability is generally
less than 100% of the amount of a chemical element or compound
to which an organism is exposed (by ingestion, breathing, etc.),
and may be far less than the total content of that element or com-
pound in an earth material. Bioavailability is aprerequisite for tox-
icity but does not necessarily result in toxicity; toxicity requires an
adverse effect on an organism. Toxicity is discussed in detail in
later sections of this chapter.

TABLE 2.1—Outline of the controls on geoavailability, dispersivity, and
mobility of chemical elements.

I. Controls on Geoavailability
A. Abundance (total metal content)
B. Access of weathering agents and degree of weathering
1. Climate
2. Porosity and permeability
a. Structural and lithologic factors
b. Surface exposure
3. Topographic relief
C. Susceptibility of source mineral phases in earth materials to
weathering
1. Mineral properties
a Minera type
b. Solubility
c. Grain size, texture, and structure
d. Impurities
2. Geochemical conditions
a Aqueous concentration and speciation
b. pH and redox conditions
¢. Kinetic constraints
I. Controls on Dispersivity (Physical Processes)
A. Abundance and geoavailability
B. Grain characteristics
1. Size
2. Shape
3. Density
C. Access of erosional agents
1. Climate
2. Topographic relief
D. Access to transporting or retaining agents
1. Movement through air
2. Movement with or settling in water
a. Particle properties
b. Stream or river or aquifer hydrologic characteristics
¢. Pond or lake characteristics
d. Aquifer characteristics
I11. Controls on Mobility (Chemical Processes)
A. Abundance and geoavailability
B. Speciation
C. Solubility product of primary and secondary minerals
1. Aqueous concentration and speciation
2. pH and redox conditions
3. Kinetic constraints
4. Temperature
5. Climate
D. Sorption, coprecipitation, or ion exchange reactions
1. Aqueous concentration and speciation
2. pH and redox conditions
3. Soail properties and mineralogic characteristics
4. Abundance of sorbent material
5. Accessihility of sorbent material
Redox conditions
Photolysis
Tendency for volatilization
Tendency for biotransformation

Tomm
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Each stage from total metal content in an earth material
through toxicity in the surficial environment on Figure 2.1 is a
reservoir with a distinct “half-life.” As ameta or toxicant moves
from one stage to another, generally less than 100% is transferred.
Therefore, not al of the total metal content in an earth material is
usually geoavailable, bioavailable, or toxic. The gray scale on
Figure 2.1 portrays this concept. Total metal content and geoavail-
ability constitute the “source” factors; dispersivity and mobility
comprise the “transport” factors, and intake, bioavailability, and
toxicity constitute the “fate” of metals or toxicants.
Biomagnification links the fate and transport segments of the dia-
gram (as depicted by loops labeled “€” on Fig. 2.1). An example
of biomagnification is the accumulation of mercury in marine
biota.

HEALTH, TOXICITY, AND REGULATIONS

Metals can be essentia to health and they also can be toxic.
This section covers dietary requirements, essential effects, and
toxic effects of metals. Huheey et a. (1993, Chapter 19) provide a
detailed discussion of the inorganic chemistry of biological sys-
tems. Regulations and guidelines for metal concentrationsin water
also are discussed in this section.

Minimum human dietary requirements of
“minerals’ and electrolytes

Human health requires ingestion of many metals on a daily
basis. Many people are aware of the need to consume sufficient
iron, for example, to maintain hemoglobin in the blood. Relatively
recently, dietary requirements have begun to emphasi ze other met-
als, e.g., zinc, as being necessary for maintaining health. Table
2.2A summarizes U.S. Recommended Daily Allowances
(USRDASs) and estimated safe and adequate daily dietary intakes
for adults (National Research Council, 1989). Among the elements
listed in Table 2.2A, fluorine is the only element that is not con-
sidered to be essential for human health. However, its usefulness
in preventing tooth decay garners the designation of “beneficial
element” for human health (National Research Council, 1989).
Table 2.2B lists other metals that some researchers consider to be
essential for good health, but whose roles have not been suffi-
ciently defined by scientific research to list under USRDAS.

Some other elements are also considered by some researchers
to be potentially important to human health, although clinical stud-
ies are equivocal. These elements are:  bromine, lead, and tin
(Ensminger et a., 1994; Nielsen, 1994). Some of these elements
are important to plant health; deficiencies of others cause prob-
lemsfor laboratory animalsin one or two studies. Further research

TABLE 2.2A—U.S. Recommended Daily Allowances (USRDAS) and biological roles of elements that the National Research Council (1989) lists as

essential to health.

Element USRDA®@

Biological role

Calcium (Ca) 800 —1200 mg
function

Chlorine/Chloride (CI) [750 —3600 mg]

Needed to build strong bones and teeth; for blood clotting, neural transmission, and muscle
Needed to maintain water balance, osmotic pressure, and acid-base balance, for digestive
Needed for glucose metabolism

Respiratory and red blood cell function; present in oxidative enzymes

Asfluoride, prevents tooth decay or disease

Needed for thyroid hormones, to control body temperature, metabolism, reproduction, and

Needed for hemoglobin in blood, energy production, and a healthy immune system
Needed for healthy bones and blood vessels, muscle function, nerve transmission, and

Promotes growth, development, and cell function; cofactor in a number of enzymatic

Promotes growth, development, and cell function; essential cofactor in certain enzymes
Essentia for healthy bones and energy production; present in amost every chemical

acid
Chromium (Cr) 50 —200 pg
Copper (Cu) 15 -3mg
Fluorine/Fluoride (F)® 15 -4mg
lodine (1) 150 pg®
growth
Iron (Fe) 10 —-15 mg®
Magnesium (Mg) 280 —350 mg®
energy formation
Manganese (Mn) 2 -5mg
reactions
Molybdenum (Mo) 75 —250 pg
Phosphorous (P) 800 —1200 mg®
reaction within the body
Potassium (K) [2000 —3500 mg]

Regulates body fluid balance; aids muscle contraction and neural transmission
Prevents cardiovascular disease and cancer; detoxifies several major pollutants, especialy

oxidants and free radicals

Selenium (Se) 55 —70 pg®
Sodium (Na) [500 —2400 mg]
Zinc (Zn) 12 -15mg

Aids muscle contraction and neural transmission; maintains blood pressure
Maintains senses of taste and smell, and healthy immune system and growth; protects liver

from chemical damage

(MAlthough fluorine is not essential to health, the National Research Council (1989) considersiit to have sufficient value to be included in this listing.
@[ 1: lower number is estimated minimum requirement for adults; upper limit is based upon text (National Research Council, 1989).
(ndicates USRDAS; all others are “ estimated safe and adequate daily dietary intakes,” which are less well defined. All values are listed for adults >18 years old (excluding

pregnant or lactating women).

(DAfter Griffith (1988), National Research Council (1989), Christian and Greger (1991), and Nielsen (1994).
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TABLE 2.2B—Biological roles of metals that may be vital to human health.() @

Element Biological Role

Boron (B) Affects metabolism of some essential elements

Cobalt (Co)® Constituent in vitamin B, and a factor in formation of red blood cells

Lithium (Li) May be essential for slow respiration on intracellular level

Nickel (Ni) Important in critical enzymes

Silicon (Si) Important in metabolism, maintaining bone tissue

Sulfur () Enables storage and release of energy; promotes enzyme reactions, aids in detoxification of body;
constituent in thiamine, biotin, and required proteins

Vanadium (V) May play arole in metabolism of bones and teeth

(DElements listed in this table were noted as being potentially vital to humans in at least two sources.

Sources: Venugopal and Luckey (1978); Griffith (1988); National Research Council (1989); Goyer (1991); Ensminger et al. (1994); Nielsen (1994).

(Tin has no known biological role, but deficiency has been produced in experimental animals and thus tin may be essential in humans (Ensminger et al., 1994) and is noted
as a possible nutrient or nutrient under special conditions in Luckey and Venugopal (1977). Similarly, arsenic’s role is not well defined, but deficiency in experimental ani-
mals resulted in depressed growth and abnormal reproduction (Ensminger et al., 1994; Nielsen, 1994).

(Although National Research Council (1989) does not specifically list cobalt and sulfur as essential, Christian and Greger (1991) and Ensminger et al. (1994) note that each
is a constituent of vitamins or proteins for which U.S. Recommended Daily Allowances (USRDAS) have been established.

is necessary to define their benefits (or lack thereof) to humans.
According to Robert Benson (U.S. EPA, persona commun.,
1996), there are no credible data suggesting that lead is an essen-
tial element for humans; in fact, lead appears to have adverse
effects on developing nervous systems at the lowest exposures
that can be quantified. Figure 2.2 summarizes the current status of
nutrients considered to be essential to mammalian health.

Toxicity of metals

Gossel and Bricker (1984), Hayes (1989), and Goyer (1991,
1995) provide useful reviews of metal toxicity in humans, and
Gough et al. (1979) review element concentrations toxic to plants,
animals, and humans. Many metals are essentia to life in small
amounts and such metals become toxic only when absorbed in
excessive amounts. However, the level of toxicity for metals is

N

Mammalian Essential Nutrients

commonly only afew to severa times the level necessary to sus-
tain life in humans. For example, while the recommended daily
ingestion of zinc for humans is 1215 mg, researchers have found
that daily intakes of aslow as 18.5 or 25 mg zinc cause decreased
retention of copper (an essential metal) in adult males (Festaet a .,
1985; Fischer et a., 1984). Types of toxicity commonly encoun-
tered in ecotoxicology are summarized in Table 2.3. Definitions of
“acute” and “chronic” exposure vary with source and target. For
aquatic species, the time limits of acute and chronic exposure are
one hour and four days, respectively; time limits are longer for
humans.

Toxic effects

Tables 2.4A and 2.4B summarize the human pathways of metal
absorption and the organs in which the metals concentrate or

FIGURE 2.2—Periodic table of
essential mammalian nutrients.

Such nutrients are considered to
be essential nutrients to humans,

Cu' Zn'

although many studies are based

Ti v Fe upon experiments on |aboratory
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> > cations from National Research
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(Fr) | Ra e al. (1994). Lack of notation for
Rare Earth or Lanthanide Group rare earth and actinide group ele-
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Actinide Group

(Ac)| Th |(Pa)| U
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X
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= Established essential nutrient
= Probable or required under special conditions

= Possible, with some evidence, or potential

? = Mentioned in only one source
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TABLE 2.3—Types of toxicity (modified from Luckey and Venugopal,
1977; U.S. EPA, 1986; Hoffman, 1991; Klaassen and Eaton, 1991;
Agency for Toxic Substances and Disease Registry (ATSDR), 1992).

Acute Exposure: (1) exposure to atoxic agent for 24 hours or less
(Klaassen and Eaton, 1991); (2) exposure to atoxic agent for 14 days or
less (ATSDR, 1992, Glossary); (3) exposure of aguatic life to atoxic
agent for one hour (U.S. EPA, 1986, for setting water pollution stan-
dards)®.

Acute Toxicity: adverse biological effects caused by a single dose or
repeated doses over a short period of time (acute exposure).

Carcinogen: abiologic, chemical, or physical agent capable of produc-
ing uncontrolled cell proliferation in organs and tissues, or to induce
cancer. Carcinogenicity depends on routes and times of exposure, dose,
physical state of the agent, and host-specific factors.

Chronic Exposure: (1) exposure to atoxic agent for more than three
months (Klaassen and Eaton, 1991); (2) exposure to a toxic agent for
365 days or more (ATSDR, 1992, Glossary); (3) exposure of aquatic life
to atoxic agent for four days (U.S. EPA, 1986, for setting water pollu-
tion standards)®.

Chronic Toxicity: (1) also called “cumulative poisoning” or “distal tox-
icity,” adverse biological effects caused by long and continuous exposure
(chronic exposure).

Mutagen: (1) A substance that causes mutations. A mutation is a change
in the genetic material of a body cell. Mutations can lead to birth defects,
miscarriages, or cancer (ASTDR, 1992, Glossary). (2) Any agent that
causes mutation [by mutagenesis]. Mutagenesis includes the induction of
DNA damage and al kinds of genetic alterations, ranging from changes
in one DNA base pair to gross changes in chromosome structure or in
chromosome number (Hoffman, 1991).

Teratogen: abiological, chemical, or physical agent that interferes with
growth and development of an embryo or afetus, creating growth retar-
dation, and functional or structural defects in the fetus.

(Dsee Table 2.7 for further clarification of definition (3). For purposes of setting
water standards to protect aquatic life, the “acute” and “chronic” levels of toxicant
concentrations may be reached on average only once every three years (U.S. EPA,
1986).

which the metals most strongly affect. This table is broken into
two sets—metals that are “characteristically hazardous,” as
defined by U.S. EPA (see below), and other metals that may be
hazardous. The main pathways of exposure to metals are inhala-
tion and ingestion. Ingestion by humans occurs dominantly via
eating contaminated plants or animals or by drinking contaminat-
ed water. The pathway of exposure can influence which organs are
targets for toxic interactions.

Figure 2.3 and Table 2.5 summarize toxic effects of elements
on mammals (and presumably on humans). Rare earth elements
and actinides are excluded from this summary. Figure 2.3 focuses
on carcinogens, teratogens, or embryocides (see Table 2.3 for def-
initions). Toxicity may result in pathologies that are not related to
any of these. Table 2.5 lists “toxic” metals, defined as those that
have strong toxic effects aside from (or in addition to) carcino-
genicity or reproductive effects. Selection of elementsis based on
Goyer (1991). Venugopal and Luckey (1978) consider antimony,
arsenic, lead, mercury, selenium, tellurium, thallium, and tin to be
particularly toxic. When metals that may create toxic side effects
(e.g., aluminum, bismuth, gold, lithium, and platinum) are used in
the treatment of illnesses, these metals are considered to be special
cases. For example, the association of long-term ingestion of lithi-
um with central nervous system disorders is a special case.

The Agency for Toxic Substances and Disease Registry
(ATSDR) publishes reports on toxicological profiles for various

metals. A variety of information also is available through the
ATSDR web site:
(http://atsdr1.atsdr.cdc.gov:8080/atsdrhome.html).

Regulatory response to metal toxicity

Within this chapter, we focus on regulations under the
Resource Conservation and Recovery Act (RCRA), the Clean
Water Act (CWA), and the Safe Drinking Water Act (SDWA). For
an in-depth discussion of these regulations and their impact on
mining, refer to Marcus (1997). Under the RCRA legislation
(which regulates landfills and land-disposal sites), U.S. EPA dis-
tinguishes arsenic, barium, cadmium, chromium, lead, mercury,
selenium, and silver as being sufficiently toxic to humans to war-
rant special regulation as “characteristically hazardous’ metals.
Based upon toxicity studies, the U.S. EPA set minimum
extractable levels for metals in solid wastes for defining charac-
teristically hazardous wastes under RCRA regulation (Table 2.6).
The currently approved extraction method, “Toxicity
Characteristic Leaching Procedure,” or TCLP (U.S. EPA Method
1311), involves leaching of solids by dilute acetic acid for 18
hours. The resulting leachate is used to define materials as haz-
ardous, with the assumption that the test simulates leaching in a
mixed organic/metal landfill. Whereas this test is an improvement
over simply using total metal content in solid materials, it does not
account for other factors affecting geoavailability or, ultimately,
bioavailability. Additional leaching methods exist, such as the
“Synthetic Precipitation Leaching Procedure” (SPLP; U.S. EPA
Method 1312, which involves leaching of solidswith avery dilute
mixture of sulfuric and nitric acid), but none of these other meth-
odsis currently approved for use by U.S. EPA. Under RCRA, the
Bevill Amendment temporarily exempts the regulation of mining
wastes derived from extraction or beneficiation (referred to as
“Bevill Wastes’) from regulation under Subtitle C (hazardous
wastes). Instead, they are regulated under Subtitle D (solid
wastes). This exemption defers the “cradle-to-grave” documenta-
tion and handling required under Subtitle C for mining wastes. In
1997, U.S. EPA proposed new restrictions on the Bevill
Amendment for mining wastes. Information can be obtained from
the internet at the following U.S. EPA sites:

http://earthl.epa.gov/OSWRCRA /hazwaste/datal
http://www.epa.gov/epaoswer/other/mining.htm

The Federal Water Pollution Control Act, along with its
amendments, is commonly known as the Clean Water Act (CWA).
The stated purpose of the CWA is to “restore and maintain the
chemical, physical, and biological integrity of the nation’s
waters.” This legidation includes regulations that set maximum
allowable concentrations of toxicants in discharges and receiving
waters, and establishes the National Pollutant Discharge
Elimination System (NPDES) permit program. (Asthis paper goes
to press, the CWA has not yet been reauthorized. New legislation
may change regulations in the future.)

The Safe Drinking Water Act (SDWA; 1974, amended 1977,
1986, and 1996) establishes a federa regulatory system to ensure
the safety of public drinking water, but applies only to drinking
water facilities of acertain size. Under the SDWA, U.S. EPA must
set “at-the-tap” maximum permissible levels for contaminants in
water delivered by a public water system. A contaminant is
defined in the Act as “any physical, chemical, biological, or radi-
ological substance or matter in water.” For each contaminant, U.S.
EPA must set a Maximum Contaminant Level Goal (MCLG) and
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TABLE 2.4A—Toxicity of “characteristically hazardous’ metals (after Goyer, 1991; National Research Council, 1989).

Major forms of Organs toxicologically

Element ClassV) Nutrient® absorption® affected
Arsenic (As) H P Ingestion Nervous System
Inhalation Liver
Vascular
Skin, Lungs (¢)®
Barium (Ba) H ? Inhalation Pulmonary
Ingestion Muscular
Cadmium (Cd) S No Ingestion Renal
Inhalation Skeletal
Cardiovascular
Lungs (c)
Chromium (Cr) H Yes Ingestion Renal
(Inhalation) (Nasal)
Lungs (c)
Skin
Lead (Pb) B ? Inhalation Nervous System
(<0.5 ym size) Blood
Ingestion Lungs, Renal (c)
Reproductive
Mercury (Hg) S No Inhalation Nervous System
(Ingestion) (Gastrointestinal)
Renal
Selenium (Se) - Yes Ingestion Muscular
(Inhalation) Nervous System
Skin®
Silver (Ag) S No Ingestion Gastrointestinal
Skin

(DH = hard acid, S = soft acid, B = borderline acid (metal classification after Huheey et al., 1993), -- = insufficient information. See Figure 2.9.

(Yes = essential or probable nutrient, P = possible nutrient, ? = noted as a potential nutrient in only one source, No = not an essential nutrient.

(IParentheses indicate lower occurrence rate, lower toxicity, or less common route of absorption.

(9Although U.S. EPA and the World Health Organization consider arsenic to be a well-established carcinogen (Goyer, 1991), association of arsenic with cancer is considered
by some authors to be equivocal (Nielsen, 1994; Frost, 1978). Petito and Beck (1990) provide evidence that the threshold for ingested arsenic to cause skin cancer is signifi-

cantly higher than originally thought.

()Selenium tests for carcinogenesis are conflicting. Human epidemiological studies indicate that, in some cases, selenium actually protects against cancer (Goyer, 1991).
(c)Well-established carcinogen in humans or lab animals. Based on varying mixes of laboratory animal studies and human epidemiological studies. Commonly, these are
contradictory. Carcinogen designation is based on evidence from either laboratory animal studies or human epidemiological studies.

a Maximum Contaminant Level (MCL). The MCLG is a nonen-
forceable health goa set solely on the basis of human health
effects. The MCL is the enforceable drinking water standard and
is set as close to the MCL G as is technologically or economically
feasible. Upon authorization, states may adopt the federal MCLs
or establish independent ones that are the same or more stringent.
Under the SDWA, contaminants are regulated as either primary or
secondary drinking water standards. Primary standards regulate
contaminants that may cause adverse human health effects where-
as secondary standards, which are federally unenforceable, are
limited to contaminants that may adversely affect public welfare
(for example, contaminants that may affect the odor or appearance
of drinking water; see below for associated contaminant limits).
U.S. EPA procedures for setting drinking water standards are con-
tained in 56 FR 3526-3597 (Jan. 30, 1991 Federal Register) and
in 57 FR 31776-31849 (July 17, 1992 Federal Register). The
SDWA drinking water standards are often used to set remedial
standards for actions under RCRA and the Comprehensive
Environmental Response, Compensation and Liability Act (CER-
CLA, aso known as Superfund).

Risk assessment

The topic of risk assessment for metals is essential to the reg-
ulatory process. However, because it is a very broad topic, we do
not discuss risk assessment in detail. Beck et al. (1995) provide a
comprehensive introduction to health-based risk assessment for
metals. They build their discussions around the “red book,” “Risk
Assessment in the Federal Government: Managing the Process’
(NRC, 1983), and on the report “Science and Judgment in Risk
Assessment” (NRC, 1994). Davis and Elias (1996) also discuss
risk assessment of metals and contrast key features of the U.S.
EPA risk assessments for lead and manganese. Fan (1996)
describes the process of risk assessment used for setting permissi-
ble levelsin drinking water. The U.S. EPA report, “A Framework
for Ecological Risk Assessment,” (U.S. EPA, 1992) develops
guidelines and basic principles, and provides definitions of key
terms for ecological risk assessment. Bartell et al. (1992), Suter
(1993), and Landis and Yu (1995) discuss various aspects of eco-
logical risk assessment.

Risk assessment includes hazard identification, dose-response
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TABLE 2.4B—Toxicity of selected “other” metals (after Goyer, 1991; National Research Council, 1989; and Venugopal and Luckey, 1978).

Major forms of Organs toxicologically

Element ClassV) Nutrient® absorption® affected
Aluminum (Al) H No (Ingestion of large (Nervous system, bone, gastrointestinal)
amounts; dialysis
or P deficiency)
Antimony (Sh) B No Ingestion Gastrointestinal (acute);
Inhalation Cardiac and liver (chronic)
Beryllium (Be) H ? Inhalation Lungs, air passages (c)
Dermal Skin lesions
(Ingestion) (Bone, liver)
Cobalt (Co) H/B Yes Ingestion Muscle, liver, heart
Inhalation Lungs
Dermal Allergic on skin
(Injection) (©)
Copper (Cu) SB Yes Ingestion Liver, bone marrow
(Dermal-burn (Blood-anemia)
treatment)
lodine (1) -- Yes Ingestion Thyroid (either excess or deficiency)
Iron (Fe) H/B Yes Ingestion Liver, pancreas, endocrine system, heart
Intravenously
(Inhalation) (Lungs)
Lithium (Li) H P Ingestion Gastrointestinal, central nervous system,
renal, cardiovascular, endocrine
Manganese (Mn) H Yes Inhalation Lungs/respiratory system (acute),
central nervous system, liver (chronic)
Molybdenum (Mo) -- Yes Ingestion Renal, adrenal
(Inhalation) Bone, mucous membranes
Nickel (Ni) B Yes Inhalation Lungs (kidneys, liver, brain) (c)
Dermal Allergic on skin
Thallium (TI) S No Ingestion Gastrointestinal, rena
Dermal Nervous system, lungs
Inhalation Hair, bone, reproductive
Vanadium (V) -- Yes Inhalation Respiratory
(Dermal) Cardiovascular
(Ingestion) Central nervous system, gastrointestinal
Zinc (Zn) B Yes (Inhalation) (Lungs—chillsg/fever, weakness (acute))

(MH = hard acid, S = soft acid, B = borderline acid (metal classification after Huheey et al., 1993), -- = insufficient information. See Figure 2.9.

(9Yes = essential or probable nutrient, P = possible nutrient, ? = noted as a potential nutrient in only one source, No = not an essential nutrient.

(Parentheses indicate lower occurrence rate, lower toxicity, or less common route of absorption.

(c) WEell-established carcinogen in humans or lab animals. Based on varying mixes of laboratory animal studies and human epidemiological studies. Commonly, these are
contradictory. Carcinogen designation is based on evidence from either laboratory animal studies or human epidemiological studies.

assessment, exposure assessment, and risk characterization. NRC
(1994) recommends an iterative approach with initial conservative
assumptions to protect human health in the risk assessment
process. Risk is usually inferred from epidemiological investiga-
tions or calculated from models. Ginevan and Splitstone (1997)
discuss methods for modeling spatia distribution of risk.

Contaminant levelsin water

Tables 2.7A and 2.7B summarize U.S. EPA guidelines for con-
centrations of a number of metals, sulfate, fluoride, and cyanide
for protection of freshwater aquatic life and of human life, respec-
tively. These guidelines are general, and state agencies or U.S.
EPA should be contacted for information on specific water-quali-
ty criteria. In addition, many states publish standards for pH. (A
typical secondary MCL for drinking water pH is 6.5-8.5.) State
regulations may vary among states and within states with respect
to specific bodies of water and their classifications. For example,
the state of Colorado has adopted one-day (not one-hour) stan-

dards for “acute” aquatic life criteria and a 30-day average (not 4-
hour average) for “chronic” aquatic life criteria (W. Wuerthele,
U.S. EPA, personal commun., 1995; refer to Table 2.3 for defini-
tions).

For situations in which humans may ingest water and fish, the
“published” column in Table 2.7B shows water-quality criteriafor
human health published by U.S. EPA in 1980 (U.S. EPA, 1980).
U.S. EPA has published a more recent water quality criteria docu-
ment since this paper entered copy editing (U.S. EPA, 1998). The
“updated” column is based upon more recent toxicity information
in U.S. EPA’s “Integrated Risk Information System,” (IRIS) data-
base (U.S. EPA, 1993a). This database is constantly changing,
based upon new studies on carcinogenicity or other toxicity of
chemicals, and revised thresholds for triggering toxicities. These
are national guidelines, although states may define other local lev-
els for specific waterway segments. States commonly incorporate
these updated numbers in their triennial reviews of regulations
based upon the CWA. The best way to decide what regulations
currently apply to a particular mine site is to contact the appropri-
ate state agency.
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Carcinogenic, Teratogenic, FIGURE 2.3—Periodic table of
d Emb idal El t He carcinogenic, teratogenic, and
an mbryocida ements embryocidal elements, based upon

BIC|IN]|]O] F]|Ne epidemiological studies of humans
and laboratory studies of humans
S | CI| Ar and mammals. Based upon Luckey
and Venugopal (1977), with modi-

K | ca Nsc Ni Vv h Cr Fe hco hnNi ed Br | kr fications from Venugopal and
Luckey (1978) and Goyer (1991).
Lack of notation for rare earth and
Rb [ sr }( ‘Zr Nb Mo‘ (To) | Ru }&h \*@ e | xe actinide group elements is due to
RARE lack of studies and should not be
Cs | Ba |eartu| Hf |Ta | W |Re | Os | Ir | Pt (Po)| (At)| Rn construed as meaning that these
P ele_ments are not pote_ntially toxi_c.
(Fr) [ Ra fioes ™| rare Earth or Lanthanide Group This figure does not 'nCI_qu toxic
effects related to radioactivity.
La|Ce | Pr | Nd |[(Pm){Sm|Eu |Gd |Tb | Dy |Ho | Er | Tm | Yb | Lu
Actinide Group k
wol ™ [eay| U = Established/proven carcinogen
B = Special complexes are carcinogenic
k = Suspected carcinogen
A = Teratogenic or embryocidal
A = Potentially teratogenic
TABLE 2.5—Summary of potential health-related effects of metals and
other selected elements (after Luckey and Venugopal, 1977; Venugopal
and Luckey, 1978; Griffith, 1988; National Research Council, 1989;
Goyer, 1991; Ensminger et a., 1994; and Nielsen, 1994). TABLE 2.5—Continued
Essential for Essential for
Element human health ~ Toxicity  Carcinogenic Teratogenic Element human health  Toxicity  Carcinogenic Teratogenic
Aluminum (Al) S S PIE Rhenium (Rh) P
Antimony (Sh) t Selenium (Se) Y t P Y/E
Arsenic (As) P T Y Y/E Silver (Ag) t P
Barium (Ba) ? t Strontium (Sr) P
Beryllium (Be) ? T Y@ = Sulfur (S) Y
Bismuth (Bi) S Tellurium (Te) t Y/E
Boron (B) P Thallium (TI) t Y/E
Bromine (Br) ? Tin (Sn) P t s
Cadmium (Cd) T vy YIE Titanium (Ti) t P
Calcium (Ca) Y Vanadium (V) P t
Chromium (Cr) Y T 481G Yttrium (Y) P
Cobalt (Co) Y t Y Zinc (Zn) Y t P Y/E
Copper (Cu) Y t S E Zirconium (Zr) Y
Fluorine (F) H - - - -
Galium (Ga) IS p Y = proven or established. For nutrients, “Y” is based solely on National Research
Gold (Au) S Cou_ncn (1989). Cot_)alt and §ulfur areincl uded_ as"Y” becaqse they are constituents
lodine (1) v of vitamins or proteins considered to be essential by the National Research Council.
P = possible or suspected, plus probable for nutrients.
Iron (Fe) Y t S H = although fluorine is not essential to health, the National Research Council
Lanthanum (La) ? (1989) considers it to have sufficient value to be included in its USRDA listing.
Lead (Pb) ? T Y Y/E ? = nutrient cited in one source only.
Lithium (Li) P S Y/E S = special complex or specia conditions required.
Magnesium (Mg) Y t E = embryocidal. _
Manganese (Mn) Y t P E T =toxic mgtals with lmultl ple ejfects (after Goyer, 1991).
Mercury (Hg) T YIE tlz me§HSW|th potential for toxicity _(after Goyer, 1991).
Molybdenum (Mo) v t v (carcinogenic to humans by inhalation only. _ _ _ _
. . (@Although beryllium has been implicated as a human carcinogen by inhalation, epi-
Nickel (Ni) P T Y demiological studies are conflicting. U.S. EPA considers evidence for carcinogenici-
Niobium (Nb) P ty to be sufficient in animals (which includes by injection), but limited in humans
Palladium (Pd) P (Goyer, 1991).
Phosphorus (P) Y ()cr(V1) is considered to be carcinogenic, whereas Cr(l11) is not.
Platinum (Pt) IS (9 Although laboratory studies of rats indicate carcinogenicity, some human epidemi-
Potassium (K) Y ological studies indicate that selenium can inhibit cancer.

()Carcinogenic as organic form only.
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TABLE 2.6—Hazardous levels of constituent concentrations in waste
extract (Toxicity Characteristic Leaching Procedure, TCLP), aslisted in
the Resource Conservation and Recovery Act (RCRA) regulations for
characteristically hazardous metals. See Table 2.4A for toxicity charac-
teristics. The EPA number refers to regulatory identification numbers;
“D” isthe designation for characteristically hazardous wastes (U.S. EPA,

1996).

Regulatory level
EPA No. Constituent (mg/l)
D004 Arsenic 5.0
D005 Barium 100
D006 Cadmium 1.0
D007 Chromium 5.0
D008 Lead 5.0
D009 Mercury 0.20
D010 Selenium 1.0
D011 Silver 5.0

TABLE 2.7A—Water-quality guidelines for metals and cyanide for which water-quality standards or lowest observed effect levels (L.O.E.L.s) have
been established for protection of aquatic life.()

Published Section 304(a)

Freshwater Criterial® Hardness-based equation
Hardness- (H=100 mg/l CaCO,) for calculation of freshwater
Dependent Acute Chronic aquatic-life criterial® 5
Constituent Criteria®® (ng/) (ng/)
Cyanide (total) 22 5.2
Aluminum
(pH 6.5—9.0 only) 750 87
Antimony 9000 16004
Arsenic 360 190
Arsenic (V) 8504 484
Arsenic (I11) 444 401
Beryllium 1304 5.34
Cadmium Yes 39 e(1.128 [In (hardness)] - 3.828) (&)
11 €(0.7852 [In (hardness)] - 3.490) (b)
Chromium (I11) Yes 1700 €(0.8190 [In (hardness)] + 3.688) (@)
210 €(0.8190 [In (hardness)] + 1.561) (b)
Chromium (V1) 16 11
Copper Yes 18 €(0.9422 [In (hardness)] - 1.464) (a)
12 €(0.8545 [In (hardness)] - 1.465) (b)
Iron 1000
Lead Yes 82 e(1.273 [In (hardness)] - 1.460) (a)
32 e(1.273 [In (hardness)] - 4.705) (b)
Mercury 24 0.012
Nickel Yes 1400 €(0.8460 [In (hardness)] + 3.3612) (&)
160 €(0.8460 [In (hardness)] + 1.1645) (b)
Selenium 20 5
Silver Yes 41 0.124 e (1.72 [In (hardness)] - 6.52) (a)
Thallium 14004 40@
Zinc Yes 120 €(0.8473 [In (hardness)] + 0.8604) (a)
110 €(0.8473 [In (hardness)] + 0.7614) (b)

(1) Values are based on the Updated Version of EPA Region VIII Clean Water Act Section 304(a) Criteria Chart (U.S. EPA, 1993b). U.S. EPA has published guidelines for a
different set of water-quality standards for specific river segments in the following locations: Arkansas, California, District of Columbia, Florida, Kansas, Michigan, New
Jersey, Puerto Rico, Rhode Island, and Vermont (U.S. EPA, 1994). The values in this table should be used only as guidelines. Individual states and U.S. EPA should be con-
tacted for updated and local water-quality criteria.

(2) Some freshwater criteria vary with water hardness. There is generally an inverse relationship between hardness and toxicity for a given metal concentration. Hardness is
defined as the amount of polyvalent metal ions (primarily Ca?* and Mg?*; U.S. EPA, 1986), and is expressed as mg/| calcium carbonate (CaCO,).

(3) Inthe case of hardness-dependent criteria, awater hardness (H) of 100 mg/l CaCO, is used. Unless otherwise noted, “acute” means a 1-hour average and “chronic”
means a 4-day average. These definitions of acute and chronic are specifically for aquatic life and differ from those that refer to human life (see Table 2.3; U.S. EPA, 1986;
ATSDR, 1992; U.S. EPA, 1993b). Streams are considered to be protective of aquatic life if the criterion is not exceeded more than once in 3 years.

(4) Values represent established L.O.E.L.s, which do not meet sufficient standards to be considered as water-quality criteriafor aguatic life. A L.O.E.L. (lowest observed
effect level) is the lowest contaminant level at which target aquatic species exhibit negative effects. Although these are not U.S. EPA criteria, they are included as guidelines
according to U.S. EPA (1986).

(5) These equations are in the form e [In (hardness)] +y) and are used to cal culate hardness-dependent freshwater aquatic-life criteria for a given water-hardness value. (a) = 1-
hour average, or acute; (b) = 4-day average, or chronic.
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TABLE 2.7B—Water-quality criteriafor metals, cyanide, sulfate, and fluoride for which water-quality standards and maximum contaminant levels

(MCLSs) have been established for protection of human life.®

Water + Fish Ingestion® Drinking water
Constituent Published Updated MCLG and MCL (mg/)®
Cyanide (total) 200 pg/l (m) 700 pg/l 0.2 (g); 0.2 (f)
Sulfate 500 (g); 500 (p); 250 (9)
Aluminum 0.05—0.2 (s, I)
Antimony 146 pg/l 14 ug/l (r) 0.006 (g); 0.006 (f)
Arsenic 2ng/l 18 ng/l 0.05 (d)
Barium 1 mg/l (M) 1 mg/l (m) 2(9); 2 ()
Beryllium 3.7 ng/l 7.7 ng/l 0.004 (g); 0.004 (d)
Cadmium 10 pg/l (my); 29 pg/l (tx) 14 pg/l (r) 0.005 (g); 0.005 (f)
Chromium 0.1(g); 0.1 (f)
Chromium (I11) 50 pg/l (m); 170 mg/l (tx) 3.3mg/l (r)
Chromium (V1) 50 pg/l (m) 170 pg/l (r)
Copper 1.0 mg/l (s) 1.3 mg/l 1.3 (g, tt); 1.0(9)
Fluoride 4(9); 4 (f); 2(9
Iron 0.3 mg/l (m) 0.3 mg/l (M) 0.3(s)
Lead 50 pg/l (m) —@® 0 (g); 0.015 (tt)
Manganese 0.05 mg/l (m) 0.05 mg/l (m) 0.05 (s, )@
Mercury 144 ng/l 140 ng/l 0.002 (g); 0.002 (f)
Nickel 13.4 pg/l 610 pg/l (r) 0.1 (g, rr); 0.1 (f, rr)
Selenium 10 pg/l (m) 170 pg/! (r) 0.05 (g); 0.05 (f)
Silver 50 pg/l (m) 170 pg/l 0.1(s)
Thallium 13 pg/l 1.7 pg/l 0.0005 (g); 0.002 (f)
Zinc 5mg/l (s) 9.1 mgl/l 5(s1)

(MAfter U.S. EPA (1993b; 1995). U.S. EPA (1993b) was used to define published and updated values. U.S. EPA (1995) was used to define drinking water MCLGs and
MCLs. The valuesin this table should be used only as guidelines. Individual states and U.S. EPA should be contacted for updated and local water-quality criteria.

(@These water-quality values apply to situations in which humans may ingest both water and fish. Values are based on the Updated Version of EPA Region V111 Clean Water
Act Section 304(a) Criteria Chart (U.S. EPA, 1993b). Human-health criteria for ingestion of water + fish occur in two forms. The “published” criteria are those that have
been officially published by U.S. EPA in Clean Water Act Section 304(a) criteria documents. The “updated” values (as of July 1993) are based upon the Integrated Risk
Information System (IRIS), which is constantly changing, and which the states use for their triennial updates of water-quality regulations. Access to current versions of IRIS
are available by commercial services. (m) = criteria based on drinking water MCL (after U.S. EPA, 1993b), (tx) = the calculated Section 304(a) toxicity-based value, if any,
(r) = amore stringent final MCL has been issued by U.S. EPA under the Safe Drinking Water Act, and (s) = secondary criteria based on taste and odor.

(IThese MCLG and MCL values are published under the Safe Drinking Water Act (U.S. EPA, 1995). The MCLs are at various stages of regulatory development.

(f) = find, (rr) = being remanded, (1) = listed for regulation as a primary MCL, (d) = draft, under review as a primary MCL, (p) = proposed as a primary MCL, and (s) =
secondary MCL. All secondary MCL s are set for look, taste, or odor, and are final. In addition to having secondary MCLs, aluminum, manganese, and zinc are listed for
regulation as primary MCLs. (g) = MCLG; (tt) = “treatment technique.” Since in-house plumbing and soil characteristics can affect copper and lead contents of water,
“action levels’ (shown for copper and lead) are set under the treatment technique guideline. For example, if drinking water exceeds these action levelsin a particular area,
the water provider must initiate a variety of technical improvements to comply with each action level. These include corrosion controls and education of local residents. If
the water provider implements all required technical improvements and still does not achieve action levels, it will not be sued to force compliance. For MCLs, however, the

provider must be in compliance at the end user.

(A primary MCL for manganese is being considered at 0.8 mg/l (H. Fliniau, U.S. EPA, personal commun., 1997).

Metals for which MCL criteria are listed exist mainly for pro-
tection of human health (U.S. EPA, 1995). A few metals—iron
and manganese—have levels that are mainly aesthetic to mini-
mize taste, odor, or color problemsin drinking water. [U.S. EPA is
considering regulating manganese in the future; at continuous and
long-term exposure to high levels it may adversely affect the
human brain (R. Benson, U.S. EPA, personal commun., 1996)].
Zinc and copper are considered to be pollutants in water because
of their high toxicity to aquatic life, despite their relatively low
toxicity to humans.

ABUNDANCES OF ELEMENTS

Introduction

This section provides tables and figures that present general-
izations about the abundances of elements in earth materials,
water, and vegetation. This section can stand aone and is not
essential to understanding the remainder of this chapter. The pur-

pose of this section is to assemble element-abundance data in one
place, with minimal explanation. These data are intended to serve
only as a rough guide when evaluating the concentrations of
chemical elements in the environment. Many of these types of
data are ill evolving as analytical-chemistry techniques are
developed and refined. A standardized world geochemical atlas
and global geochemical database are being prepared by the
International Geological Correlation Program (IGCP, 1995;
http://www.unesco.org/general/eng/programmes/science/pro-
gramme/environ/igcp/index.html). The Geochemical Earth
Reference Model (GERM) initiative is establishing a consensus
on chemical characterization of the Earth (http://www-
ep.es.lInl.gov/germ/germ-home.html).

Crustal abundance
There are numerous compilations of estimates of the average

abundance of elements within the Earth’s crust (see Rickwood,
1983). These compilations tend to vary due to the different
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approaches, methods, and assumptions used to derive estimates of
crustal abundance. Our knowledge of the crustal abundance of
most rock types (and hence their associated elements) is inade-
quate because the Earth’s crust is so variable and so poorly
exposed.

Table 2.8 lists approximate (order of magnitude) consensus
values of various published estimates of crustal abundance and the
range of these estimates (Rickwood, 1983). Clarke values, which
refer to the average abundance of a particular element in the
lithosphere, are also given in Table 2.8 (Fortescue, 1992); Clarke
values are synonymous with crustal abundances. The “Clarke of
Concentration” (KK), an expression for the relative abundance of
an element in a given sample or set of samples, is the abundance
of an element in the sample(s) divided by its Clarke value. The
KK is used to delineate materials that are enriched or depleted in
an element relative to average values.

Table 2.8 aso includes the abundance of minor and trace ele-
ments in two different rock types, basalt and granite (Levinson,
1980). These data illustrate how the abundances of most minor
and trace elements vary from mafic to granitic rocks, which in
turn reflect magmatic differentiation. Figure 2.4 illustrates the
range of minor and trace elements in rocks and the relationship
between typical abundances (Rose et al., 1979). The trace-element
content of specific rock types is the major control on background
levelsin soils, sediments, and waters.

Sail

Soils form from chemicaly and mechanically weathering
rocks under the influence of climatic and topographic controls,
microbiological processes, the abundance of an element in the
parent rock, the nature and duration of the weathering processes
operating on the parent rock, gains and losses by physical process-
es (e.g., wind transport), the solubility of the primary and sec-
ondary mineral phases present in the parent rock and in the soil
(geoavailability), the type of vegetation, and the type and amount
of organic matter in the soil. Solubility and kinetic reactions, and
pore-water composition control the ability of solid phases to
replenish an element as it is depleted from the soil’s interstitial
water. These factors are al related to geoavailability (see Table
2.1).

Soilsnormally contain different layers, which arereferred to as
soil horizons. These horizons commonly have very different prop-
erties and elemental distributions, and may range from a few mil-
limeters to meters in thickness. When comparing the composition
of different sails, it is important to be consistent in the soil hori-
zon being considered.

Table 2.9 lists average concentrations and ranges of elements
in soils compiled by different authors. Soil samples from the west-
ern and eastern United States (Shacklette and Boerngen, 1984)
were collected from a depth of 20 cm. This depth was chosen
because it is a depth below the plow zone that would include parts
of the zone of illuviation (i.e., accumulation of dissolved or sus-
pended soil materials as a result of transport) in most well-devel-
oped zona soils (Shacklette and Boerngen, 1984). The selected
average of Lindsay (1979) is an arbitrary reference level for ele-
ments in soils. Figure 2.5 compares minor and trace-element con-
centrations in topsoils to their abundance in the lithosphere
(Kabata-Pendias and Pendias, 1992).

Vegetation

The ability of plants to absorb minor and trace elements is
highly variable depending on the species, soil conditions, climate,
and season. However, on average, this ability exhibits some gen-
eral trends for particular elements, as illustrated on Figure 2.6
(Kabata-Pendias and Pendias, 1992). Table 2.10 lists concentration
ranges of elements in plant leaf tissue as a function of typicaly
measured range, deficiency, and toxicity. These ranges are only
approximations. It is important to note that the typical range of
concentrations of some elements in plant leaf tissue can be close
to or even overlapping with excessive or toxic concentrations (e.g.,
boron, copper, and zinc). Markert (1994) has published the trace
element content of a“reference plant” which represents the trace
element content of plantsin general (Table 2.10).

Dissolved and suspended riverine materials

Factors affecting the chemical composition of most surface
waters are climate (especially intensity and frequency of rainfal),
lithology, geoavailability of elements, vegetation, topography, bio-
logical activity, and time. It is difficult to predict which of these
factors will be most important for a given situation. However, the
composition of water is most often controlled by interactions with
earth materials through which the water flows. For surface waters,
these interactions generally take place in the soil zone. The com-
position of uncontaminated surface waters varies by several orders
of magnitude depending on environmental conditions (Meybeck
and Helmer, 1989), analytical techniques, and possible contamina-
tion.

Concentrations of trace elements in surface waters are till a
matter of debate and uncertainty because water samples can be
easily contaminated during collection or analysis, analytical detec-
tion limits are sometimes greater than the natural concentrations
and few pristine surface waters have been analyzed cleanly for
trace elements (Martin et a., 1980). Table 2.11 lists concentrations
of dissolved constituents in surface waters compiled by various
authors. The values listed in this table are meant only as a rough
guide for element concentrations in surface water.

As afirst approximation, the composition of suspended matter
in rivers may be assumed to be that of proximal surficial rocksin
the drainage basin (Whitfield and Turner, 1979; Martin and
Whitfield, 1983). However, the degree of chemical weathering and
individual element behavior will affect the ultimate element con-
centrations in suspended meatter.

FACTORSAFFECTING METAL
MOBILITY AND DISPERSIVITY

Chemical and physical properties of elements

Elements have certain inherent chemical and physical proper-
ties that influence their behavior in the environment (see
Nordstrom, 1999). The chemistry of the elementsis determined by
how atoms exchange, interchange, and share the electrons that
occupy their “outermost orbits’ (the valence electrons). The term
“electronegativity” refers to the relative tendency of an atom to
acquire negative charge. Listings of electronegativities are com-
mon in most inorganic or physical chemistry textbooks (e.g.,
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TABLE 2.8—Estimates of the crustal abundance of selected chemical elements by various authors, and the abundance of minor and trace elementsin
two different types of rocks. Data are as ppm; significant figures reflect those reported by the source.

Estimates of crustal abundance (ppm)

Abundance in rocks (ppm)

Approximate Consensus Clarke
Element consensus™®) ranget® value® Basalt Granite
Aluminum (Al) 80,000 74,500-88,649 83,600
Antimony (Sbh) 0.15-1 0.20 0.2 0.2
Arsenic (As) 2 1.7-5 1.80 2 15
Barium (Ba) 430 179-1070 390 250 600
Beryllium (Be) 3 1.3-10 2.00 0.5 5
Bismuth (Bi) 0.2 0.0029-0.2 0.00820) 0.15 0.1
Boron (B) 10 3-50 9.00 5 15
Bromine (Br) 3 0.26-10 2.50 3.6 29
Cadmium (Cd) 0.18 0.1-5 0.16 0.2 0.2
Calcium (Ca) 30,000 16,438-62,894 46,600
Carbon (C) 200-4902 180
Cerium (Ce) 45 29-96 66.4 35 46
Cesium (Cs) 3 1-10 2.60 1 5
Chlorine (Cl) 500(?) 100-2000 126 60 165
Chromium (Cr) 200 70-330 122 200 4
Cobalt (Co) 25 12-100 29.0 50 1
Copper (Cu) 60(?) 14-100 68.0 100 10
Dysprosium (Dy) 45 3-75 5.00 3 0.5
Europium (Eu) 12 0.2-1.4 214 1.27
Fluorine (F) 500 270-800 544 400 735
Gadolinium (Gd) 7 5-10 6.14 4.7 2
Gallium (Ga) 17 1-19 19.0 12 18
Germanium (Ge) 15(?) 137 150 15 15
Gold (Au) 0.004 0.001-0.005 0.0040 0.004 0.004
Indium (In) 0.1 0.05-0.25 0.24 0.1 0.1
lodine (1) 05 0.05-10 0.46 05 05
Iridium (Ir) 0.001 0.001-0.01 0.000002
Iron (Fe) 50,000 30,888-64,668 62,200
Lanthanum (L&) 6.5-100 34.6 105 25
Lead (Pb) 16 12-20 130 5 20
Lithium (Li) 30 18-65 18.0 10 30
Lutetium (Lu) 0.9 0.27-1.7 0.54 0.2 0.01
Magnesium (Mg) 21,000 10,191-33,770 27,640
Manganese (Mn) 900 155-1549 1,060 2200 500
Mercury (Hg) 0.08 0.03-0.5 0.086 0.08 0.08
Molybdenum (Mo) 2 1-15 1.20 1 2
Neodymium (Nd) 25 17-37 39.6 17.8 18
Nickel (Ni) 80 23-200 99.0 150 0.5
Niobium (Nb) 20 0.32-24 20.0 20 20
Nitrogen (N) 20(?) 15-400 19.0
Oxygen (O) 470,000 452,341-495,200 456,000
Palladium (Pd) 0.01 0.0084-0.05 0.015 0.02 0.002
Phosphorus (P) 1000 480-1309 1,120
Platinum (Pt) 0.005 0.005-0.2 0.0005 0.02 0.008
Potassium (K) 26,000 15,773-32,625 18,400
Rhenium (Re) 0.001 0.00042-0.001 0.0007 0.0005 0.0005
Rubidium (Rb) 120 78-310 78.0 30 150
Samarium (Sm) 7 6.5-8 7.02 42 3
Scandium (Sc) 5-22 25.0 38 5
Selenium (Se) 0.09 0.05-0.8 0.050 0.05 0.05
Silicon (Si) 270,000 257,500-315,896 273,000
Silver (Ag) 0.07 0.02-0.1 0.080 0.1 0.04
Sodium (Na) 24,000 15,208-28,500 22,700
Strontium (Sr) 350 150-480 384 465 285
Sulfur (S) 500 260-1200 340
Tantalum (Ta) 2 0.24-3.4 1.70 0.5 35
Tellurium (Te) 0.00036-0.01 0.0040 0.001 0.001
Thallium (TI) 1 0.1-3 0.72 0.1 0.75
Thorium (Th) 10 5.8-20 8.10 22 17
Tin (Sn) 25 2-80 210 1 3
Titanium (Ti) 5000 2458-9592 6320 9000 2300
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TABLE 2.8—Continued

Estimates of crustal abundance (ppm)

Abundance in rocks (ppm)

Approximate Consensus Clarke
Element consensus'®) range? value® Basalt) Granite®
Tungsten (W) 1 0.4-70 1.20 1 2
Uranium (U) 3 1.7-80 2.30 0.6 4.8
Vanadium (V) 150 53-200 136 250 20
Ytterbium (Yb) 3 0.33-8 3.10 111 0.06
Yttrium (Y) 30 19-50 310 25 40
Zinc (Zn) 70 40-200 76.0 100 40
Zirconium (Zr) 160 130400 162 150 180

(UData are from Rickwood (1983, table A-11) and represent an approximate consensus (within an order of magnitude) of published estimates of crustal abundance.
(@Data are from Rickwood (1983, table A-11) and give the range of the published estimates of crustal abundance used to compile the approximate consensus values in the

previous column.

()Data are from Fortescue (1992, table 4). According to the author, the value for Bi appears to be too low.

(Data are from Levinson (1980, table 2-1) for two different types of rocks.

Huheey et al., 1993). Elements that have low electronegativity,
such as metals, are relatively easily ionized and tend to combine
with non-metallic elements of high electronegativity. Hence, elec-
tronegativity isindicative of the types of compounds and the types
of chemical bonds that a given element will form.

The oxidation state (also referred to as oxidation number) rep-
resents the charge that an atom “appears’ to have when electrons
are counted. Oxidation states are used to track electrons in oxida-
tion-reduction reactions. lonic radii generally decrease with
increasing oxidation state. Also, for a given element, the preferred
geometry varies with different oxidation states. For example, the
electronic structure of Co?* is such that tetrahedral or octahedral
coordination is energetically favored; in contrast, trigonal bipyra-
midal coordination is most stable for Co™ (Cotton and Wilkinson,
1988). Finally, elements with variable oxidation states, such as
iron and copper, can take part in oxidation-reductions reactions.
Consequently, oxidation state can influence binding sites and
chemical reactions for a given element.
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FIGURE 2.4—Average concentrations and ranges of trace elementsin
rocks. After Rose et al. (1979).

Thesize of anion primarily depends on its oxidation state. The
ionic radius of an element is important in determining if it can
take part in particular biochemical reactions. Also, elements with
similar ionic radii and charge can sometimes substitute for one
another. For example, Cd?* can substitute for Ca2* in many geo-
chemical and biological systems.

lonic potentia (the ratio of oxidation number to ionic radius)
of elements has been related to their mobility (see Rose et a.,
1979). Figure 2.7 shows the mobility of various elements as a
function of ionic potential. Elements with low ionic potential are
generally mobile in the aquatic environment as simple cations
(e.g., Na*, Ca2*) and elements with high ionic potential are gen-
erally mobile as oxyanions (i.e., elements that combine with oxy-
gen to form an anionic species in agqueous systems; e.g., SO,
M0042'). Elements with high ionic potential tend to form covalent
bonds rather than ionic bonds. Elements with intermediate ionic
potential have atendency to strongly sorb or hydrolyze and exhib-
it low solubility; therefore, these elements are fairly immobile
(Rose et d., 1979). The concept of ionic potential is useful in
explaining how elements with apparently different chemical prop-
erties behave similarly during migration in the environment.

Classification systems
Goldschmidt’s geochemical classification of the elements

Goldschmidt (1954) studied the distribution of elementsin the
Earth, meteorites, and smelter products. He grouped the elements
into those that tend to occur with native iron and which are prob-
ably concentrated in the Earth’s core (siderophile elements), those
concentrated in sulfides and characteristic of sulfide ore deposits
(chalcophile elements), those that generally occur with silica
(lithophile elements), and those that exist in gaseous form
(atmophile elements). Figure 2.8 shows Goldschmidt’s groupings
of the elements in the context of the periodic table. Elements of
each group generally exhibit similar geologic behavior. However,
some elements have characteristics common to two groups.
Although rough, the terminology of Goldschmidt's classification
system is still used, and this system has provided the foundation
for other more recent geochemical classification systems (e.g.,
Beus and Grigorian, 1977).
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TABLE 2.9—Means and ranges of elemental concentrations in soils. Data are as ppm; significant figures reflect those reported by the source.

Western United States®) Eastern United States® Lindsay (1979)

Element Mean® Range¥ Mean® Range¥ Averagel®
Aluminum (Al) 58,000 5,000—>100,000 33,000 7,000—>100,000 71,000
Antimony (Sh) 0.47 <1-2.6 0.52 <1-88

Arsenic (As) 55 <0.10-97 4.8 <0.1-73 5
Barium (Ba) 580 70-5,000 290 10-1,500 430
Beryllium (Be) 0.68 <1-15 0.55 <1-7 6
Boron (B) 23 <20-300 31 <20-150 10
Bromine (Br) 0.52 <0.5-11 0.62 <0.5-5.3 5
Cadmium (Cd) 0.06
Calcium (Ca) 18,000 600-320,000 3,400 100-280,000 13,700
Carbon (C) 17,000 1,600-100,000 15,000 600-370,000 20,000
Cerium (Ce) 65 <150-300 63 <150-300

Cesium (Cs) 6
Chlorine (Cl) 100
Chromium (Cr) 41 3-2,000 33 1-1,000 100
Cobalt (Co) 71 <3-50 59 <0.3-70 8
Copper (Cu) 21 2-300 13 <1-700 30
Fluorine (F) 280 <10-1,900 130 <10-3,700 200
Galium (Ga) 16 <5-70 9.3 <5-70 14
Germanium (Ge) 1.2 0.58-2.5 11 <0.1-2.0 1
lodine (1) 0.79 <0.5-9.6 0.68 <0.5-7.0 5
Iron (Fe) 21,000 1,000—>100,000 14,000 100—>100,000 38,000
Lanthanum (La) 30 <30-200 29 <30-200 30
Lead (Pb) 17 <10-700 14 <10-300 10
Lithium (Li) 22 5-130 17 <5-140 20
Magnesium (Mg) 7,400 300->100,000 2,100 50-50,000 5,000
Manganese (Mn) 380 30-5,000 260 <2-7,000 600
Mercury (Hg) 0.046 <0.01-4.6 0.081 0.01-3.4 0.03
Molybdenum (Mo) 0.85 <3-7 0.32 <3-15 2
Neodymium (Nd) 36 <70-300 46 <70-300

Nickel (Ni) 15 <5-700 11 <5-700 40
Niobium (Nb) 8.7 <10-100 10 <10-50

Nitrogen (N) 1,400
Oxygen (O) 490,000
Phosphorus (P) 320 40-4,500 200 <20-6,800 600
Potassium (K) 18,000 1,900-63,000 12,000 50-37,000 8,300
Rubidium (Rb) 69 <20-210 43 <20-160 10
Scandium (Sc) 8.2 <5-50 6.5 <5-30 7
Selenium (Se) 0.23 <0.14.3 0.30 <0.1-39 0.3
Silicon (Si) 300,000 150,000-440,000 340,000 17,000-450,000 320,000
Silver (Ag) 0.05
Sodium (Na) 9,700 500-100,000 2,500 <500-50,000 6,300
Strontium (Sr) 200 10-3,000 53 <5-700 200
Sulfur () 1,300 <800-48,000 1,000 <800-3,100 700
Thorium (Th) 9.1 2.4-31 7.7 2.2-23

Tin (Sn) 0.90 <0.1-7.4 0.86 <0.1-10 10
Titanium (Ti) 2,200 500-20,000 2,800 70-15,000 4,000
Uranium (U) 25 0.68-7.9 2.1 0.29-11

Vanadium (V) 70 7-500 43 <7-300 100
Ytterbium (Y b) 2.6 <1-20 2.6 <1-50

Yttrium (Y) 22 <10-150 20 <10-200 50
Zinc (Zn) 55 10-2,100 40 <5-2,900 50
Zirconium (Zr) 160 <20-1,500 220 <20-2,000 300

(values observed in the western United States, west of the 96th meridian. Samples were collected at a depth of approximately 20 cm. Data are from Shacklette and

Boerngen (1984, table 2).

(@values observed in the eastern United States, east of the 96th meridian. Samples were collected at a depth of approximately 20 cm. Data are from Shacklette and

Boerngen (1984, table 2).
(3Means are geometric means except for K and Si, which are arithmetic means.

(YRanges are those observed from the study. Data are from Shacklette and Boerngen (1984, table 2).
()selected average for soils from Lindsay (1979, table 1.1; no information on depth or type of average).
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TABLE 2.10—Generalized concentration ranges of chemical elementsin
mature plant leaf tissue (as ppm on a dry-weight basis). Sensitive or
highly tolerant species are not included. Significant figures reflect those
reported by the source.

Typica Excessive  Reference
Element range® Deficient®  or toxic®  plant®
Antimony (Sh) 7-50 150 0.1
Arsenic (As) 1-1.7 520 0.1
Barium (Ba) 500 40
Beryllium (Be) <1-7 10-50 0.001
Boron (B) 10-200 5-30 50-200 40
Cadmium (Cd) 0.05-0.2 5-30 0.05
Chromium (Cr) 0.1-0.5 5-30 15
Cobalt (Co) 0.02-1 15-50 0.2
Copper (Cu) 5-30 2-5 20-100 10
Fluorine (F) 5-30 50-500 20
Lead (Pb) 5-10 30-300 1.0
Lithium (Li) 3 5-50
Manganese (Mn)  20-300 15-25 300-500 200
Mercury (Hg) 1-3 0.1
Molybdenum (Mo)  0.2-1 0.1-0.3 10-50 0.5
Nickel (Ni) 0.1-5 10-100 15
Selenium (Se) 0.001-2 5-30 0.02
Silver (Ag) 0.5 5-10 0.2
Thallium (TI) 20 0.05
Tin (Sn) 60 0.2
Titanium (Ti) 0.5-2.0 0.2-0.5 50-200 5.0
Vanadium (V) 0.2-15 5-10 0.5
Zinc (Zn) 27-150 10-20 100400 50
Zirconium (Zr) 0.5-2.0 0.2-05 15

(WData are from Kabata-Pendias and Pendias (1992) with revisions by Pais and
Jones (1997).

(@Data are from Markert (1994). Represents the trace element content of plantsin
general.

Classifications of metals

Metals can be classified into groups based on their capacity for
binding to different anions. Severa classification systems have
developed through the years (e.g., Whitfield and Turner, 1983), but
the foundation is often built upon the empirical system of Ahrland
et a. (1958). They divided metal ions into Classes A and B,
depending on whether the metal ions formed their most stable
complexes with ligands of the first row of groupsV, VI, or VII of
the periodic table (i.e., nitrogen, oxygen, and fluorine, respective-
ly), or with heavier lower-row ligands of those groups (i.e., phos-
phorus, sulfur, and iodine). Stable complexes are formed depend-
ing on the number of valence electrons of the metal ion.

Class A metal cations preferentially form aqueous complexes
with fluoride and with ligands having oxygen as the electron donor
(e.g., carboxyl groups (COOH) and PO43'). Water is strongly
attracted to these metals, and no sulfides (complexes or precipi-
tates) are formed by these ions in agueous solution. Class A met-
alstend to form relatively insoluble precipitates with OH-, C032',
and PO43‘ (Stumm and Morgan, 1996). The stability of a Class A
metal cation complex with a given ligand generally increases with
an increase in charge on the metal ion, and ions with the smallest
radii usually form the most stable complexes.

Class B metal cations form complexes preferentialy with lig-
ands containing iodine, sulfur, or nitrogen as donor atoms. These
metal cations may bind ammonia more strongly than water, and
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CN- in preference to OH". Class B meta cations form insoluble
sulfides and soluble complexes with S and HS (Stumm and
Morgan, 1996). It is difficult to generalize about stability
sequences for complexes in this class.

Pearson (1963, 1968a, 1968b) introduced the terms “hard” and
“soft” acid and base to describe Class A and B metals and ligands.
A “hard acid” is a Class A metal ion, a “soft acid” is a Class B
metal ion, a“hard base” isa Class A ligand, and a “soft base” isa
Class B ligand. Hard acids tend to bind to hard bases, and soft
acids tend to bind to soft bases. The terms “hard” and “soft” are
relative, and there are borderline cases between hard and soft for
both acids and bases. Also, within each grouping, some acids are
harder or softer than others and will behave accordingly. Figure
2.9 shows the periodic table with acids classified by the hard-soft-
acid-base (HSAB) system according to Huheey et al. (1993); Table
2.12 lists the bases by this classification. Some of these classifica
tions are mixed due to multiple common oxidation states of some
elements. Generalizations about the speciation, behavior, and
mobility of elements in agueous systems can be made based on
this type of classification system.

Transition-metal cations have a reasonably well-established
rule for the sequence of complex stability based on empirical
observation—the Irving-Williams order. According to this rule,
the stability of complexes follows the order:
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FIGURE 2.7—Mohility of chemical elementsin the surficial environ-
ment as a function of ionic potential. After Rose et a. (1979).
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TABLE 2.11—Summary of the average elemental composition of dissolved and suspended matter in surface water from a variety of sources and vari-
ous authors.

Martin and Whitfield (1983) Meybeck (1988) Hem (1985)

Dissolved® Suspended® Dissolved® Dissolved®
Element (ng) (1d/9) (ug) (ug/)
Aluminum (Al) 50 94,000 40 + 20
Antimony (Sb) 1 25 0.1-1s
Arsenic (As) 17 5 1+£05 0.1-1s
Barium (Ba) 60 600 10s
Beryllium (Be) 0.1s
Boron (B) 18 70 30+ 20
Bromine (Br) 20 5
Cadmium (Cd) 0.02 1) 0.1-1s
Calcium (Ca) 13,300 21,500
Cerium (Ce) 0.08 95
Cesium (Cs) 0.035 6 0.05 + 0.03
Chromium (Cr) 1 100 0.8+0.3 0.1-1s
Cobalt (Co) 0.2 20 0.1+ 0.05 0.1s
Copper (Cu) 15 100 2+1 1-10s
Erbium (Er) 0.004 3
Europium (Eu) 0.001 15
Fluorine (F) 100 £+ 20
Gadolinium (Gd) 0.008 5
Gallium (Ga) 0.09 25
Gold (Au) 0.002 0.05
Hafnium (Hf) 0.01 6
Holmium (Ho) 0.001 (1)
Iron (Fe) 40 48,000 50 + 30
Lanthanum (La) 0.05 45
Lead (Pb) 0.1 100 0.1-1s
Lithium (Li) 12 25
Lutetium (Lu) 0.001 0.5
Magnesium (Mg) 3,100 11,800
Manganese (Mn) 8.2 1,050 10+£5
Mercury (Hg) 0.1s
Molybdenum (Mo) 0.5 3 08+04 0.1-1s
Neodymium (Nd) 0.04 35
Nickel (Ni) 0.5 90 04+03 0.1-1s
Phosphorus (P) 115 1,150
Potassium (K) 1,500 20,000
Praseodymium (Pr) 0.007 (8)
Rubidium (Rb) 15 100
Samarium (Sm) 0.008 7
Scandium (Sc) 0.004 18
Selenium (Se) 0.1s
Silicon (Si) 5,000 285,000
Silver (Ag) 0.3 0.07 04+0.2 0.1s
Sodium (Na) 5,300 7,100
Strontium (Sr) 60 150
Tantalum (Ta) <0.002 125
Terbium (Tb) 0.001 1.0
Thorium (Th) 0.1 14 0.01-0.1s
Thulium (Tm) 0.001 (0.9
Titanium (Ti) 10 5,600
Uranium (U) 0.24 3 0.26 0.1-1s
Vanadium (V) 1 170 1s
Ytterbium (Yb) 0.004 35
Yttrium (Y) 30
Zinc (Zn) 30 250 10+5 1-10s

(UData are from Martin and Whitfield (1983, Table 4). Values are based on analytical results from world rivers.
(@Data are from Meybeck (1988, p. 262). Ranges are based on more than ten rivers and represent an estimate of world averages.
(Data are from Hem (1985). Values are based on a variety of literature citations for element concentrations in a variety of water sources, including ground water.
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Goldschmidt's Geochemical
Classification

Na | Mg

K Ca| Sc | Ti V | Cr |Mn| Fe| Co | Ni

Rb[sr |y |z |Nb|Mo|c)|Ru|Rh|Pdf

Cs |Ba|taRm| Hf | Ta | W |Re | Os | Ir | Pt

(F) | Ra |ibes"

Rare Earth or Lanthanide Group

La|Ce | Pr |Nd [(Pm)Sm|Eu |Gd |Tb | Dy |Ho | Er | Tm | Yb | Lu

Actinide Group

(Ac)] Th | (Pa)| U

Lithophile | Atmopnile

Chalcophile Siderophile

FIGURE 2.8—Periodic table showing Goldschmidt's geochemical classification of the elements. Siderophilic elements occur with native iron and are
likely concentrated in the Earth’s core, chal cophilic elements are concentrated in sulfides, lithophilic elements commonly occur with silica, and atmophilic
elements exist as gases. After Levinson (1980).

Chemical Classification He
of lons
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S | Cl | Ar

Se | Br | Kr
Te I | Xe
(Po)| (At)| Rn

Tm | Yb [:Lu:

Eu

Actinide Gro

I i

T ¥ Soft Acids

(Class B)

:| Hard Acids
(Class A)

FIGURE 2.9—Periodic table showing the chemical classification of metal ions. Lack of shading or pattern is due to lack of information for that ele-
ment or to its classification as a base. Information is from Huheey et a. (1993, table 9.7). Hybrid classifications are due to different valence states.
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Mn2* < Fe?* < Co?* < Ni?* < Cu?* > Zn?*

This sequence is the same sequence as the elements are located in
the periodic table. Note that copper forms the most stable com-
plexes with ligands in this series of metals.

TABLE 2.12—L.ist of hard, borderline, and soft bases (after Huheey et
al., 1993; “R" refers to an organic molecule).

Hard Bases

NH,, RNH,, N,H,

H,O, OH", 0%, ROH, RO", R,0

CH,COO0", CO,%, NOy, PO,*, SO,%, ClO,
F, (Ch)

Borderline Bases

CgHeNH,, C.HN, No7, N,

NO,, SOZ

Br-

Soft Bases

o

R, C,H,, CgHg CN°, RNC, CO
SCN", RyP, (RO);P, R,As

R,S, RSH, RS, S,0,>

-

General characteristics of elementsin aqueous systems

A genera overview of the characteristics of trace elements is
given by Pais and Jones (1997). Mobility encompasses the gener-
al characteristics and speciation of elements in aqueous systems.
Table 2.13 lists several elements that exist as cations or anionsin
aqueous systems. The behavior of cations and anions is quite dif-
ferent in agueous systems. Dissolved metals do not normally occur
only as free ions, but rather combine with other atoms into differ-
ent agueous complexes. Cations are generally more mobile under
acidic conditions whereas anions are generally less mobile. This
characteristic can have an effect on bioavailability. For example,
aluminum, a cation which may betoxic to aquatic life, isfairly sol-
uble at low pH but is relatively insoluble at circumneutral pH.
Another example is elements that tend to form oxyanions in water
(e.g., arsenic, boron, chromium, molybdenum, selenium, and
vanadium) are often transported through living cell membranes by
diffusion-controlled processes; the membranes generally do not
provide a barrier to these oxyanionic species (Wood, 1988).

Elements sensitive to oxidation-reduction (redox) conditions
are also tabulated in Table 2.13. A redox-sensitive element will
generaly undergo a change in mobility at oxidizing or reducing
geochemical barriers. For example, chromium dissolves as it is
oxidized to chromium (V1) and precipitates on reduction to
chromium (I11); this is important because chromium (V1) is much
more toxic than is chromium (I11). Similarly, uranium isimmobile
under reducing conditions but can be mobile under oxidizing con-
ditions. On the other hand, iron and manganese may be soluble
under reducing conditions, consequently, metals sorbed onto
hydrous iron and manganese oxides can be released under reduc-
ing conditions.

TABLE 2.13—General characteristics of some chemical elementsin sim-
ple surface or near-surface aqueous systems.(M(@

Element Anionic® Cationic Redox-
sensitive®

Aluminum (Al) X

Antimony (Sb) X X

Arsenic (As) X X

Barium (Ba) X

Beryllium (Be) X

Boron (B) X

Cadmium (Cd) X

Chromium (Cr) X X X

Cobalt (Co) X

Copper (Cu) X X

Iron (Fe) X X

Lead (Pb) X (X©)

Lithium (Li) X

Manganese (Mn) X X

Mercury (Hg) X X

Molybdenum (Mo) X X X

Nickel (Ni) X

Selenium (Se) X X

Silver (Ag) X

Thorium (Th) X (X©)

Uranium (U) X X X

Vanadium (V) X X X

Zinc (Zn) X

(This table is meant as a simple guide for element behavior under normal surface
or near-surface aqueous conditions.

(This table does not include complexes with other elements.

()Anionic species exist as oxyanions.

(“Elements that change oxidation state and oftentimes exhibit different behavior
under different oxidation-reduction (redox) conditions.

()Cationic species exist for Mo but are rare and usually ignored in agueous systems.
(©)Some of the elements, such as Pb and Th, are redox sensitive only under extreme
conditions.

General geochemical concepts

Stability of mineralsin the surficial environment

Mineralsin the Earth’s crust are the ultimate source of metals.
Metals are neither created nor destroyed in the environment, but
are redistributed by several different kinds of mechanisms.
Consequently, metals are not distributed uniformly in the Earth’s
crust or among the various earth materials (e.g., rocks, soils, sedi-
ments).

There are two geochemical environments, (1) the deep-seated
environment, which is not subject to surficial or near-surface
processes, and (2) the surficial environment, which is subject to
surficial or near-surface processes. Minerals formed in the deep-
seated environment are unstable to varying degrees in the surficial
environment, and elements contained in these minerals may be
released, transported, and redistributed in the surficia environ-
ment. Table 2.14 lists some minor and trace elements found in
common rock-forming minerals. When these minerals weather, the
listed minor and trace elements may be expected to be released
from the mineral matrix. From this type of information one may
crudely predict which elements may be most readily remobilized
in the surficial environment (geoavailability) based on the ease of
weathering of the minerals in which they occur.

Bowen's reaction series, illustrated on Figure 2.10, schemati-
cally depicts the magma differentiation process in the deep-seated
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TABLE 2.14—Minor and trace elements found in common rock-forming minerals and relative stability of those mineralsin the surficial environment.
Characteristically hazardous metals, as defined by the Resource Conservation and Recovery Act (RCRA), are in bold (see Table 2.6 and text).

Information is from Levinson (1980, Table 2-2.).

Range of concentration in crystal structure

Mineral X% 0.X% 0.0X% 0.00X% Stability
or less
Olivine -- Ni, Mn Ca, Al, Cr, Zn,V, Cu, Sc A
Ti, P, Co H
Pyroxene - Ti, Na, Cr, V, Ni, P, Cu, Co, Zn, |
Mn, K Cl, Sr Li, Rb, Ba H
Plagioclase K Sr Ba, Rb, P, Ga V, Zn, More
Ti, Mn Ni, Pb, Cu, Li Easily
Amphibole -- Ti, F K, Zn, Cr, V, Ba, Cu, P, Co, Weathered
(e.g., hornblende) Mn, Cl, Rb Sr, Ni Ga, Pb, Li, B H
Biotite Ti, F Ca, Na, Ba, Cl, Zn,V, Cu, Sn, Sr, Co, H
Mn, Rb Cr, Li, Ni P.Pb, Ga i
Potash Feldspar Na Ca, Ba, Sr Rb, Ti Pb, Ga, V, Zn, !
Ni, Cu, Li !
Muscovite -- Ti, Na, Fe, Cr, Mn,V, Zn, Sn, Cu, B, H
Ba, Rb, Li Cs, Ga Nb Y
Quartz -- -- -- Fe, Mg, Al, Ti,
Na, B, Ga, Ge, More
Mn, Zn Stable

environment. As a magma cools some elements in the magma are
depleted as minerals form. Minerals crystallized at higher tem-
peratures are less stable in the surficial environment and minerals
formed at lower temperatures are more stable in the surficial envi-
ronment. (An important exception to this generalization is calcite,
which can be alate magmatic mineral phase and which is soluble
in the surficial environment.)

Element cycles

A halistic approach is required to adequately understand and
assess the environmental impacts of mineral development.
Elements cycle through the Earth’s lithosphere, atmosphere,
hydrosphere, and biosphere. Human activities, such as mining,
can perturb these natural cycles and change the distribution, flux,
and residence time of elements in various reservoirs (see Nriagu
and Pacyna, 1988, and Nriagu, 1990, for world-wide inventories
of industrial/municipa discharges of trace metals into air, soils,
and aquatic ecosystems; Meybeck et al., 1989). To anticipate and
assess the extent and degree of any perturbation one must under-
stand and account for the various processes that control the distri-

Calcic plagioclase
Calc-alkalic plagioclase
Alkali-calcic plagioclase
Alkalic plagioclase

Olivine
Pyroxene
Hornblende
Biotite

Alkali feldspar(s)
Muscovite
Quartz

Decreasing temperature of
formation and increasing
stability in the surficial
environment

FIGURE 2.10—Bowen’s reaction series showing the sequence of miner-
aogica differentiation starting with a basaltic magma in the deep-seated
environment. Minerals at the top of the series tend to be unstable in the
surficial environment and subject to higher geoavailability.

bution, flux, and residence times of elements in natural systems.
There is a complex web of interrelationships between factors
involved in the flow of elements through a system, in the resulting
environmental quality, and in the degree of reversible or irre-
versible effects on the environment or on human health. Many of
these interrelationships are poorly understood and much work
remains to be done to define and assess these factors. One also
must try to determine metal budgets in contaminated systems
(Merrington and Alloway, 1994). One can then place the situation
into a broader perspective (e.g., watershed impact) and, if neces-
sary, devise ways to eliminate, minimize, mitigate, or remediate
the perturbation.

L andscape geochemistry

Landscape geochemistry can be applied to the understanding
of metal distributions in the environment. Landscape geochem-
istry focuses on the interaction of the lithosphere with the hydros-
phere, biosphere, and atmosphere, and links exploration geochem-
istry with environmental science (Fortescue, 1980). Landscape
geochemistry is an holistic approach to the study of the geochem-
istry of the environment in that it involves element cycles and may
involve local, regional, and global studies. Fortescue (1992)
reviews the development of landscape geochemistry and provides
the foundation of how it relates to environmental science.

Fortescue (1992) proposes the establishment of a discipline of
“Global Landscape Geochemistry” (GLG), which may provide the
foundation for future developments in applied and environmental
geochemistry and which is necessary to adequately address cur-
rent geoenvironmental problems. GLG regional geochemical
mapping can be used to delineate geochemical provinces, identify
local geochemical enrichments in mineral deposits, determine
baseline environmental geochemistry, monitor environmental
changes in soil and water geochemistry in response to human
activities, evaluate the nutritional status of plants and animals, and
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study human health. Fortescue (1992) notes that there isaneed to
map geochemical landscapes as an essential preliminary step to
the study of environmental geochemistry. Geochemical maps
based on the analysis of rocks, soils, sediments, waters, and vege-
tation, originally compiled for mineral exploration purposes, may
be extended to multi-purpose geochemical surveys that have
applications in agriculture, pollution studies, and human health
(Webb, 1964). However, geochemical analyses for mineral explo-
ration purposes have generally been designed to be cost effective;
consequently, the quality of the geochemical data often is inade-
quate for many environmental applications. Geochemical atlases
have been prepared for Northern Ireland (Webb et a., 1973),
England and Wales (Webb et a., 1978), the United Kingdom
(Plant and Thornton, 1985), and several other countries. Darnley
(1990) and IGCP (1995) discuss the International Geochemical
Mapping Project, which proposes to produce geochemica maps of
the world. A geology-based map of potential metal-mine drainage
hazards in Colorado has been compiled by Plumlee et a. (1995).

Geochemical associations and pathfinder elements

Knowledge of geochemical associations and common
pathfinder elements from the geochemical-exploration literature
can be used for environmental purposes to determine which ele-
ments may be mobilized from a mined site for a given type of ore
deposit. Ordinarily, a suite of elementsis concentrated in a partic-
ular deposit. Geochemical exploration utilizes empirical knowl-
edge of element associations that can serve as pathfinders for par-
ticular mineral deposit types. Boyle (1974), Beus and Grigorian
(1977), Rose et a. (1979), Levinson (1980), Cox and Singer
(1986), and du Bray (1995) compiled elemental associations for a
variety of deposits. Table 2.15 lists geochemical signatures for
selected types of mineral deposits. This information is useful for
predicting element mobility and dispersivity in soils, sediments,
water, and air from mined lands. For example, Li and Thornton
(1993) report that the multi-element contamination of soils and
plants in historical lead-zinc mining and smelting areas of the
United Kingdom reflects the geochemical associations of the lead-
zinc mineraization. Ficklin et a. (1992), Plumlee et a. (1992,
1993, 1999), and Ripley et a. (1996) relate the composition of
mine-drainage waters to the geology of diverse mineral deposit
types and discuss the environmental effects of mining various min-
eral deposit types. This topic is aso discussed in Plumlee (1999).

Pathfinder elements are elements associated with a mineral
deposit type that are used to explore for ore bodies. Elements
enriched in an ore deposit will have different relative mobilitiesin
surrounding wall rocks and in the weathering environment. The
most useful pathfinder elements commonly are more easily ana-
lyzed or detected or are more mobile in the surficial environment
than are the primary elements of the ore deposit. Additional ele-
ments may have been introduced at the ore deposit if ore process-
ing occurred onsite. For example, if mercury has been used in gold
amalgamation, this may be an element of concern during site char-
acterization and remediation.

Geochemical gradientsand barriers

As an outgrowth of landscape geochemistry, Perel’ man (1977)
discusses the importance of geochemical gradients, which

describe gradual changes of a landscape, and geochemical barri-
ers, which describe abrupt changes. An example of a geochemical
gradient might be the vertical and horizontal distribution of cer-
tain elements away from a mineral deposit within a constant
lithology; for a given element an anomalous concentration even-
tually declines to a background concentration at some distance
away from the deposit. Another example of a geochemical gradi-
ent is the concentration plume for some elements downwind from
asmelter. Perel’ man (1986) defines geochemical barriers as zones
of the Earth’s crust with sharp physical or chemical gradients that
are commonly associated with accumulation of elements.
Geochemical barriers represent abrupt changes in physical or
chemical environmentsin the path of migration of elements caus-
ing the precipitation of certain elements from solution.
Geochemical barriers include mechanical, physicochemical, bio-
chemical, and anthropogenic (or technogenic) types. This chapter
discusses physicochemical barriers including acidic, alkaline,
reducing, oxidizing, evaporation, adsorption, and thermodynamic
barriers. Complex barriers may be created when two or more bar-
rier types are superimposed. Nordstrom and Alpers (1999) discuss
the geochemistry of several physicochemical barriers.

Acidic barriers develop when pH drops. Under these condi-
tions, elements that form anions (such as molybdenum) as well as
certain complexes, generaly become less mobile, whereas many
metals that form cations (such as copper) generally become more
mobile (see Table 2.13). Solubility relationships can play an
important role. For example, aluminum is usually fairly mobile
below a pH of about 4, but will precipitate between a pH of about
5 and 9. On the other hand, silicon (as SIO,) is relatively insolu-
ble at low pH and becomes more soluble at high pH. One of the
most important effects of developing low-pH environments is the
destruction of the carbonate-bicarbonate buffering system, afeed-
back mechanism that controls the extent of pH change in an aque-
ous system. Below a pH of about 4.5, carbonate and bicarbonate
are converted to carbonic acid. Upon such acidification, the water
loses its capacity to buffer changes in pH, and many photosyn-
thetic organisms that use bicarbonate as their inorganic carbon
source become stressed or die. Once damaged, the acid buffering
capacity of a natural system may take significant time to recover,
even if no further acid is added to the system. The carbonate-
bicarbonate system may have both a direct and an indirect effect
on the mobility of several elements.

Alkaline barriers develop where acidic waters encounter alka-
line conditions over a short distance (e.g., oxidation zones of
pyrite in limestone host rock). This type of barrier mostly retains
those elements that migrate easily under acidic conditions and
precipitate as hydroxides or carbonates under alkaline conditions
(such as iron, aluminum, copper, nickel, and cobalt). During the
shift to akaline conditions, hydrous iron, aluminum, and man-
ganese oxides may sorb trace metals and create an
alkaline/adsorption complex barrier.

Reducing conditions develop in the absence of free oxygen (or
other electron acceptors). They may result from inorganic or
organic chemical reactions that are frequently mediated by
microorganisms. Figure 2.11 illustrates the chemical-reaction
sequence for oxidation-reduction reactions. This redox sequence
is biologically mediated by a succession of microorganisms (see
Stumm and Morgan, 1996). Reducing barriers can be divided into
those that contain hydrogen sulfide and those that do not (referred
to as “reducing gley” environments; Perel’man, 1986). Reducing
hydrogen sulfide barriers develop where oxidizing or reducing
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Mineral deposit Model
type number(s)® Examples Geochemical signature
Magmatic sulfide (Ni, 1; 2b; 53, b; Noril’sk, Merensky Reef, Ag, As, Au, Bi, Co, Cu, Cr, Fe, Hg, Mg, Ni, Pb, Sb,
Cu, PGE) 6a, b; 7a Stillwater, Kambalda, Duluth Se, Te, Ti, Zn, PGE (* Cd, Ga, In, Sn)
Carbonatite 10 Oka, Mountain Pass, Ba, Cu, F, Mn, Mo, Na, Nb, P, Pb, Th, Ti, U, V, Y,
Phalaborwa Zn, Zr, REE (B, Be, Hf, Li, Sn, Ta, W are rare)
Rare-metal pegmatitet® 13a, b Petaca district, Black Hills district B, Be, Cs, F, Li, Nb, Rb, Sn, Ta, Th, U, W, REE
Tin and (or) tungsten l4ac Pine Creek, Moina, Ag, As, B, Be, Bi, Cs, Cu, F, Fe, Li, Mn, Mo, Pb,
skarn replacement Renison Bell Rb, Re, Sn, W, Zn
Vein and greisen tin 15a-c Cornwall, Erzgebirge Ag, As, B, Be, Bi, Cs, Cu, F, Li, Mo, Nb, P, Pb, Rb,
and tungsten Re, Rn, Sb, Sn, Ta, Th, U, W, Zn, REE
Climax molybdenum 16 Climax, Henderson, Questa Al, Be, Cs, Cu, F, Fe, Li, Mo, Nb, Pb, Rb, Sn, Ta,
Th, U, W, Zn
Porphyry copper 17 Bingham, El Salvador Ag, As, Au, B, Ba, Bi, Cd, Co, Cr, Cs, Cu, F, Fe, Hg,
K, La, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Re, Sh, Se,
S, Te, T, U, V, W, Zn
Copper, gold, and 18b, ¢ Carr Fork, Fortitude, Ag, Al, As, Au, Be, Bi, Cd, Co, Cu
zinc-lead skarn Bismark, New World F, Fe, Mn, Mo, Pb, Sb, Se, Sn, Te, W, Zn (+ Cr, Hg)
Polymetallic vein and 19g; 22c Leadville, New World, Ag, Al, As, Au, Ba, Bi, Cu, F, Fe, Hg, Mn, Mo, P, Pb,
replacement Park City, Eureka Sb, Zn
Gold-silver-tellurium vein 22b Sulpherets, Zortman- Ag, As, Au, Ba, Bi, Cu, F, Fe, Hg, Mn, Mo, Ni, Pb,
Landusky, Porgera Sh, Te, V, Zn, PGE (+ Cd, Sc)
Vol canic-associated 243, b; Cyprus, Kuroko, Besshi, Ag, As, Au, Ba, Bi, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni,
massive sulfide 28a Skouriotissa, Kidd Creek Pb, Sb, Se, Sn, Zn (+ Al, Mo)
Epithermal vein 25b-d Creede, Comstock, Sado Ag, Al, As, Au, Ba, Bi, Cu, Fe, Hg, Mn, Pb, Sh, Se,
Te, U, W, Zn
Epithermal quartz-alunite 25e Summitville, Julcani Al, As, Au, Ba, Be, Bi, Co, Cu, Fe, Hg, Mn, Mo, Ni,
Pb, Sh, Se, Sn, Te, Th, TI, U, W, Zn, REE
Epithermal manganese 259 Talamantes, Sardegna Ag, As, Au, Ba, Cu, Fe, Mn, Mo, B, Pb, Sb, Sr, TI, W, Zn
Rhyolite-hosted tin 25h “Mexican-type” in the states of As, Be, Bi, F, Fe, Li, Mo, Nb, Pb, Sh, Sn, Th, U, Zn, REE
Durango and Zacatecas, (xTi,Y, Zr)
Black Range, NM
Low titanium iron oxide 25i, 29b Olympic Dam, Kiruna, Ag, As, Au, B, Ba, Bi, ClI, Co, Cu, F, Fe, K, Mn, Mo,
copper-uranium-REE Bayan Obo Na, Nb, Ni, P, Te, U, V, REE
Sediment-hosted gold 26a Carlin, Jerritt Canyon, Ag, As, Au, Ba, F, Hg, Mo, Sb, Se, TI, W
(Carlin type) Mercur (£ Cd, Cr, Cu, Ni, Pb, Zn)
Hot spring gold-silver 25g; 27a McLaughlin, Round Mountain, Ag, As, Au, Hg, Sb, TI, W
or mercury™ McDermitt, Sulfur Bank
Almaden mercury 27b Almaden, Las Cuevas As, Fe, Hg, Sb (x Cu, Ni, Pb, Zn, Zr)
Stibnite-quartz 27d, e; 36¢ Lake George, Xiguanshan As, Au, Ba, Cu, Fe, Hg, Pb, Sb, U, Zn (+ Ag, W)
Algomairon 28b Sherman, Wadi Sawanin, Au, Fe
Vermillion Iron Formation
Sediment-hosted copper 30b Kupferschiefer, African copper belt, Ag, As, Au, B, Ba, Bi, Cd, Co, Cr, Cu, Ge, Hg, Mo, Ni,
Nacimiento, Spar Lake, White Pine Pb, Sc, Se, Sn, Sr, U, V, Zn, PGE
Sandstone uranium® 30c Grants district, Colorado Plateau Ag, Cu, Mo, Pb, Rn, Se, U, V
Sedimentary exhalative 3la Sullivan, Red Dog, Rammelsberg, Ag, Al, As, Au, B, Ba, Cd, Co, Cu, Fe, Hg, Mn, Ni, Pb,
zinc-lead-silver McArthur River, Tynagh, Broken Hill  Sh, Zn
Mississippi Valley type 32a Viburnum Trend, Mascot-Jefferson, Ag, As, Au, Ba, Bi, Cd, Co, Cu, F, Fe, Ga, Ge, Hg, In,
lead-zinc Pine Point, Polaris, Silesian District, Mg, Mo, Ni, Pb, Sb, Sn, Zn
Lennard Shelf District
Solution-collapse breccia 32e Arizona breccia pipe district, Ag, As, Ba, Cd, Co, Cr, Cu, Hg, Mo, Ni, Pb, Rn, Sh,
pipe uranium Tsumeb Se, S, U, V, Y, Zn
Superior iron 34a Mesabi and Marquette iron ranges, Fe, P
Minas Gerais
Sedimentary manganese 34b Molango, Nikopol, Groote Eylandt, Ba, Mn, B, Pb
Kalahari, Imini
Low sulfide gold quartz 36a Yilgarn block, Abitibi belt, Mother Ag, As, Ay, Bi, Cu, Fe, Hg, Mo, P, Pb, Sh, Te, W, Zn
veins Lode, Muruntau
Stratabound gold in iron 36b Homestake, Lupine, Cuiaba, Ag, As, Au, B, Bi, Cu, Fe, Hg, Mo, Pb, Sb, Zn, PGE
formations Champion

(DListings include enriched elements within or adjacent to mineral deposits. Groupings are based on du Bray (1995) unless otherwise noted. Examples and geochemical sig-
natures are from du Bray (1995), Boyle (1974), Cox and Singer (1986), Beus and Grigorian (1977, adapted from Table 57), Rose et al., (1979, adapted from Table 4.2), and

Levinson (1980, adapted from Table 2-3). Elements are listed aphabetically and not in order of abundance.

@sulfur is present in many mineral deposits. However, due to variations within deposit types and within ateration types, sulfur may or may not be of environmental signifi-
cance. Refer to du Bray (1995) for discussions relating to sulfur content of mineral deposits.

(3¥Model numbers are based on Cox and Singer (1986). (YGrouping is based on Cox and Singer (1986).
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FIGURE 2.11—Sequence of microbialy mediated oxidation-reduction
reactions. This sequence is often observed in natural systems and repre-
sents the thermodynamic order of reactions. Modified from Stumm and
Morgan (1996).

gley waters come into contact with a reducing hydrogen sulfide
environment or with sulfide minerals, or where deoxygenated sul-
fate-rich water encounters an accumulation of organic matter.
Insoluble sulfides of elements such as iron, copper, zinc, lead,
cobalt, nickel, and silver may precipitate at reducing barriers that
contain hydrogen sulfide. Reducing gley barriers can form where
water infiltrates soil and the weathering crust, and free oxygen is
lost or consumed. Depending on the pH, reducing gley waters are
usually favorable for the transport of many ore-forming elements;
additionally, elements such as selenium, copper, uranium, molyb-
denum, rhenium, vanadium, chromium, silver, and arsenic are
known to accumulate at some reducing gley barriers (Perel’ man,
1986). For example, roll-front-type uranium deposits may form
under such conditions. See Table 2.13 for alist of redox-sensitive
elements.

Oxidizing barriers occur where oxygen is introduced into
anoxic waters or when anoxic ground water is discharged to the

surficial environment. Iron, and possibly manganese, may precip-
itate at these barriers (see Fig. 2.11). Since hydrous iron and man-
ganese oxides are good sorbents for metals (such as copper and
cobalt), a complex barrier may form by combining an oxidizing
barrier with an adsorption barrier.

Figure 2.12 illustrates the ranges of pH and Eh (oxidizing-
reducing conditions) of water commonly found in different natur-
a environments. Nordstrom and Alpers (1999) discuss Eh-pH
diagrams in more detail. This type of diagram helps distinguish
the types of natural environments where geochemical barriers
may be formed. The shaded area on Figure 2.12 represents the
approximate conditions reported by Plumlee et al. (1999) for geo-
logically and geochemically diverse mine-drainage waters; condi-
tions are approximate because dissolved oxygen, rather than Eh,
was determined in many of the waters. There is a wider range of
pH in mine waters than shown on Figure 2.12. The pH of mine
waters can range from -3.5 to >12 (D.K. Nordstrom, USGS, per-
sona commun., 1997).

Evaporation barriers are often indicated by the presence of salt
crusts or efflorescent salts. Sodium, magnesium, calcium, chlo-
rine, sulfur, and carbonate salts may precipitate at these barriers.
Evaporation barriers may be temporary and related to changing
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FIGURE 2.12—Eh-pH regimes of some natural near-surface environ-
ments. The shaded area represents the approximate conditions reported in
Plumlee et al. (1999) for geologically and geochemically diverse mine-
drainage waters (see text). Modified from Garrels and Christ (1965).
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climatic conditions. For example, in some mine dumps efflores-
cent salts, enriched in elements such as iron, aluminum, copper,
and sulfur, may form during the dry season. These salts will be
flushed from the system during a subsequent wet period and may
cause a brief spike in metal content and acidity of the stormwater
runoff (see Nordstrom and Alpers, 1999).

Adsorption barriers are typically part of complex barriers. The
most common sorbents (e.g., hydrous iron, aluminum, and man-
ganese oxides; organic matter and clay minerals) have different
affinities for elements under different geochemical conditions (see
Smith, 1999). Adsorption reactions are known to control trace-
metal concentrations in many natural systems.

Thermodynamic barriers are formed in areas with temperature
and pressure variations. One example of such a barrier is the
degassing of carbon-dioxide-rich ground water, as pressure drops,
and subsequent deposition of carbonate minerals. Trace elements
such aslead and cadmium can precipitate as carbonate minerals or
coprecipitate with CaCO,.

Perel’man (1977, 1986) gives a more in-depth discussion of
geochemical barriers. This concept can help anticipate element
distributions in the surficial environment and understand metal
transport and mobility.

Metal mobility in the surficial environment

In this chapter, mobility refers to the capacity of an element to
move within fluids after dissolution. It is difficult to predict ele-
ment mobility quantitatively in surficia environments. Rather,
mobility should be considered in a relative sense by empirically
comparing the behavior of elements under changing environmen-
tal conditions such as at geochemical barriers. Figure 2.13 illus-
trates the generalized relative mobility of elements expected under
avariety of geochemical conditions. Thisfigure takesinto account
the tendency of the elementsto sorb onto hydrous oxides or to pre-
cipitate. Criteria for mobility distinctions are scaled by element
abundance rather than being based on absolute solubility; no
quantitative information can be inferred from Figure 2.13. By
comparing the periodic tables (Fig. 2.13a-€), one may make qual-
itative statements about the behavior of a given element under
changing conditions such as at geochemical barriers. Data for
Figure 2.13 are derived from a wide range of information about
mine-drainage systems as well as from Vlasov (1966), Fuller
(1977), Parish (1977), Perel’man (1977, 1986), Callahan et 4.
(1979), Lindsay (1979), Rose et al. (1979), Levinson (1980),
Greenwood and Earnshaw (1984), Lukashev (1984, 1986),
Adriano (1986), Cotton and Wilkinson (1988), Hem (1985), and
Kabata-Pendias and Pendias (1992).

Figure 2.13a shows the generalized relative mobility of ele-
ments under oxidizing acidic (pH <3) conditions in aqueous sys-
tems and Figure 2.13b shows mobilities under circumneutral con-
ditions. For redox-sensitive elements (see Table 2.13), the most
oxidized form is assumed to be present. This isimportant because
some redox-sensitive elements have different mobility and toxici-
ty characteristics. For example, chromium (V1), the more toxic
form, is more mobile in soils than chromium (111). By comparing
data in these two periodic tables, it is possible to estimate the
behavior of a given element at an acidic or alkaline geochemical
barrier under oxidized conditions. For example, under acidic con-
ditions iron remains dissolved, but it will precipitate when condi-
tions become more akaline. Figure 2.13c shows the generalized
relative mobility of elementsin the presence of such iron-rich pre-

cipitates and, when compared with Figures 2.13a and 2.13b, rep-
resents a complex akaline and sorption geochemical barrier.
Elements such as copper and arsenic become much less mobile
under these conditions if sufficient iron-rich precipitates are pre-
sent and if the pH for optimal sorption is attained (which is differ-
ent for different elements and substrates; see Smith, 1999).

Figure 2.13d shows the generalized relative mobility of ele-
ments under reducing conditions without hydrogen sulfide (reduc-
ing gley environments) and Figure 2.13e shows mobilities in the
presence of hydrogen sulfide. Comparing these two periodic tables
illustrates the influence of sulfide-mineral formation. For example,
copper and zinc become much less mobile when hydrogen sulfide
is present because they form insoluble sulfide minerals.

It is aso useful to compare the oxidizing-conditions periodic
tables (Fig. 2.13a, b, and c¢) with the reducing-conditions periodic
tables (Fig. 2.13d and €). For example, areducing gley geochem-
ica barrier could be simulated by comparing an initial condition
with low-sulfate, oxidizing, circumneutra pH water (in the
absence of abundant iron-rich particulates as on Fig. 2.13b) to the
conditions represented on Figure 2.13d. In this situation, iron
becomes more mobile and uranium will become less so. Another
example is when sulfate-rich waters infiltrate a wetland system
(e.g., passive mine-drainage treatment or natural systems; see
Walton-Day, 1999), where it would be appropriate to compare
Figures 2.13a or 2.13b with Figure 2.13e.

Figure 2.13 provides a general guide or first approximation to
predict metal behavior in surficial environments. This approach
does not substitute for in-depth field studies and topical research;
thereis no reliable “cookbook” approach. This approach may help
to determine which elements could be mobile in a given environ-
ment and to anticipate the effects of various geochemical barriers.
It should be kept in mind that there was a great degree of subjec-
tivity in assigning the elements to the various categories on Figure
2.13. To use this approach in a natura setting, one must know
something about the geochemical conditions. One must also have
a good grasp of underlying chemical and geochemical principles
(e.g., Garrels and Christ, 1965; Nordstrom and Munoz, 1994,
Stumm and Morgan, 1996). Figure 2.13 should be used only in a
relative sense and does not provide any information about absolute
concentrations or quantitative data.

The rates of geochemical and biological reactions also can
impact metal mobility; many reactions involving metals are kinet-
icaly controlled and biologically mediated. This rate dependence
makes reactions extremely difficult to predict (e.g., Langmuir and
Mahoney, 1984).

Success in estimating metal behavior in surficial environments
also depends on scale. At a regiona scale, generalizations often
can be used to understand broad trends in metal mobility. As the
scale becomes increasingly finer, however, estimating metal
behavior usually becomes increasingly difficult. Many chemical
interactions involve elements of interest as well as other elements
and components such as acidity, rainfal, and factors that are
involved in complicated synergisms or antagonisms. Once these
other components are recognized and addressed, a more accurate
assessment of metal mobility can be made.

It is often necessary to understand the mobility of major ele-
ments before data on the mobility of trace elements can be inter-
preted. For example, insoluble salts or solution complexes may
form between trace metals and major elements, such as the forma-
tion of cadmium chloride complexes. Major or minor elements
may modify the concentration or activity of a trace element. For
example, cadmium and calcium compete to form chloro complex-
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FIGURE 2.13a-c—Periodic tables of generalized relative mobility of chemical elements under different environmental conditions. For rare elements it
is difficult to assign a mobility category due to their low abundance and lack of data. Lack of shading or pattern for some elements is due to either
their existence in the gaseous state or a lack of information about that element.
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es or insoluble carbonate and phosphate minerals. Another exam-
ple is the iron system, where concentrations of many trace ele-
ments can be controlled by sorption onto iron-rich precipitates
(see Smith, 1999; Smith et al., 1998).

Metal dispersivity in the surficial environment
Air
Atmospheric deposition of metals may impact the chemistry of

soils, rivers, lakes, estuaries, and oceans. Metals enter the atmos-
phere as gases, vapors, aerosols, and particles originating from a
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Somewhat Mobile
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variety of natural and anthropogenic sources. Tables 2.16A and
2.16B list estimates of some of these sources and their relative
importance. According to Nriagu (1989), wind-borne soil particles
generaly account for more than half of the chromium, cobalt,
manganese, and vanadium, and for one-third to one-haf of the
molybdenum, nickel, and zinc emitted from natural sources
(although metals in wind-blown dust are often of industrial ori-
gin). Volcanoes account for more than half of the cadmium, and
significant amounts of arsenic, chromium, copper, lead, mercury,
and nickel. Biogenic sources are the leading contributors of mer-
cury and selenium, and significant sources of arsenic (Table
2.16A; Nriagu, 1989). In Table 2.16B, nonferrous metal produc-
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TABLE 2.16A—Estimates of worldwide trace-metal emissionsinto the atmosphere from natural sources (x 10° kg/yr). Data from Nriagu (1989,

Table 1).
Source (median values) As Cd Co Cr Cu Hg Mn
Wind-borne soil 2,600 210 4,100 27,000 8,000 50 221,000
Seasalt spray 1,700 60 70 70 3,600 20 860
Vol canoes 3,800 820 960 15,000 9,400 1,000 42,000
Forest fires 190 110 310 90 3,800 20 23,000
Biogenic
Continental particulates 260 150 520 1,000 2,600 20 27,000
Continental volatiles 1,300 40 60 50 320 610 1,300
Marine 2,300 50 80 60 390 770 1,500
Total Natural Sources
(Median value) 12,000 1,300 6,100 44,000 28,000 2,500 317,000
Source (median values) Mo Ni Pb Sb Se \% Zn
Wind-borne soil 1,300 11,000 3,900 780 180 16,000 19,000
Seasalt spray 220 1,300 1,400 560 550 3,100 440
Volcanoes 400 14,000 3,300 710 950 5,600 9,600
Forest fires 570 2,300 1,900 220 260 1,800 7,600
Biogenic
Continental particulates 400 510 1,300 200 1,120 920 2,600
Continental volatiles 60 100 200 40 2,600 130 2,500
Marine 80 120 240 50 4,700 160 3,000
Total Natural Sources
(Median value) 3,000 30,000 12,000 2,400 9,300 28,000 45,000

tion and use accounted for the largest fraction of lead (in addition

to gasoline combustion), arsenic, cadmium, copper, and zinc emit-

ted into the atmosphere in 1983 (Nriagu and Pacyna, 1988).

Pacyna (1996) provides an in-depth discussion of trace metal

emissions into the atmosphere. He states that trace metals emitted

into the atmosphere can be transported a long distance and that
atmospheric deposition is an important pathway for worldwide
metal contamination of terrestrial and aguatic ecosystems.

Residence times of metals in the atmosphere are fairly short—
generaly on the order of days to weeks (Salomons and Forstner,
1984). However, volcanogenic particles can remain in the upper
atmosphere for much longer periods of time. The distance of air-
borne transport depends on the source, size, shape, and density of
the particles, on changesin particle characteristics during transport
and on meteorological conditions. Particles in the atmosphere can
undergo diffusion, coagulation, condensation, sedimentation,
scavenging by precipitation, and reaction with atmospheric gases.
Deposition varies with particle-size distribution, ground cover, and
meteorological conditions.

Metals can be transported in different forms when associated
with fly ash from urban waste incinerators. Fernandez et al. (1992)
suggested that the behavior of elementsin fly ash correlates with
the following four classes originaly suggested by Klein et al.
(1975):

Class |: Elements that make up the matrix of the fly ash and are
only minimally deposited on the fly-ash surface. These include
Al, Ba, Be, Ca, Co, Fe, K, Mg, Mn, Si, Sr, and Ti.

Class Il: Elements that volatilize during combustion and con-
dense on the surface of fly-ash particles, forming soluble com-
pounds. These elements aso tend to be more enriched in
smaller size fly ash particles (because of the particle's greater
specific surface area) and include As, Cd, Cu, Ga, Pb, Sb, Se,
and Zn.

Class I11: Elements that volatilize but do not condense. These
include Br, Cl, and Hg.

Class|V: Elementswhose behavior isacombination of the above
classes.

Several studies have examined metal contamination near
smelters. The elements enriched in various smelter emissions are
similar to the suite of elements enriched in fly ash, and are related
to the ore deposit type. For example, Li and Thornton (1993)
observed that lead, zinc, cadmium, antimony, and arsenic are
enriched in a lead-zinc smelting area in England. Ragaini et al.
(1977) found greater concentrations of cadmium, arsenic, lead,
indium, scandium, antimony, zinc, silver, gold, nickel, and possi-
bly copper in soils, grasses, and ambient aerosols near a lead
smelting complex in Kellogg, Idaho. Small et al. (1981) studied
emissions from five copper smeltersin southeastern Arizona. They
report that sulfur, copper, zinc, arsenic, selenium, silver, cadmium,
indium, antimony, tungsten, gold, lead, and iodine are strongly
enriched in the plumes relative to background, and that copper,
arsenic, selenium, cadmium, and indium are enriched in the cop-
per smelters far in excess of other sources. In a companion study,
Germani et al. (1981) determined that variations in the elemental
enrichments among plumes from the five copper smelters appear
to be due to differences in the feed material, smelting conditions,
and equipment used by the smelters. Researchers have also docu-
mented the distribution of smelter emissions (e.g., Gabriel and
Patten, 1994) and the migration and mobility of metalsin smelting
areas (e.g., Scokart et al., 1983; Maskall et al., 1995).

Water

Physical transport of sediments is related to hydrologic and
geomorphologic processes such as erosion, vertical and horizontal
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TABLE 2.16B—Estimates of worldwide trace-metal emissions into the atmosphere in 1983 from anthropogenic sources (x 103 kg/yr). Data from

Nriagu and Pacyna (1988, Table 2).

Source Arsenic Cadmium Chromium Copper
Pyrometallurgical nonferrous metal production
Mining 40.0-80 0.6-3 160-800
Pb production 780-1,560 39-195 234-312
Cu—Ni production 8,500-12,750 1,700-3,400 14,450-30,600
Zn—Cd production 230-690 920-4,600 230-690
Secondary nonferrous metal production 2.3-36 55-165
Steel and iron mfg. 355-2,480 28-284 2,840-28,400 142-2,840
Coal combustion
electric utilities 232-1,550 77-387 1,240-7,750 930-3,100
industry and domestic 198-1,980 99-495 1,680-11,880 1,390-4,950
Qil combustion
electric utilities 5.8-29 23-174 87-580 348-2,320
industry and domestic 7.2-72 18-72 358-1,790 179-1,070
Wood combustion 60-300 60-180 600-1,200
Refuse incineration
municipal 154-392 56-1,400 98-980 980-1,960
sewage sludge 15-60 3-36 150-450 30-180
Phosphate fertilizers 68-274 137-685
Cement production 178-890 8.9-534 890-1,780
Miscellaneous 1,250-2,800
Total 1983 Emissions 12,000-25,630 3,100-12,040 7,340-53,610 19,860-50,870
Median value 18,820 7,570 30,480 35,370
Source Mercury Indium Manganese Molybdenum
Pyrometallurgical nonferrous metal production
Mining 415-830
Pb production 7.8-16
Cu—Ni production 37-207 8.5-34.0 850-4,250
Zn—Cd production 2346
Secondary nonferrous metal production 1,065-28,400
Coal combustion
electric utilities 155-542 1,080-6,980 232-2,320
industry and domestic 495-2,970 1,485-11,880 396-2,480
Qil combustion
electric utilities 58-580 58-406
industry and domestic 358-1,790 107-537
Wood combustion 60-300
Refuse incineration
municipal 140-2,100 252-1,260
sewage sludge 15-60 5,000-10,000
Total 1983 Emissions 910-6,200 11-39 10,560-65,970 793-5,740
Median value 3,560 25 38,270 3,270
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Source Nickel Lead Antimony Selenium
Pyrometallurgical nonferrous metal production

Mining 800 1,700-3,400 18-176 18-176

Pb production 331 11,700-31,200 195-390 195-390

Cu—Ni production 7,650 11,050-22,100 425-1,700 427-1,280

Zn—Cd production 5,520-11,500 46-92 92-230
Secondary nonferrous metal production 90-1,440 3.8-19 3.8-19
Steel and iron mfg. 367,100 1,065-14,200 3.6-7.1 0.8-2.2
Coal combustion

electric utilities 1,395-9,300 7754650 155-775 108-775

industry and domestic 1,980-14,850 990-9,900 198-1,480 792-1,980
Oil combustion

electric utilities 3,840-14,500 232-1,740 35-290

industry and domestic 7,160-28,640 716-2,150 107-537
Wood combustion 600-1,800 1,200-3,000
Refuse incineration

municipal 98420 1,400-2,800 420-840 28-70

sewage sludge 30-180 240-300 15-60 3-30
Phosphate fertilizers 137-685 55-274 0.4-1.2
Cement production 89-890 18-14,240
Mobile sources 248,030
Miscellaneous 3,900-5,100
Total 1983 Emissions 24,150-87,150 288,700-376,000 1,480-5,540 1,810-5,780
Median value 55,650 332,350 3,510 3,790
Source Tin Thallium Vanadium Zinc
Pyrometallurgical nonferrous metal production

Mining 310-620

Pb production 195468

Cu—Ni production 425-1,700 43-85 4,250-8,500

Zn—Cd production 46,000-82,800
Secondary nonferrous metal production 270-1,440
Steel and iron mfg. 71-1,420 7,100-31,950
Coal combustion

electric utilities 155-755 155-620 310-4,650 1,085-7,750

industry and domestic 99-990 495-990 990-9,900 1,485-11,880
Oil combustion

electric utilities 348-2,320 6,960-52,200 174-1,280

industry and domestic 286-3,580 21,480-71,600 358-2,506
Wood combustion 1,200-6,000
Refuse incineration

municipal 140-1,400 2,800-8,400

sewage sludge 15-60 300-2,000 150450
Phosphate fertilizers 1,370-6,850
Cement production 2,670-5,340 1,780-17,800
Miscellaneous 1,724-4,783
Total 1983 Emissions 1,470-10,810 3,320-6,950 30,150-141,860 70,250-193,500
Median value 6,140 5,140 86,000 131,880
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transport, sediment deposition, and compaction. In genera, to
transport sediment, flow rate of water must exceed a certain criti-
cal velocity, which depends on grain size and density; for deposi-
tion, the flow must decrease below another critical value. Inrivers
and estuaries, the sand- and gravel-size bedload fraction moves
along the bottom by rolling or by a series of leaps. These particles
usually are not transported long distances before deposition. Finer-
grained sediments are carried in suspension and can be transport-
ed long distances before deposition (Horowitz, 1991). For exam-
ple, Axtmann and Luoma (1991) document wide-scale fluvial dis-
tribution of fine-grained mining waste along the Clark Fork River
in Montana.

In the water column, metals are commonly associated with sus-
pended particul ates. This suspended load can transport significant
quantities of metals during spring runoff and storm events when
the suspended load is highest. It is difficult to obtain a representa-
tive sample of suspended sediments and their associated metals
(Horowitz et al., 1990).

Metals are not homogeneously distributed among the various
grain-size fractions in sediments. Generally, the finer-grained
clay-size fractions have the highest metal concentrations due to
large specific surface areas and to the presence of metal-oxide and
organic coatings on mineral surfaces that tend to sorb metals. In
the silt and sand-size fractions, metal concentrations generally
decrease due to the greater abundance of quartz and lower oxide
and organic content. The coarse fractions either may increase in
metal concentrations, if they include metal-containing minerals
(e.g., sulfide minerals), or may decrease in metal concentrations.
Filipek and Owen (1979) discuss the influence of grain size on
metal distribution in lacustrine sediments.

Physical transport of particulatesin ground water encompasses
many of the factors involved in surface water plus such factors as
complex flow paths and finite pore sizes. Ranville and
Schmiermund (1999) provide a description of colloid transport in
ground water.

FACTORSAFFECTING METAL
BIOAVAILABILITY AND TOXICITY

Because the emphasis of this volume is the environmental geo-
chemistry of mineral deposits, we place emphasis on geological,
geochemical, and chemical factors that affect metal bioavailabili-
ty and toxicity. We also present mining-related examples rather
than provide a review of the literature. In doing so, we do not
intend to overemphasize the importance of geological, geochemi-
cal, and chemical factors. Rather, we endeavor to familiarize earth
scientists with some of the linkages that exist between the earth
sciences and biological sciences.

M easurement of bioavailability

Because absorption pathways vary with metals, bioavailability
for different hostsis measured differently for specific metals with-
in specific biological systems. As noted in the discussion of Figure
2.1, bioavailability may be measured by systemic availability of a
metal or by accumulation in organs. For example, the biocavail-
ability of lead can be measured by dose response (or internal dose)
of lead levelsin blood. In contrast, cadmium levels in laboratory

animals are measured by content in livers or kidneys; urine con-
tent is not considered to be areliable indicator of cadmium in test
animals because, unlike other metals, cadmium is generally stored
in tissue rather than excreted. There are also measurement differ-
ences for the same metal. For example, the bioavailability of
ingested lead, as measured in Davis et a. (1992), is based on the
amount of lead absorbed by digestion. This is not equivalent to
blood-lead measurements since lead is transported by the blood to
soft tissues and bone. Krieger et al. (1999) discuss bioavailability
of arsenic, cadmium, and lead.

Host-related factors

Biologically related factors, such as mode of exposure, cumu-
lative residence timein the host, ability of the host to absorb a par-
ticular size or compound, presence of other metals in the host,
genetics, host species, and age and devel opment of the host, affect
the biocavailability of a particular metal. Host-related factors are
very important to metal bioavailability and toxicity, and are also
very complex; we include only a brief discussion of these factors
in this chapter. For more detailed discussions relating to metals,
refer to Fergusson (1990), Goyer (1991), Goyer et al. (1995), and
Chang (1996).

Mode of exposure significantly affects bioavailability. Natural
modes of exposure to humans include inhalation, ingestion, and
transfer through the skin. Potential for airborne exposure to met-
alsin the workplace and in ambient air is significant. Inhaled met-
als may increase susceptibility to respiratory infection, may be
related to immune suppression (Selgrade and Gardner, 1996), or
may be associated with pulmonary carcinomas (Gordon, 1995).
Ingestion of toxicants commonly takes place through food or
water. Ingestion of soil is a significant mode of exposure of met-
alsto children. The significance of this mode of exposure isrelat-
ed to behavioral characteristics of small children (i.e., the hand-to-
mouth action of most small children; Beck et a., 1995). Gulson et
al. (1994a) found that ingestion of soil and dust is the main source
for elevated blood-lead levels in children from a mining commu-
nity in Australia. Skin does a good job of keeping out water, par-
ticles, ionic inorganic species, and materials of high molecular
weight. However, skin does not keep out lipid-soluble substances
and therefore is susceptible to the absorption of organometallic
compounds (Fergusson, 1990).

Cumulative residence time in the host is different for different
metals and different hosts. For example, lead is particularly toxic
to children, who absorb it much more readily than adults.
Hemphill et al. (1991) report that absorption of ingested lead is
<20% in adults, and <53% in children. In contrast to lead, cadmi-
um accumulates gradually in the human body, and so becomes
increasingly concentrated in adults. Thus, adults generally exhibit
higher cadmium levels than children.

Airborne particles exist in fine (<2.5 yum) and coarse (>2.5 um)
sizes, particles from anthropogenic sources (e.g., smelters) are
usualy fine. In the case of lead, inhalation is much more danger-
ousif the particle sizeisfine. Goyer (1991) reports that, for parti-
cle sizes smaller than 0.5 pm, human lungs retain 90% of the par-
ticles and absorb almost 100% of the retained lead. Larger parti-
cles are generally swallowed. This may help to explain why peo-
ple living in mining communities that once had smelters general-
ly have greater blood-lead levels than those living in mining areas
without smelters.
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As previously mentioned, the toxicity of chromium depends
on its oxidation state, with chromium (V1) being more toxic than
chromium (111). The National Research Council (1989) notes that
most dietary chromium is trivalent, which is relatively nontoxic;
humans cannot oxidize thisto chromium (V1). Toxicity of chromi-
um has been associated with bronchial cancer related to occupa-
tional exposure to dust in chromium metallurgical, refinery, or
manufacturing operations. This dust is generally a mixture of
chromium (I11) and chromium (VI1). A 1972 study of German
workers exposed for 20-25 years to chromium (I11) in manufac-
turing reveals no lung cancer among the workers (Luckey and
Venugopal, 1977). However, chromium (111) is the metabolically
active form within humans, and may be toxic in some cases
(Goyer, 1991). Klein (1996) states that the carcinogenic risk asso-
ciated with human exposure to chromium seems to be most direct-
ly correlated with particular chromium oxidation states, with the
greatest observed risks associated with exposure to chromium(V1)
compounds such as chromates. Whether chromium causes cancer
outside the respiratory tract is unclear.

Some metal compounds are known to be more biocavailable
than others. A variety of metal-carbon compounds are lipid solu-
ble, and hence presumably can penetrate lipid membranes. For
example, methyl mercury, tributyl tin, and tetraethyl lead can dis-
solvein cell membranes. Pelletier (1995) provides an overview of
the environmental chemistry of these organometallic compounds.

Interactions among elements in the host affect the bioavail-
ability and the dose response in the host. For example, people with
low intake of calcium, iron, or phosphorous can increase absorp-
tion of lead from their diet. As noted above, even slightly greater
than optimal concentrations of zinc can diminish absorption of
copper by humans; but zinc can provide protection against cadmi-
um and lead toxicities (Sandstead, 1980, 1988; Hill, 1988). In
another example, phosphate depletion, negative phosphorous
balance, or problems with phosphorous reactions can create alu-
minum toxicity, even though ingested aluminum generally is not a
toxic substance to humans (Luckey and Venugopal, 1977). Cattle
with excess dietary exposure to molybdenum can be treated by
addition of copper sulfateto their diet (Goyer, 1991) because high
concentrations of copper in the body decrease uptake of molybde-
num. Selenium uptake by alfalfa may be diminished by moderate
sulfur concentrations in the soil (Severson et al., 1991; Severson
and Gough, 1992).

Genetic effects on the susceptibility and tolerance to contami-
nants are documented for severa types of organisms. For exam-
ple, Bryan (1976) provides a review of metal tolerance in estuar-
ine invertebrates, and metal tolerance in plants is discussed in
Shaw (1990). The importance of genetic factors in human metal
toxicity is not well known; a National Academy of Sciences report
states that the role of genetic factors in susceptibility to lead toxi-
city has received little attention (NRC, 1993).

Different types of plants absorb elements at different rates
under otherwise similar circumstances. Plants may be classified as
accumulators or excluders of metals (Fergusson, 1990). In
smelter-contaminated soils in New Mexico containing
2,000-10,000 ppm lead, rabbitbrush contained approximately 3
times the lead level of adjacent cactus or creosote (Austin et al.,
1992). Selenium is absorbed to an unusua degree by a limited
number of plant species, some of which serve as livestock feed
(Erdman et al., 1991). For example, in parts of the arid west some
species of Astragalus contain several thousand ppm selenium
compared with grasses in the same soil that contain only a few

ppm selenium (Thornton, 1982). Other plants, such as wheat, do
not contain abnormal selenium even when grown in high-seleni-
um soils. Selenium uptake in wheat requires “ selenium converter
plants’ to change the soil selenium to aform that is absorbable by
wheat (Ensminger et al., 1994).

Metal-tolerant plants avoid toxic effects in a variety of ways.
Some species accumulate the metals in the roots and restrict
access to shoots. Others may bind the metals in complexes that
isolate them from sensitive sites (Thurman, 1982). Uptake from
soil can be “passive” (dueto diffusion based on concentration dif-
ferences), “facilitated” (due to increased availability from chemi-
cal changesinduced by roots), or “active” (dueto metabolic selec-
tion and concentration by roots; Phipps, 1981). An example of
facilitated uptake is organic-acid exudates from roots that are
known to drop the pH of the rhizosphere, thus dissolving metal
carbonates and freeing them for assimilation (Gough et a., 1980).

Age and development of the host play arole in bioavailability.
For example, blood lead levels in humans appear to decrease dur-
ing adolescence, evidently due to lead deposition in bone, and
increase during menopause and osteoporosis, apparently due to
demineralization of bone (Goyer, 1995). Many toxic metals exert
their most serious adverse effects during fetal development. For
example, lead and mercury can be transferred from the placentato
the fetus, however, the placenta selectively retains cadmium
(Goyer, 1995).

Chemical, geochemical, and geological factors

Most metals cannot be considered solely detrimental because
they commonly are also essential micronutrients for plants and
animals. Uptake and accumulation of metals by organisms pro-
vides an essential link between the types, concentrations, forms,
and species of metalsin the environment and the effects that these
have on living systems. Physical chemistry, geochemistry, and
geology can significantly influence the bioavailability of metalsto
organisms. Kelly (1999) discussestoxic effects on aguatic biota of
metal's associated with mining activities.

Chemical factors

Chemical factors, such as water composition (e.g., pH, hard-
ness) and chemical and physical properties of elements (e.g., oxi-
dation state), can influence element bioavailability in aquatic sys-
tems. The pH of a system is often a master variable that governs
reactions and processes in the system; this, in turn, will influence
bioavailability. For example, the bioavailability of cationic metals
to aguatic organisms is generaly greater in the acidic pH range
than in the alkaline range. A study of metal bioavailability in lakes
showed that fish in lakes with lower pH usually had higher body
or tissue burdens of aluminum, cadmium, lead, and mercury than
fish in nearby lakes with higher pH (Spry and Weiner, 1991).
These relationships largely are due to pH-dependent metal speci-
ation (see discussion below). Frequently, amendments are used to
alter the pH of asoil in order to control metal availability because
pH is amajor factor in determining the free metal ion activity in
the soil interstitial water (e.g., Pierzynski and Schwab, 1993).
Kabata-Pendias and Pendias (1992) state that to provide an effec-
tive evaluation of the pool of bioavailable trace elements, tech-
niques based on both soil tests and plant analyses should be used
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together. For example, cadmium uptake by plants generdly is
inversely related to soil pH (Andersson and Nilsson, 1974).
Alloway et a. (1988) report that cadmium concentrations in vari-
ous crops are highest for crops grown on acidic soils, and Jackson
and Alloway (1991) show that application of lime to soils amend-
ed with sewage sludge reduced cadmium bioavailability to cab-
bage and lettuce, but not to potatoes. Conversely, anionic metals,
such as molybdenum, are usually more bioavailable in alkaline
soils (e.g., Smith et al., 1997). This different behavior of cationic
and anionic elements is due primarily to pH-dependent sorption
reactions in the soils (see Smith, 1999).

Water hardness may affect the toxicity of some metals. Water
hardness refers to the concentration of calcium and magnesium
ions, as well as other polyvalent metals such as manganese, iron,
and aluminum. In general, most metals are more toxic to aquatic
life in soft (total hardness <75 mg/l) water rather than hard water
(Zitko and Carson, 1976). According to Sprague (1985), heavy
metals are an order of magnitude more toxic to aquatic lifein very
soft water than in very hard water; he attributed thisincreased tox-
icity to increased membrane permeability due low calcium con-
centrations. This toxicity-hardness relationship drives the hard-
ness-based water quality criteria shown in Table 2.7A.

Oxidation state influences toxicity of metals. Molybdenum
(V1) and chromium (VI), for example, are much more toxic than
molybdenum (I1) (commonly occurring as a sulfide mineral) or
chromium (I11). Similarly, toxicity of arsenic varies with oxida-
tion state. Toxicity increases such that:

AL <At < ASSt

(Valberg et al., 1994).

Nieboer and Richardson (1980) modified existing systems of
classification of metal ions, based upon those of Ahrland et al.
(1958) and Pearson (1963, 1968a, 1968b) (discussed briefly in a
previous section) and presented them in amore biological context
(Fig. 2.14). According to Nieboer and Richardson’s classification,
Class A metals, which tend to seek oxygen-containing ligands,
comprise all the macronutrient metal's (such as potassium and cal-
cium). Class B metals, which tend to seek nitrogen- and sulfur-
containing groups, include many of the more toxic metals.
Borderline metals, which have intermediate properties, include
most of the common metals. As shown on Figure 2.14, thereis a
distinct break between Class A metals and the borderline group,
but there is little distinction between the borderline group and
Class B metals. Thistype of approach can provide ageneral set of
criteria by which the actions of different metals can be compared.
For example, Class B metals may displace borderline metals, such
as zinc or copper, from enzymes. The toxicity of a borderline
metal depends on its Class B character; it will be able to displace
many Class A metals and, depending upon their relative affinities,
other borderline metals. With the exception of barium, character-
istically hazardous metals (see Table 2.6) are either class B or bor-
derline based on Nieboer and Richardson’s (1980) classification.

Geochemical and geological factors
Simple relationships between metal concentrations in organ-

isms and total metal concentrationsin the food, water, or sediment
to which the organisms are exposed, are seldom found in natural
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FIGURE 2.14—Chemical classification of metal ions according to Nieboer
and Richardson (1980). X, is the Pauling €lectronegativity, r is the effec-
tive ionic radius, and Z is the formal ion charge. Modified from Nieboer
and Richardson (1980).

systems (Jenne and Luoma, 1977). Consequently, it is not suffi-
cient to determine total metal concentrations in earth materias if
the ultimate goal is to estimate bioavailability of the metals.
(However, the total metal concentrations do place an upper limit
on metal bioavailability.) Luoma (1989, p. 380) states, “extensive
trace metal analyses of sediment, water and biotic tissues through
the last decade demonstrate that bioaccumulation by plants and
animals may vary considerably from one environment to the next,
independent of concentration in sediment or water.” For example,
Erdman et al. (1976) found no strong correlation between element
concentrationsin crops and associated soilsin Missouri. Pascoe et
al. (1994) performed a food-chain transfer analysis for resident
small mammals in a wetland habitat to evaluate the impacts of
mining wastes on bioaccumulation of metals at the Milltown
Reservoir Sediments Superfund site in Montana. Although sever-
al metals are present in high concentrations in the mining wastes,
Pascoe et a. (1994) found limited bioavailability of these metals
and arsenic to resident small mammals. On the other hand, in a
study of invertebrates and vegetation associated with minetailings
from base-metal rich gold veinsin British Columbia, Azcue et al.
(1995) found arsenic, lead, and cadmium to be highly biocavail-
able; however, the metals appeared to be less bioavailable to
invertebrates in a lake ecosystem that receives and accumulates
the tailings.

Aquatic organisms may accumulate metals from the dissolved
phase, suspended particulates, bottom sediments, and prey or food
sources. However, it is not clear if water, particulate material, or
food source is the primary route of exposure in natural systems.
Questions remain as to what environmental variables should be
monitored and regulated. Luoma and Carter (1993, p. 793) state
that “understanding of the actual toxicity of sedimentsin natureis
constrained by inadequate knowledge of processes in ecosystems
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that contain contaminated sediments.” Figure 2.15 summarizes
some of the processes and geochemical conditions that can redis-
tribute dissolved metal cations among various reservoirs. Several
publications address biological and geochemical processes that
affect metal bioavailability in surface-water systems (e.g., Luoma,
1983; Morel and Hudson, 1985; Brezonik et a., 1991; Tessier and
Turner, 1995).

Mineralogy and mode of occurrence can affect bioavailability
of metals. For example, Mahaffey (1978) notes that, all other
things being equal, bioavailability of ingested lead in lab rats
increases in the following order:

lead chromate, lead sulfide, lead molybdate < |ead acetate
< |ead oxalate, lead carbonate.

Preliminary results from a study of lead bioavailability in soilsand
other test materials using juvenile swineindicate that ingested lead
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FIGURE 2.15—Some processes and geochemical conditions that can
redistribute cationic dissolved metals in oxidizing, circumneutral-pH sys-
tems. Metals contained in each of the reservoirs (illustrated by boxesin the
figure) also can be redistributed by geochemical or biological processes or
by changing geochemical conditions. “NOM” refers to natural organic
matter.

carbonate has high relative bioavailability, lead oxide and lead
phosphate have intermediate relative bioavailability, and lead sul-
fide, lead sulfate, and native lead have low relative bioavailabili-
ty (U.S. EPA, 1997). This sequence may differ from the order of
increasing geoavailability, dispersivity, or mobility.

The bioavailability of soil-bound metals is related to the
physicochemical form of the metal in the soil. Ingestion of soil by
animals and humans can be an important route of exposure for
metals. Generally, the more soluble a metal is, the more bioavail-
ableit is (Sheppard et al., 1995). Ruby et al. (1992) demonstrate
that dissolution kinetics must be considered when assessing metal
availability from minerals or soils. The soluble metal salts often
used in toxicological studies are not a good proxy for kinetically-
controlled dissolution of minerals in the gut (Davis et al., 1992;
Freeman et al., 1992; Ruby et al., 1992). Ruby et al. (1993) devel-
oped a screening method to eval uate the bioaccessibility of ingest-
ed lead. Wixson and Davies (1994) propose a protocol for deci-
sions and guidelines concerning lead in soil.

Lead levels in blood provide an example of the variability in
lead bioavailability from different sources. Recent studies of chil-
dren living in and near inactive tailings or mill dumps in four
Colorado areas—Leadville, Smuggler Mountain (Aspen),
Telluride, and the Clear Creek-Black Hawk-Central City region—
and in Park City, Utah, show relatively little enrichment of lead in
blood compared to the national average, except for Leadville
(Table 2.17). During the 1980s, the national average blood-lead
level for children declined from 17 pg/dl to approximately 46
Ho/dl (U.S. EPA, 1991). These statistics are for al children; Table
2.17 refers to children under 6 years of age. The first three studies
shown in Table 2.17 are from blood samples taken in 19861987,
thelast three are from samplestaken in 1990-1991. These are sep-
arated because the national blood-lead level of people continued
to drop (to 2.9 pg/dl for people aged 1-74 years in 1989-1991)
due to phasing out of leaded gasoline and lead solder in food con-
tainers (Univ. of Cincinnati, 1997). The current Centers for
Disease Control “level of concern” for lead content in blood is 10
Ho/dl. As Table 2.17 shows, only the 1987 blood samples for
Leadville exhibit arithmetic mean blood-lead levels above 10
pg/dl; the more recent (and larger) study indicates that these lev-
els have dropped even faster than the national trend and are with-
in health safety ranges (Univ. of Cincinnati, 1997). It should be

TABLE 2.17—Blood-lead levelsin children and soil-lead contents in mining towns. Sources. Colorado Dept. of Health (1990); Colorado Dept. of
Health (1992); Colorado Dept. of Health (1993); Agency for Toxic Substances and Disease Registry (1988); Univ. of Cincinnati (1997). Means are

arithmetic means unless otherwise noted.

Blood Mean blood lead Soil range Soil mean

Location sampling year in children® (ug/di) (ppm) (ppm)
Telluride, Colorado 1986 6.79; 7.4 6410); 1370
Park City, Utah 1987 7.8 16-5,840
Leadville, Colorado 1987 8.7; 10.1

front yard cores 49-15,100 1,108; 1,762

rear yard cores 10-27,800 915):; 1,625
Leadville, Colorado® 1991 4.80; 553 118-15,403 8120
Aspen (Smuggler Mtn.), Colorado 1990 2.63; 3.0 135-11,676@ 641®; 1,370
Clear Creek/Central City, Colorado 1990 599: 6.3 10-2,590) 201; 375

(Blood levels shown for children less than 6 years of age.
(s0il values for households with children less than 6 years of age. In Smuggler Mt., soil samples for adults and children’s yards range from 046,100 ppm Pb, with means

of 505 ppm(® and 1,155 ppm Pb (Colorado Dept. of Health, 1992).

(3Geometric mean.

(Two studies of Leadville show a drop in mean blood level in children over 4 years time (see text).
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noted that some variation in the blood-lead levels of children may
be due to differences in the studies, geometric mean soil contents
for lead are dlightly lower in the second study.

Blood-lead levels in children may depend partially on the
geoavailability of the lead source. In a study at Butte, Montana,
Daviset al. (1993) report that low blood-lead levelsin young chil-
dren are due to the low solubility of lead minerals in the soil and
waste rock. Figure 2.16 shows that children living in the mining
district of Butte, Montana, had lower blood-lead levels than chil-
dren living in Cincinnati, urban Minnesota, or adjacent to
smelters. Similar observations were noted in a study in a mining
village in the United Kingdom where, although garden soils and
household dust averaged 7,000 and 1,500 ppm lead, respectively,
blood lead levels were within the normal range. The researchers
found that the lead in lead-rich soils was primarily present as
pyromorphite (Pby(PO,),Cl), a relatively insoluble lead mineral.
They attribute the lower-than-expected blood lead levels to the
predominance of this mineral phase (Cotter-Howells and
Thornton, 1991). Tingle et al. (1993) found that lead tends to be
adsorbed onto mineral surfaces in tailings or soils with near-neu-
tral pH. However, tailings with low-pH (pH~2) have little or no
detectable surface-bound lead. Presence of surface-bound lead,
and of smelter-impacted soils, may help to explain the higher
blood-lead levels in children in the 1987 sampling at Leadville.
Gulson et al. (1994b) applied mineral-exploration techniques to
determine the sources and pathways of lead into children living in
a zinc-lead mining district in Australia. They report some cases
where elevated blood-lead levels in children appear to be derived
from orebody lead, but they found other cases where lead appears
to be derived from gasoline lead or paint.
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FIGURE 2.16—Blood-lead levels in children from mining (solid lines),
smelter (dashed lines), and urban (dash-dot lines) sitesin the United States.
Modified from Gulson et a. (1994b, Fig. 12). During the 1980s, the
national average blood-lead level for U.S. children declined from 17 pg/dl
(noted) to approximately 46 pg/dl (bracket) (U.S. EPA, 1991). These
ranges are shown because most of the studies were published in the 1980s.
These averages are for al U.S. children under the age of 18 years.

Sediment texture can play a role in metal bioavailability. For
example, Pesch and Morgan (1978) showed that a polychaete (a
type of worm) exhibited greater bioaccumul ation when exposed to
metal-spiked water mixed with sandy sediment than when
exposed to water mixed with fine-grained sediment. Thisis prob-
ably due to the higher metal-binding capacity of fine-grained sed-
iment.

Metal speciation

Nieboer and Fletcher (1996) define speciation as “the occur-
rence of an element in separate, identifiable forms (i.e., chemical,
physical, or morphological state).” The speciation of an element,
rather than its total concentration, influences its effects on an
organism. Factorsthat affect speciation include pH and redox con-
ditions, the solubility of solid compounds, the oxidation state of
the element, the availability and type of complexing agents, com-
plex and ion-pair formation, sorption-desorption reactions, and
biochemical processes.

The bioavailability and toxicity of metals may be strongly
modified by the chemical partitioning of metals in food compo-
nents (e.g., Luoma and Jenne, 1977), the speciation of metals in
solution (e.g., Pagenkopf et a., 1974; Sunda and Guillard, 1976;
Andrew et a., 1977; Driscoll et al., 1980), and the speciation of
metalsin sediments and soils (Luomaand Jenne, 1976, 1977). For
example, Phipps (1981, p. 31) illustrates the importance of aque-
ous copper speciation on copper uptake by excised roots, with

[Cu(IN(OHL]?* ~ [Cu(ll)(en),]* > [Cu(ll)(gly),]°
>>[Cu(Il)EDTA],

where en, gly, and EDTA are organic ligands. This sequence of
root uptake follows the overall charges of the copper complexes
(Phipps, 1981).

Metal concentrations in soils and sediments are commonly
several orders of magnitude greater than those found in associat-
ed waters. Metals can partition among various components of
soils or sediments and may be (1) sorbed on hydrous metal oxides,
organic matter, or clays, (2) present in the lattice of primary or
secondary minerals, or (3) occluded in amorphous materials or
remains of organisms. Salomons (1995) relates metal speciation to
potential relative mobility with the following distinctions:

Exchangeablecations . ...................... High mohility
Metals associated with iron and

manganese hydroxides .. ............... Medium mobility
Metals bound or fixed inside

organicsubstances .................... Medium mobility
Metals bound or fixed inside

mineral particles ......................... Low mobility
Metals associated with a sulfidic

phase....... ..., Strongly dependent on

environmental conditions

In a study of the Amazon and Yukon rivers, Gibbs (1973) found
that copper and chromium are mainly associated with mineral par-
ticles, manganese is present in oxide coatings, and iron, nickel,
and cobalt are equally distributed between solids and coatings.
Differences in metal bioavailability occur when metals are bound
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to different types of binding sites on particles (Luoma and Jenne,
1977; Campbell and Tessier, 1991). Luoma and Davis (1983, p.
161) state that “...with some exceptions, the meta particle reac-
tions which are biologically most important in estuaries are those
that affect metal distributions among the organic and inorganic
components of fine-grained, oxidized sediments.”

The composition of the suspended phase influences the
physicochemical form in which a meta is transported, which in
turn influences bioavailability (e.g., Luoma and Bryan, 1979).
Bioavailability also can be affected by the preferential partitioning
of metals to the suspended sediment and consequent removal from
the dissolved phase since metals are generally more bioavailable
when dissolved.

Geochemical methods to estimate metal speciation and
bioavailability

In aqueous systems, the simplest speciation distinction is
between what does and does not pass through a filter. The filter
pore size determines what passes through afiltering unit (filtrate).
The filtrate includes free ions and their complexes with various
ligands and, perhaps, colloidal materials. Tanizaki et a. (1992)
used filtration and ultrafiltration techniques to determine the
physicochemical forms of severa elements in river water (see
Ranville and Schmiermund, 1999).

Generally, the free-ion concentrations of dissolved metals are
the best indicator of bioavailability and toxic effects to aquatic
organisms (O’ Donnel et a., 1985) and crops (K abata-Pendias and
Pendias, 1992). Free metal ion concentrations in waters are deter-
mined either with specialized chemical and analytical techniques
or with thermodynamically-based chemical-equilibrium calcula-
tions. These calculations are done with the aid of computer pro-
grams,; when using these computer programs it is important to be
aware of their limitations. Failure to (1) include all of the impor-
tant species (e.g., major elements, organics), (2) consider all of the
possible reactions (e.g., sorption), or (3) verify the validity of any
inherent assumptions (e.g., thermodynamically versus kinetically-
controlled reactions; reliability of stability constant data) may
lead to erroneous conclusions. Hence, these models provide a
qualitative estimate of the actual reactions and interrel ationships
between aqueous speciation and bioavailability. Turner (1995)
provides a detailed discussion of problems in modeling trace
metal speciation. An extension of the modeling approach is the
free-ion activity model (FIAM; Morel, 1983), which was devel-
oped to link metal speciation with bioavailability in controlled
laboratory studies, and has since been extrapolated to natural
waters. Campbell (1995) describes and critiques the FIAM.

Quantification of metal speciation also requires specialized
techniques. For example, it is necessary to distinguish the car-
cinogenic form of chromium (Cr(V1)) from the noncarcinogenic
forms (Cr(l11) and elemental chromium). Reliable analytical tech-
niques, especially field techniques, have yet to be developed for
many important speciation issues.

Predictions of metal bioavailability in soils and sediments have
met with limited success. Metal speciation in soils and sediments
can be determined by direct instrumental techniques (e.g., x-ray
diffraction, electron microprobe, various spectroscopic methods),
physical separation (e.g., size, density, magnetism), and chemical
extractants. Partial chemical extractions or sequential extractions
of soils and sediments are used to extract only the bioavailable

fraction of metal (e.g., Pickering, 1981) or only the fraction asso-
ciated with particular components of the soil or sediment (e.g.,
Tessier et a., 1979; Filipek et a., 1981; Luoma and Bryan, 1981;
Chao, 1984). However, incomplete knowledge of the complicated
chemistry of soils and sediments, coupled with the lack of selec-
tivity of some reagents, can make interpretation difficult (e.g.,
Luoma, 1989; Filipek and Theobald, 1981; Papp et al., 1991).
Despite the limitations, partial extractions remain a useful tech-
nique for the examination of metals associated with various com-
ponents in soils and sediments that serve as controls of metal
mobility (Gatehouse et al., 1977; Lion et a., 1982; Chao, 1984).
Positive assessment of partial dissolution techniques by Tessier et
a. (1979) includes information about the origin and mode of
occurrence of metals, physicochemical availability, and mobility
of trace elements in the environment. In soil/plant studies with
diverse soil types, the correlation between estimates of metal
bioavailability and plant uptake is margina (e.g., Gough et al.,
1980). However, in agriculture partial dissolution techniques are
used successfully to determine nutrient availability from soils to
crops (Westerman, 1990). A few studies have been conducted with
aquatic sediments and several different extraction procedures have
shown correlations with metal bioavailability (e.g., Diks and
Allen, 1983; Luoma, 1983), but no single approach is consistent-
ly successful (e.g., Weimin et a., 1992). Predictive capabilities
may be improved by the use of normalizing parameters, such as
iron (Luoma and Bryan, 1981), organic matter (Langston, 1982),
or H*/iron oxyhydroxide (Tessier et al., 1984).

ENVIRONMENTAL GEOCHEMISTRY AND HEALTH

The field of environmental geochemistry and health involves
the application of geochemistry, in particular geochemical map-
ping, to studies of plant, animal, and human health (Lag, 1983;
Thornton, 1993; Cotter-Howells, 1996). This requires combining
the disciplines of geochemistry, geology, chemistry, soil science,
botany, zoology, microbiology, animal husbandry, veterinary sci-
ence, epidemiology, and public health. Links between geochem-
istry and human health are usualy difficult to establish. Warren
(1989) provides an overview of potential health implications of
exposure to Al, As, Au, Cd, Cu, Hg, I, Pt, Se, and Zn in the envi-
ronment.

Geochemical maps have been used to correlate areas of trace-
element deficiency or excess with problems in crops and animal
nutrition (e.g., Thornton, 1983), and to identify areas where the
population may be exposed to unusually great concentrations of
metals (e.g., Morgan, 1988). A reconnaissance geochemical sur-
vey of Missouri by the U.S. Geological Survey provided informa-
tion to epidemiologists in search of relationships between geo-
chemistry of the environment and human health (see Miesch,
1976). Geochemica atlases have been generated for various
European countries (e.g., Webb et a., 1978); they provide the geo-
chemical basis for studies that seek links between geochemistry
and health. Simpson (1995) describes the Geochemical Baseline
Survey of the Environment (G-BASE) for the United Kingdom.
Examples of other studies include Piispanen (1989), who com-
pared disease maps with geochemical mapsin Finland, and Irvine
et al. (1988), who proposed alink between multiple sclerosis clus-
ters in Saskatchewan and excess lead, nickel, and zinc in the soil.
These types of studies do not demonstrate a direct association
between trace elements and disease, but they do show that trace
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elements may influence health. Accordingly, public-health mea-
sures can be taken to reduce exposure to trace elements in prob-
lem areas. Shaper (1979) and Thornton (1987) outline some of the
potential problems associated with this approach.

There are several well-known correlations between health and
trace elements. For example, iodine deficiency can result in
enlargement of the thyroid gland, iron deficiency can cause ane-
mia, fluoride deficiency has been associated with high rates of
dental caries, and Keshan Disease in China has responded to treat-
ment with selenium (McLaren, 1994).

The relationship between the environment and human healthis
illustrated by the mercury incident in Minamata Bay, Japan. In the
1930s achemical plant began discharging mercury into Minamata
Bay. The mercury was converted to methylmercury by microor-
ganisms (Zakrzewski, 1991). In the 1960s, local residents began to
show symptoms such as sensory impairment and approximately
6% of the infants born near Minamata had cerebral palsy (Eisler,
1987). By 1982, methylmercury poisoning was diagnosed in some
local residents, more than 50 people died, and 700 were |eft per-
manently paralyzed (Kudo and Miyahara, 1984). The methylmer-
cury accumulated in fish and birds, and because fish was a staple
in the diet of the local residents, ingestion of the mercury-conta-
minated fish led to what has become known as Minamata disease.

Another example is a bone disease, known as itai-itai (“ouch-
ouch”) disease, found in people in Japan exposed to large amounts
of cadmium in food during the later part of World Wer 1. Itai-itai
disease occurred in people living downstream from a lead-zinc
mine who used contaminated river water for drinking and irriga-
tion of rice paddies. The relationship between itai-itai disease and
cadmium is based on increased disease prevalence in areas of
highest cadmium exposure, concomitant kidney disease that cor-
responds to cadmium-related kidney disease in industrial workers,
and high cadmium concentrations in blood, urine, and organs
(Bhattacharyya et a., 1995).

Chronic thallium poisoning was reported in a rural area of
Southwest Guizhou Province, China, in the 1960s and 1970s.
Weathering of waste slag from coal and mercury mining released
thallium to overlying soil, and the thallium accumulated in veg-
etables that were ingested by humans (Zhou and Liu, 1985).

CONCLUDING REMARKS

Metals can be both essential and toxic to humans (Maugh,
1973; Mertz, 1981). Unlike some organic contaminants, metals do
not break down in the environment; they are neither created nor
destroyed by human activities. However, human activities can
perturb the natural cycles of metals and redistribute them through-
out the various reservoirs of natural systems (Nriagu and Pacyna,
1988; Nriagu, 1990). Contamination associated with mineral
extraction has prompted controversies about human-health issues
(Moore and Luoma, 1990).

The metal content of biota is often influenced by the geo-
chemical nature of their habitat. This reflects a general pattern of
metal transfer from the terrestrial to the biotic environment
(Chang and Page, 1996). There is considerable evidence that the
bioavailability and toxicity of metals are influenced by the speci-
ation and physicochemical forms in which metals are present in
waters, sediments, and soils (Jenne and Luoma, 1977; Allenet al.,
1980). The speciation of metals in the environment is controlled
by an interrelated web of chemical, geochemical, and biological

processes that control the behavior and mobility of metals in the
surficial environment. A first approximation of metal behavior and
mobility often can be made based on a knowledge of the physic-
ochemical properties of metals, and on empirical observations.

It isimportant to combine physicochemical, geochemical, geo-
logical, and biological information in the study of metal bioavail-
ability and toxicity. Much remains to be learned about interactions
and interferences among metals and their combined effects on
physiology. However, it is clear that a holistic approach isrequired
to adequately understand and assess the environmental impacts of
metals on human health.
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Chapter 3

THE ENVIRONMENTAL GEOLOGY OF MINERAL DEPOSITS

G.S. Plumlee
U.S Geological Survey, Box 25046, MS 964, Federal Center, Denver, CO 80225-0046

INTRODUCTION

Mineral deposits are concentrations of metallic or other miner-
al commodities in the Earth’s crust that result from a variety of
complex geologic processes. The natural weathering and erosion
of amineral deposit at the Earth’s surface dispersesits constituents
into the waters, soils, and sediments of its surrounding environ-
ment. There, the constituents may be taken up by plants and (or)
organisms. The concentrations and chemical, mineralogical, or
biological forms of metals and other constituents from a minera
deposit prior to mining in soils, waters, sediments, plants, and
organisms are defined here to be the natural environmental signa-
tures of the deposit.

Modern mining and mineral processing activities employ a
wide variety of methods to prevent or minimize adverse environ-
mental impacts (Ripley et al., 1996; Plumlee and Logsdon, 1999;
references therein). However, if not carried out with appropriate
mitigation and prevention practices (as was common in most his-
torical operations), or asaresult of accidental releases, mining and
mineral processing can disperse potentialy deleterious metals,
other deposit constituents, and mineral processing chemicals or
byproducts into the environment. Mining-related environmental
signatures are defined here as the concentrations and chemical,
mineralogical, or biological forms of these metals and chemicals
prior to mitigation or remediation in mining and milling wastes,
mine waters, mineral processing solutions and byproducts, and
smelter emissions and byproducts.

The geologic characteristics of mineral deposits exert impor-
tant and predictable controls on the natural environmental signa-
tures of mineralized areas prior to mining, and on the environ-
mental signatures that could result from mining and mineral pro-
cessing if appropriate preventive and mitigative practices were not
followed. A good understanding of the environmental geology of
minera deposits is therefore crucia to the development of effec-
tive mining-environmental prediction, mitigation, and remediation
practices.

This chapter summarizes the important geologic characteristics
of mineral deposits that influence their environmental signatures,
how climate and mining and minera processing methods modify
the environmental signatures mandated by deposit geology, and
how climate and geology influence the effects of the deposits on
the surrounding environment. In addition, the chapter will show
how mineral deposit types with similar geologic characteristics
have generally similar and predictable environmental signatures,
and will discuss the development of empirical geoenvironmental
models of various mineral deposit types.
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Mineral deposits and mineral deposit types

“Mineral deposits’ as considered here include metallic, or
hard-rock, deposits (those in which metals such asAu, Ag, Cu, Pb,
Zn, Ni, or Co are the dominant commodity), energy mineral
deposits (including coa and uranium deposits), and industrial
mineral deposits (those which contain mineral commodities such
as sand, gravel, zeolites, phosphates, etc.).

“Mineral deposit types’ are groups of mineral deposits having
similar geologic characteristics, geologic environments of occur-
rence, and geologic processes of formation (Guilbert and Park,
1986; Cox and Singer, 1986; Bliss, 1992). Different categories of
metallic mineral deposit types can be identified based on their
mode of formation. Magmatic deposits are those that form direct-
ly from magmas, such as Ni-sulfide deposits hosted by layered
mafic intrusions. Magmatic hydrothermal deposit types form from
fluids expelled from crystallizing magmas, and include types such
as porphyry, skarn, and polymetallic replacement deposits.
Hydrothermal deposit types form from heated waters circulating
in the Earth’s crust; common hydrothermal types include vol-
canogenic massive sulfide, epithermal, polymetallic vein, and
Carlin-type sediment-hosted Au deposits. Supergene deposits
form from surface and ground waters that weather and redeposit
metals from an existing mineral deposit. Residual deposits are
formed by the natural weathering of rocks, which removes most of
the rock constituents and resultsin the residual enrichment of eco-
nomic constituents in the highly weathered rock remnants; these
include deposit types such as bauxite Al and laterite Ni. Placer
deposits form by sedimentary accumulation of dense minerals
eroded from rocks or mineral deposits, and include placer Au and
beach-sand Ti deposits.

Industrial mineral deposit types have a broad spectrum of ori-
gins, including: chemical (those that form by chemical precipita-
tion from water, such as phosphate and evaporite deposits); sedi-
mentary (those that form by sedimentary processes, such as sand
and gravel deposits); metamorphic (those that form by metamor-
phic processes, such as some garnet deposits); weathering (those
that form by weathering of existing rocks, such as some clay
deposits); igneous (those that form by igneous processes, such as
deposits of perlite in volcanic domes); and hydrothermal (those
that form by hydrothermal processes, such as hydrothermal clay
deposits).

This discussion will focus primarily on the environmental
geology of metallic deposits, but will aso include some discussion
of the environmental geology of uranium and industrial mineral
deposits.
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Other sources of geologic information

As part of this discussion, only some of the basic terms and
concepts of economic geology will be discussed; for further
details the interested reader is referred to general economic geol-
ogy textbooks such as Guilbert and Park (1986). Holland and
Petersen (1995) present an overview of the geologic, economic,
and environmental issues related to mineral-resource develop-
ment. For detailed geologic discussions of particular mineral
deposits, mining districts, or mineral deposit types, see genera
journals such as Economic Geology or Mineralium Deposita,
papers by national geological surveys (for example, U.S.
Geologica Survey Professional Papers or Bulletins are available
for a number of historic U.S. mining districts), and special publi-
cations by professional associations such as the Society of
Economic Geologists or the Geological Association of Canada
(e.g., Kirkham et a., 1993).

There are aso a number of journals and volumes available
with papers that discuss the environmental aspects of mining from
a geologic standpoint, including the journals Environmental
Geology, Applied Geochemistry, Journal of Geochemical
Exploration, and Environmental Geochemistry and Health, and
volumes such as Jambor and Blowes (1994), Kwong (1993),
Alpers and Blowes (1994), Pasava et al. (1995), and Ripley et al.
(1996). Conceptual models that describe the important geoenvi-
ronmental characteristics of anumber of mineral-deposit types are
presented in du Bray (1995). Many of the papers included in this
two-part volume also discuss environmental processes in a geo-
logic context.

ENVIRONMENTAL GEOLOGY CHARACTERISTICS
OF MINERAL DEPOSITS

In general, the geologic characteristics of mineral deposits that
control their environmental signatures (their environmental-geolo-
gy characteristics) influence either the chemical or physical
response of the deposits to weathering and environmental process-
es (Table 3.1). Geologic features such as the acid-generating or
acid-consuming minerals in the deposit, host rocks, and wallrock
dteration are examples of characteristics that influence the chem-
ical response of the deposits to weathering. Other characteristics
such as mineral textures, the presence of faults or joints, and the
porosity and hydraulic conductivity of the deposit and associated
host rocks, ultimately control the access of weathering agents into
the deposit and the speed with which the deposit is weathered and
dispersed into the environment. Some geologic characteristics
such as the mineralogy and trace element content of minerals can
affect both the chemical and physical response of the deposit to
weathering and environmental dispersion.

Primary mineralogy

Primary minerals are defined as those that form during the orig-
inal formation of the deposit. The primary ore (economically valu-
able) and gangue (non-economic) minerals present in a minera
deposit play a key role in determining how readily the deposit’'s
constituents are dispersed into the environment (Tables 3.2-3.5,
Figs. 3.1-3.3).

TABLE 3.1—Geologic characteristics of mineral deposits that affect their environmental signatures.

Characteristic Controls Remarks
Iron sulfide content Chemical Oxidation generates acid; aso supplies ferric iron, which isan
aggressive oxidant.
Content of other sulfides Chemical Many (but not all) may generate acid during oxidation.
Content of carbonates, aluminosilicates Chemical Many of these minerals can consume acid; iron and manganese
and other nonsulfide minerals carbonates may generate acid under some conditions.
Mineral resistance to weathering Physical Function of the mineral (different minerals weather at different rates)

Secondary mineralogy Chemical and physical

Extent of pre-mining or pre-erosion Chemical
wesathering and oxidation
Host rock lithology Chemical and physical

Wallrock ateration Chemical and physical

Major-, trace-elements in deposit and Chemical
host rocks

Physical nature of ore body (vein, Physical
disseminated, massive)

Porosity, hydraulic conductivity of host rocks Physical

Presence and openness of faults, joints Physical

Deposit grade, size Physical and chemical

and the texture and trace-element content of the mineral.

Soluble secondary minerals can store acid and metals, to be released
when the minerals dissolve. Insoluble secondary minerals can
armor reactive minerals, thereby restricting access of weathering
agents.

Pre-mining oxidation greatly reduces potential for sulfide deposits
to generate acid.

May consume or generate acid. Physical characteristics (porosity,
permeability) control access of weathering agents.

May increase or decrease the host rock’s ability to consume acid.
May increase or decrease host rock’s ability to transmit ground
waters. May also increase or decrease resistance to erosion.

Elemental composition of deposit and host rocks are typically
reflected in environmental signatures.

Controls access of weathering agents.

Control access of weathering agents.
Control access of weathering agents.
Controls magnitude of natural, mining impacts on surroundings.
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TABLE 3.2—Examples of sulfide oxidation reactions and other mineral dissolution reactions that may generate acid. The reactions depicted are ideal-
ized, and likely do not represent the appropriate reaction products for the entire range of ambient chemical conditions in nature. However, they illustrate
the range of acid amounts that can be generated (moles acid >0) or consumed (moles acid <0) depending on the mineral, the oxidant (oxygen versus fer-
ric iron) and the reaction products (oxidation state, chemical species, and minerals) produced.

Mineral Formula Acid generation/consumption reaction Moles acid
Pyrite FeS, FeS,+350, + H,0 = Fe?* + 2S0,~ + 2 H* 2
FeS, +3.750, + 05 H,0 = Fe* + H* + 2S0,~ 1
FeS, +3.750, + 35H,0=250," + 4 H" + Fe(OH); 4
FeS, + 14 Fe** + 8H,0 = 15 Fe** + 2S0,” + 16 H* 16
Pyrrhotite Fe, S X =0.1: Fgy¢S+1.95 O, + 0.1 H,0 = 0.9 Fe?" + SO, + 0.2 H* 0.2
X =0.1: FeygS+2.175 0, + 0.7 H* = 0.9 Fe* + SO, + 0.35 H,0 -0.7
x = 0.1: FeygS+2.175 0, + 235 H,0 = SO, + 2 H* + 0.9 Fe(OH); 2
x=0.1: FeygS+ 7.8 Fe* + 4H,0= 8.7 Fe?* + SO,~ + 8 H* 8
Sphalerite, ZnS, CuS, PbS MS+20,=M?*+S0,7 (M = Zn, Cu, P) 0
Covellite, MS+8Fe* +4H,0=M2"+ 8 Fe* + SO,~ + 8 H* 8
Galena PbS PbS + 2 O, = PbSO,, (anglesite) 0
PbS +0.5 O, + 2 H* = Pb?" + H,0 + S° (native sulfur) -2
Chalcopyrite CuFeS, CuFeS, + 40, = Cu?* + F&?* + 280,” 0
CuFeS, + 16 Fe®* + 8 H,0 = Cu?* + 17 Fe?* + 2 SO,~ + 16 H* 16
Enargite Cu,AsS, CuyAsS, +8.750, + 2.5 H,0 = 3 Cu?* + HASO,” + 4 SO,~ + 4 H* 4
CugAsS, + 35 Fe** + 20 H,0 = 3 Cu?* +35 Fe** + HAsO,™ + 4 SO,~ + 39 H* 39
Arsenopyrite FeAsS FeAsS +3.25 0, + 1.5 H,0 = Fe?* + HAsO,™ + SO~ + 2 H* 2
FeAsS + 350, + H,0 = Fe®* + HASO,™ + SO~ + H* 1
FeAsS + 13 Fe** + 8 H,0 = 14 F&?* + HAsO,™ + SO,~ + 15 H* 15
FeAsS+350, + 3H,0 = SO, + 2 H* + FeAsO,*2H,0 (scorodite) 2
Native sulfur S S°+H,0+150,=2H"+S0,” 2
Realgar AsS ASS+2.75 0, + 25 H,0 = HASO,” + SO, + 4 H* 4
AsS + 11 Fe** + 8 H,0 = 11 Fe?* + HAsO,” + SO, + 15 H* 15
Siderite FeCO, FeCO, + H* = F&?* + HCO, -1
FeCO, + 2 H* +0.25 0, = Fe*" + 0.5 H,0 + HCO;’ -2
FeCO, + 0.25 0, + 2.5 H,0 = Fe(OH), + H* + HCO, 1
Alunite KAI4(SO,),(OH)g KAI4(SO,),(OH)g + 6 H* = K* + 3AI3* + 250, + 6 H,0 -6
KAI4(SO,),(OH)g + 3 H,0 = K* + 3AI(OH), + 2 SO,~ + 3H* 3

Acid-generating minerals

Many metallic mineral deposits that form beneath the Earth’s
surface contain sulfide mineral's, a consegquence of their formation
under relatively reduced conditions out of contact with atmos-
pheric oxygen. Sulfide minerals that are exposed by erosion or
mining are unstable in the presence of atmospheric oxygen or oxy-
genated ground waters. Bacterially catalyzed oxidation of sulfides
by oxygenated ground and surface waters is well known as the
cause of acid-rock drainage (Nordstrom and Alpers, 1999).
However, the amount of acid generated (Tables 3.2 and 3.3) isa
complex function of the sulfide minerals present in an ore body,
their resistance to weathering (see discussion below and Table
3.4), whether the sulfides contain iron, whether oxidized or
reduced metal species are produced by the oxidation, whether
other elements such as arsenic are major constituents of the sul-
fides, whether oxygen or aqueous ferric iron is the oxidant, and

whether hydrous metal oxides or other minerals precipitate as a
result of the oxidation process. Iron sulfides (pyrite, FeS,; marca-
site, FeS,; pyrrhotite, Fe,_, S), sulfides with metal/sulfur ratios <1,
and sulfosalts such as enargite (CusAsS,), generate acid when they
react with oxygen and water. Other sulfides with metal/sulfur
ratios = 1, such as sphalerite (ZnS), galena (PbS), and chalcopyrite
(CuFesS;) tend not to produce acid when oxygen is the oxidant.
However, agueous ferric iron is a very aggressive oxidant that,
when it reacts with sulfides, generates significantly greater quan-
tities of acid than are generated by oxygen-driven oxidation alone
(Nordstrom and Alpers, 1999; Tables 3.2, 3.3). Sulfide oxidation
by ferric iron also occurs more rapidly than by oxygen alone
(Nordstrom and Alpers, 1999). Thus, because of their role in pro-
ducing agueous ferric iron, the amounts of iron sulfides present in
aminera assemblage play a crucia role in determining whether
acid will be generated during weathering. In general, sulfide-rich
mineral assemblages with high percentages of iron sulfides or sul-
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TABLE 3.3—Common sulfides known or inferred to generate acid when
oxidized. Sulfides listed as inferred to generate acid are postulated on the
basis of idealized chemical reactions such as those listed in Table 3.2.

Minera Formula

Common sulfides known (inferred) to generate acid with oxygen as the
oxidant:

Pyrite, marcasite FeS,

Pyrrhotite Fe, S

Bornite CugFeS,

Arsenopyrite FeAsS

Enargite/famatinite CugAsS,/Cu,Shs,

Tennantite/tetrahedrite (Cu,Fe,Zn);,As,S 4
(Cu,Fezn),;,S0,S5

Realgar AsS

Orpiment As,S;

Sibnite Sb,S;
Common sulfides that may generate acid with ferric iron as the oxidant:
All of the above, plus:

Sphalerite ZnsS
Galena PbS
Chalcopyrite CuFes,
Covellite Cus
Cinnabar HgS
Millerite NiS
Pentlandite (Fe,Ni)gSg
Greenockite Cds

Common minerals that may generate acid if hydrous oxides are formed:

Siderite FeCO,
Rhodochrosite MnCO4
Alunite KAI;(SO,),(OH)g

TABL E 3.4—Factors affecting resistance of sulfide mineralsto oxidation,
listed in order of increasing resistance from top to bottom of table. The
mineral resistance ranking by Brock (1979), is modified to include
arsenopyrite (Jambor, 1994) and other sulfides based on the authors' field
observations. This ranking is only one of a number of published rankings
that are in general agreement, but differ in a variety of specifics. Grain
size, texture, and trace element content can substantially shift the relative
resistance of the different sulfide minerals; for example, trace element-rich
botryoidal pyrite and marcasite generally oxidize much more rapidly than
coarse, euhedral sphalerite.

Trace Resistance
element to
content oxidation

Mineralogy Grain Texture
(Brock, 1979; size

Jambor, 1994)

Pyrrhotite
Chalcocite
Galena
Sphalerite
Arsenopyritel
Pyrite,
Enargite
Marcasite
Bornite?
Chalcopyrite
Argentite?
Cinnabar
Molybdenite

Framboidal
Colloform

Fine High Low

Botryoidal

Medium Medium

Massive

Coarse Euhedral Low High

1Based on the observations of Jambor (1994).
2Based on the author’s observations.

TABLE 3.5—Relative reactivities of common rock-forming and deposit-
forming minerals, listed in order of decreasing reactivity. Originally pro-
duced by Sverdrup (1990) for soils, and modified by Kwong (1993) and
the author (author modifications shown in italics) to include more miner-
a s based on observations of weathering rates observed in mineral deposits.
Dissolving minerals are those whose components are taken completely into
solution. Weathering minerals are those whose components are partialy
removed into solution and partially converted to other minerals. For min-
eral formulas, the reader is referred to standard mineralogic texts such as
Deer et a. (1978). Calc-silicates common in skarn deposits (garnet, diop-
side, wollastonite) are included in the intermediate-weathering group
rather than the fast weathering group (as originally classified by Kwong
and Sverdrup); the low pH of mine waters that drain some skarn deposits
where these minerals are abundant indicate that these minerals do not react
readily with acid waters (see Plumlee et al., 1999).

Mineral Group Typical minerals

Readily dissolving
Less readily dissolving

cerussite, calcite, aragonite, strontianite

rhodochrosite, siderite, dolomite, ankerite,
magnesite, brucite, fluorite (?)

anorthite, nepheline, olivine, jadeite,
leucite, spodumene, volcanic glass

epidote, zoisite, enstatite, hypersthene,
augite, hedenbergite, hornblende, glauco-
phane, tremolite, actinalite, anthophyllite,
serpentine, chrysotile, talc, chlorite,
biotite, diopside (?), wollastonite (?),
garnet (?), rhodonite (?), hematite (?)

albite, oligoclase, labradorite, vermiculite,
montmorillonite, gibbsite, kaolinite,
magnetite

potassium feldspar, muscovite

quartz, rutile, zircon

Fast weathering

Intermediate-weathering

Slow weathering

Very slow weathering
Inert

fides having iron as a constituent (such as chalcopyrite or iron-rich
sphalerite) will generate significantly more acidic waters than
sphalerite- and galena-rich assemblages without iron sulfides.

Precipitation of hydrous oxides during the sulfide oxidation
process can aso lead to the formation of acid (Table 3.2). In fact,
some non-sulfide minerals such as siderite (FeCO,) and aunite
(KAI4(SO,),(OH),) can also generate acid during weathering if
hydrous iron or aluminum oxides precipitate.

Acid-consuming minerals

In most mineral deposits, acid-generating sulfide minerals are
either intergrown with or occur in close proximity to a variety of
carbonate and aluminosilicate minerals that can react with and
consume acid generated during sulfide oxidation. However, like
the sulfides, the ease and rapidity with which these minerals can
react with acid varies substantialy (Table 3.5).

Alkaline earth carbonates such as calcite (CaCO,), dolomite
[(Ca, MQ)(COy),], and magnesite (MgCO,) typically react with
acid according to reactions such as:

MCOy g+ H* = M2 + HCO, [1]

39

As discussed previoudly, if hydrous iron or manganese oxides
form as a result of the dissolution of their respective carbonates
(siderite and rhodochrosite), then a net generation of acid results;
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FIGURE 3.1—Examples of sulfide mineral assemblages found in a variety of mineral-deposit types, shown in general order of increasing reactivity and
acid-generating potential. (a) Coarse-grained galena, Creede, Colorado. (b) Coarse-grained sphalerite, Creede, Colorado. Dime in upper right for scale.
(c) Cut slab of fine-grained sphalerite and galena generations (dark) interbanded with fine- to coarse-grained barite (white). Such banding is termed crus-
tification, and reflects the progressive growth (toward the right in the photo) of successive mineral bands on top of earlier-formed bands. (d) Cut slab of
botryoidal marcasite and pyrite (mc, py) coating botryoidal sphalerite (alternating light and dark bands, labeled bsl) with intergrown galena (dark crystals
cutting sphalerite bands, labeled gn), Pomerzany mine, Silesia, Poland. The marcasite and pyrite are highly enriched in trace elements, with up to several
weight percent As and 1,000 ppm TI. (e) Cut slab of arsenic-rich botryoidal pyrite (bpy) coating coarse-grained, euhedral laths of enargite (en), Cerro de
Pasco, Peru. Scale barsare 1 cm long. (f) Vuggy silica alteration, Summitville, Colorado, with fine-grained silica (sil) replacing the original rock; pyrite
(py) and covellite (cv) are disseminated in the silica. Vugs are left by the complete dissolution of a coarse-grained feldspar crystal from the original vol-
canic rock. Vug is approximately 1.5 cm wide.
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Fe-rich growth zones
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FIGURE 3.2—Examples of acid-consuming mineral assemblages. (a) Banded rhodochrosite, Creede, Colorado. Variations in color in part reflect vari-
ations in the Fe content of the rhodochrosite. The Fe preferentialy oxidizes on the cut surface of the sample to form Fe-hydroxides. Some of the
rhodochrosite growth zones were subsequently leached by hydrothermal fluids, which produced the many dark poresin the sample. The dark open space
stretching horizontally across the middle of the sample is a fracture with sides coated by later rhodochrosite that did not completely fill the fracture. (b)
Sphalerite-galena-pyrite-calcite-silica ore (labeled replacement ore) replacing limestone, from the polymetallic replacement deposits at Leadville,
Colorado. Remnant limestone fragment labeled Is. Due to the high pyrite and sphalerite content, this assemblage would most likely generate near-neutral -

pH drainage waters with elevated levels of zinc. Photograph by G. Landis.

acid-base accounting schemes that simply total the amount of car-
bonate present in minerals can therefore underestimate the acid-
generating potential of siderite- or rhodochrosite-bearing mine
wastes or soils (see White et a., 1999).

A variety of metal carbonates, such as those of zinc (smith-
sonite), and copper (malachite and azurite) occur in the oxidized
zones of sulfide mineral deposits in dry climates. These minerals
are also effective acid consumers.

Aluminosilicate, calc-silicate, and some metal-silicate miner-
as are common components of many mineral deposits or their
host rocks. Reactions of acid with aluminosilicate minerals are a
well-known part of the rock weathering process (Stumm and
Morgan, 1981). These acid-consuming reactionstypically result in
the release of some constituents into solution and the transforma-
tion of other constituents into more acid-stable and commonly less
reactive (Table 3.5) minerals, such as is shown by the reaction
below of potassium feldspar with acid to form agueous potassium
and silica and solid hydrous aluminum oxide,

KAISi;Og + H* = K* + 3H,S0,,y +Al(OH)yg  [2]

or the reaction of calcium-plagioclase to form kaalinite,
CaAl,Si,0g + 2 H" + H,0 = Ca2" + Al,SI,0(OH) ) [3]

Calc-silicate minerals such as diopside, wollastonite, and gar-
nets can similarly react to consume acid, as can rhodonite
(MnSiO;), ametal silicate common in some types of sulfide-bear-
ing mineral deposits.

Iron-, manganese-, and aluminum- oxides and hydroxides,
such as hematite, magnetite, pyrolusite, and gibbsite can theoreti-

cally react with acid, as indicated by the following reactions:
FeZO3(S) (hematite) + 6 H*=2Fe3t +3 HZO’ [4]
MnOyg (pyrolusite) + 3H" = Mn3* + 15H,0 +0.250,. [5]

Native silver can also theoretically consume acid; however, it
is arelatively stable and trace component of oxidized ore bodies,
and so does not readily dissolve in oxygenated surface waters
without the availability of complexing agents such as chloride:

Ag°(s) +H*"+0.250,=Ag" + 0.5 H,0. [6]

Quartz, chalcedony, and other silica minerals, however, do not
consume acid when they weather:

SiOyg) *+ 2H,0 = H,S0 [7]

Fluorite (CaF,), a common gangue mineral in a number of
mineral deposits, is similarly not an effective acid-consumer:

CaFZ(S) =Ca®* +2F (8]

Mineralogic controls on health effects

Environmental concerns about some industrial minerals stem
from their direct effects on heath. Mineralogy plays a well-
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FIGURE 3.3—Relationship between etching rate and trace-element content in a botryoidal pyrite sample from Creede, Colorado. L eft photo is photo of
cut pyrite slab showing growth of botryoidal pyrite on top of coarse-grained sphalerite (s, Ddl). Middle photo is composite reflected light photomicro-
graph across the pyrite stratigraphy. Darker growth zones are those that etched most rapidly when etched for 15 seconds with half-strength reagent-grade
nitric acid. Right column shows variations of As, Sh, and Ag across the pyrite stratigraphy; note correlation between highly etched growth zones and ele-
vated As and Sh contents. The etching of polished sulfide slabs with nitric acid and observing the rate of etching appears to be a reasonable proxy for
understanding relative sulfide weathering and oxidation rates. Figure modified from Plumlee (1989).
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known, important role in determining adverse health effects asso-
ciated with ingestion or inhalation of asbestos minerals (see Ross,
1999). Chrysotile asbestos, the most common form of asbestos
used in industrial applicationsin the United States, apparently has
negligible effects on human cancer incidences. However, crocido-
lite and amosite ashestos varieties can clearly be linked to greatly
increased human mortality rates from certain types of cancer. As
another example, resistate minerals (those that are not readily sol-
ublein ground and surface waters) occur in avariety of pegmatite,
rare earth, or Ti-bearing beach sand deposits; some of these min-
erals can contain substantial amounts of radioactive uranium and
thorium, which decay to release radon gas that can cause deleteri-
ous health effects.

Mineral resistance to weathering

The relative rates at which minerals weather have a major
effect on the rates of acid production, acid consumption, and
metal release from mineral deposits into the environment. The
rates of weathering are a complex function of mineralogy, miner-
a textures, and trace element contents (Tables 3.4, 3.5).

Sulfide resistance to oxidation

Mineralogy: The relative weathering rates of various sulfide
minerals have been evaluated through avariety of laboratory stud-
ies (summarized by Nordstrom and Alpers, 1999, and Jambor,
1994) and by field observations. Although the laboratory studies
(i.e., Brock, 1979) are generally in overall agreement asto the sul-
fides which are most (cinnabar, molybdenite) and least
(pyrrhotite, chalcocite) resistant to oxidation, they can vary sub-
stantially in detail asto whether aparticular sulfideis more or less
resistant than another sulfide (Jambor, 1994). It is possible that the
disagreement between the laboratory studies is due to (at least in
part) differences in grain size, texture, and trace element content
of the sulfides examined, all of which can greatly influence resis-
tance to oxidation (Table 3.4).

Grain size and textures: Dueto greater surface area available
for attack by weathering agents, fine-grained (< ~1 mm) sulfides
tend to oxidize much more rapidly than their coarser equivalents.
Sulfides with framboidal (agglomerations of many microscopic
spherules) and colloform (intergrown, radiating crystal fibers)
textures grew rapidly under highly supersaturated conditions; due
to their very great surface area, they tend to be much less stable
during weathering than sulfides having well-developed crystal
faces (Figs. 3.1a, b). Using humidity cell tests of sulfide-bearing
ores, White and Jeffers (1994) showed that framboida pyrite
weathers much more rapidly than fine-grained, euhedral pyrite,
and so contributed to significant acid generation early in the tests;
the euhedral pyrite, in contrast, weathered much more slowly, and
so released low levels of acid throughout the tests. Botryoidal tex-
tures form when crystals grow outward simultaneously from a
surface and coalesce; because their outer surfaces are euhedral
crystal faces, their reactivity is less than colloform textures.
Massive textures form when crystals grow together in a cavity and
develop interlocking outer surfaces; due to the lack of pore spaces
and crystal faces to weather, massive crystal growths that the
author has observed tend to have moderate reactivities (Fig. 3.4).

Trace-element content: Trace elements present in a sulfide
(either as impurities within the crystal structure or as minute

inclusions of other minerals) cause strain in the crystal structure,
and therefore generally tend to diminish the sulfide's resistance to
oxidation (Kwong, 1995; Jambor, 1994). Perhaps the best exam-
ple of this is the occurrence of arsenic in pyrite, which greatly
decreases oxidation resistance (Fig. 3.3). As shown on Figure 3.3,
the rates at which botryoidal pyrite growth zones are etched by
nitric acid (an effective proxy for natural oxidation) are clearly
related to the arsenic and antimony content of the growth zones
and the botryoidal crystal size (Plumlee, 1989); the higher the
arsenic content, the more rapid the etching. A survey of arsenic-
rich pyrite and marcasite from a variety of mineral deposits
(Plumlee, 1989) indicates that pyrite and marcasite with greater
than several weight percent arsenic (which imparts a distinctive
bronze tint to the pyrite and marcasite) will weather rapidly even
without liquid water, merely from the reactions of the mineral with
water vapor inthe air (Fig. 3.3); curated pyrite and marcasite sam-
ples with high arsenic contents were very easy to identify due to
the acid-driven corrosion of their sample containers.

The role of other trace elements in sulfides other than pyrite is
less well documented. Kwong (1993) has noted that Cu-bearing
growth zones tended to increase pyrite oxidation rates in humidi-
ty cell tests of polished sections of sulfide ores, and that sphalerite
containing microscopic inclusions of chal copyrite weathered more
rapidly than inclusion-free sphalerite. Jambor (1994) indicates that
the presence of iron and other trace elementsin sphal erite decreas-
es its stahility, and that the presence of Ag, Sh, and Bi in galena
similarly decreases its resistance to oxidation.

Not al trace elements decrease a sulfide's resistance to oxida-
tion, however. In his humidity cell study, Kwong (1993) noted that
traces of Co and Ni in pyrite tended to increase its resistance to
oxidation rather than decrease it. Kwong postulated that elements
which substitute for an element to their left on the periodic table
(such as Co for Fe), under semiconductor physics theory, should
lead to positive effective charge and therefore suppress the elec-
tron transfer necessary for sulfide oxidation to occur.

Reactivity of sulfide assemblages: As noted by Kwong
(1995), Sato (1992), and Nordstrom and Alpers (1999), sulfidesin
a mineral assemblage can weather preferentially due to galvanic
reactions resulting from differences in their standard electrode
reduction potentials. Minerals with low standard electrode reduc-
tion potentials (such as pyrrhotite, sphalerite, and galena) can pref-
erentially oxidize when in electrochemical contact (i.e., via ion-
bearing waters) with sulfides having higher standard electrode
reduction potentials, such as argentite (Ag,S), and pyrite; the
pyrite and argentite are thus “protected” from oxidation by the
pyrrhotite, sphalerite, and galena. As noted by other studies cited
in Nordstrom and Alpers (1999), however, this galvanic effect is
not always discernible.

The presence of readily-weathered sulfidesin amineral assem-
blage can also increase the reactivity of other, less readily weath-
ered sulfides due to the formation of corrosive acids. For example,
the author recently observed monominerallic bornite on one side
of amine drift that has remained unoxidized after 20 years of min-
ing. On the other side of the mine drift, bornite intergrown with
reactive marcasite has undergone extensive oxidation to secondary
copper sulfate salts. The acid generated by marcasite oxidation has
triggered the breakdown of the more resistive bornite. Similar
effects were noted by Boyle (1994) in a weathering massive sul-
fide deposit, where the abundance of readily-weatherable
pyrrhotite in the deposit could be directly correlated with the rate
at which the intergrown sphalerite and pyrite oxidized.
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FIGURE 3.4—Massive pyrite sample from the polymetallic replacement deposits at Leadville, Colorado, showing the relative rates of pre-mining and
post-mining oxidation. Pre-mining oxidation of the sample replaced the pyrite with iron-oxide mineralsin athick, dark rind around the edges of the sam-
ples and in veinlets crosscutting the unoxidized pyrite; this presumably occurred over the thousands of years since the last retreat of glaciersin the area
some 10,000 years ago. The post-mining oxidation of the sample on the mine dump produced relatively little oxidation over the course of the ~100 years
the sample was on the dump, as shown by the shiny pyrite faces on the uncut surface to the left.

Carbonate- and silicate-mineral resistance to weathering

Aswith the sulfides, the mineralogy, grain size, and textures of
carbonates and silicates greatly influences their ability to react
with acid generated during sulfide weathering. Sverdrup (1990)
(as cited by Kwong, 1993) classified various rock-forming sili-
cates, carbonates, and oxides according to their relative pH-depen-
dent reactivities; a revised version of the classification provided
by Kwong (1993) is shown in Table 3.5. Carbonate mineral reac-
tivity generally decreases in the following sequence:

cerussite, aragonite, cacite > rhodochrosite >
siderite > magnesite, brucite

The presence of trace elements may increase or decrease carbon-
ate resistance to weathering. For example, iron-rich growth zones
in rhodochrosite can weather more rapidly than the surrounding
Mn-rich growth zones, perhaps due to oxidation of theiron; thisis
illustrated by the development of iron oxide minerals on Fe-rich
growth zones in sawed rhodochrosite slabs within a day or two of
cutting (Fig. 3.2a).

Variable silicate resistance to weathering iswell documented in
the literature (for example, Goldich, 1938; Sverdrup, 1990;
Kwong, 1993). Minerals that crystallize from magmas at high
temperatures, such as olivine, pyroxene, and calcic plagioclase,
tend to be more reactive than minerals that crystallize at lower
temperatures such as alkali feldspars, biotite, muscovite, and
quartz (see summary in Smith and Huyck, 1999). Clay minerals
(such as montmorillonite and kaolinite) and zeolites have relative-
ly low reactivity. Volcanic glass and devitrified volcanic glass (a
mixture of very-fine-grained aluminosilicate and silica minerals)
also can be quite reactive in the ground-water environment. As
demonstrated by the high levels (as high as tens of thousands of
mg/l or ppm) of aluminum found in acid rock drainage waters
(Nordstrom and Alpers, 1999; Plumlee et al., 1999), aluminosili-
cate minerals do react with the acid generated by sulfide oxidation;
however, the great abundances of the aluminosilicate minerals
found in most mineral deposits or their host rocks means that the
aluminum in the waters was derived from relatively limited acid
consumption by the aluminosilicate weathering reactions.

The effects of grain size and texture on carbonate and silicate
reactivities can be substantial. For example, mine waters draining
pyrite-molybdenite ores and their host coarse-grained granites can
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be quite acidic, due to the low reactivity of the coarse-grained
feldspars; in contrast, very fine-grained potassium feldspars may
consume acid to produce near-neutral mine waters draining Au-Te
oresin akalic volcanic rocks (Plumlee et al., 1999). Effects of cli-
mate on silicate weathering rates are discussed below in the sec-
tion on climate.

Secondary mineralogy

Secondary minerals are those that form at or near the ground
surface as mineral deposits are exposed by erosion or mining and
weathered by ground waters, surface waters, and the atmosphere.
Depending upon their compositions and solubilities, secondary
minerals can be beneficial, by restricting access of weathering
agents to sulfides, or detrimental, by storing acid and metalsin a
readily-released form. A detailed discussion is presented by
Nordstrom and Alpers (1999) and Jambor (1994), so only a brief
discussion is included here. Chemical formulas for minerals dis-
cussed here are given in the tables in Nordstrom and Alpers
(1999).

Secondary minerals that form in the oxidized zone of
weathering deposits

As amineral deposit is exposed by erosion and weathered by
surface waters descending through the unsaturated zone, a near-
surface oxidized rind typicaly results. In this rind, the original
constituents of the deposit and its host rocks are either removed in
solution or converted to awide variety of oxygen- and acid-stable
minerals. As these minerals tend to be relatively insoluble in most
ground and surface waters, they typically reduce the release of
metals into the environment; as a result, completely oxidized sul-
fide orebodies tend to produce relatively non-acidic drainage
waters with relatively low concentrations of heavy metals. The
oxidized minerals can also form relatively impermeable coatings
on remnant sulfides, thereby reducing the rates of sulfide oxida-
tion and acid and metal generation where sulfides are still present
in the rock (Nordstrom and Alpers, 1999).

Examples of minerals common in the secondary oxidized zone
include: oxides and hydroxides of iron (goethite, lepidocrocite,
hematite), aluminum (boehmite, gibbsite, diaspore), manganese
(pyrolusite), copper (cuprite, tenorite); sulfates of calcium (gyp-
sum) and lead (anglesite); hydroxysulfates of iron, aluminum,
potassium, sodium, and lead (alunite, natroalunite, jarosite, natro-
jarosite, plumbojarosite); clays (kaolinite, halloysite, dickite); sil-
icates of manganese (psilomelane), copper (chrysocolla), and zinc
(hemimorphite); carbonates of copper (maachite and azurite),
zinc (smithsonite), and lead (cerussite); phosphates (hinsdalite,
turquoise); native metals (Ag, Cu, Au); molybdates (wulfenite);
and halides of silver (chlorargyrite, bromyrite, embolite). Soluble
sulfate salts of copper (such as chalcanthite) and other metals also
can form transiently during dry periods.

Lateritic or residual mineral deposits of Fe, Al, Mn, and Ni are
formed as a result of weathering processes of rocks in humid,
tropical to subtropical climates (Guilbert and Park, 1986). In gen-
eral, these deposits result from the residual concentration of the
Fe, Al, Mn, or Ni in intensely weathered rocks that were original-
ly somewhat enriched in these constituents. Organic acids
released from decaying vegetation play a substantia role in the

weathering process, but these deposits are not characterized by
acid rock drainage caused by sulfide oxidation. Some transport of
Ni in natural and mine-drainage waters does occur however, due to
its relatively high mobility and lack of sorption onto particulates
(W. Miller, oral commun., 1997; Smith, 1999).

Secondary mineralsthat form below the water tablein weath-
ering sulfide deposits

Some metals leached by waters in the unsaturated zone are re-
deposited as sulfides under the reducing conditions present below
the water table. This enrichment occurs via the replacement of
existing sulfides, and is driven by the relative electrochemical
properties of the sulfides (Guilbert and Park, 1986). Copper and
silver are the metals most commonly enriched in the reduced
supergene zone, and pyrite and the iron sulfides are the sulfides
most commonly replaced. A suite of copper and copper-iron sul-
fides (including covellite, chalcocite, bornite, and djurleite) typi-
cally replace iron sulfides. Supergene acanthite (Ag,S) typicaly
replaces galena, pyrite, and sphalerite, and is itself commonly
replaced by native silver.

The predominant environmental effects of the supergene sul-
fides result from the fact that the supergene process removes acid-
generating iron sulfides from the deposit and replaces them with
sulfides that commonly generate less acid. However, the supergene
process typically does not lead to the complete removal of iron sul-
fides, and can lead to the precipitation of acid-generating super-
gene sulfides such as bornite; hence, the potential beneficial effects
of supergene enrichment on acid-generating potential are rarely
completely realized.

Soluble secondary salts

A complex array of soluble sulfates, hydrous sulfates, and some
hydroxysulfates are a common result of sulfide oxidation in the
surficial environment (Nordstrom and Alpers, 1999; Jambor,
1994). These soluble sdlts are of environmental concern because
they store acid and metals in the solid phase. During periods of
rainfall or snowmelt, their dissolution can result in potentialy
detrimental flushes of acid and metals into ground and surface
waters. For example, seasona flushing of soluble salts from tail-
ings deposits along the Clark Fork River in Montana has been doc-
umented as the cause for seasonal fish kills along theriver (see ref-
erences in Nimick and Moore, 1994). These salts can also beasig-
nificant source of dissolved ferric iron which, when released, can
trigger further sulfide oxidation.

Sulfates and hydrated sulfates of the major elements calcium
(gypsum) and magnesium (epsomite, pickeringite), and the major
metals iron and aluminum (melanterite, copiapite, coquimbite,
rhomboclase, halotrichite, alunogen, and many others) are general-
ly most abundant, due to the common occurrence of the iron sul-
fides in many mineral deposits and the abundance of Ca, Mg, and
Al in deposit host rocks. Although considered to be relatively
insoluble in the secondary oxidized zone of weathering mineral
deposits (Nordstrom and Alpers, 1999), jarosite (an Fe-K-Na-H*
hydroxysulfate) is a common salt in many mine waste materials
that readily release acid and metals during rain storms or laborato-
ry leach tests (for example, Plumlee et al., 1995a and b). The abun-
dance of hydrated sulfates of heavy metals such as copper (chal-
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canthite, brochantite), zinc (gummingite, zincosite), and nickel
(morenosite) varies depending upon the abundance of these met-
als in the primary sulfides present. As shown by Alpers et al.
(1994a and b), these heavy metals can also occur in significant
concentrations as impurities within iron- and auminum-sulfates
and jarosite.

Soluble secondary salts are best known to form from the evap-
oration of acid-drainage waters (Nordstrom and Alpers, 1999). For
example, efflorescent crusts are common on the surfaces of mine
dumps and on the edges of natural- and mine-drainage streams and
puddles. The mineralogy of the product salts can change with pro-
gressive evaporation, such as has been observed for hydrous iron
sulfates (Nordstrom and Alpers, 1999). In general, the greatest salt
growth occurs when the growing crusts are replenished by acid
water, such as a flowing drainage stream or waters wicked to the
surface of a mine waste dump by capillary action.

The soluble secondary salts can also form as weathering prod-
ucts of sulfides that are not in direct contact with liquid water, but
that are in contact with atmospheric moisture; such occurrences
are well documented in experimental weathering studies (Borek,
1994; White and Jeffers, 1994) and through field observations. For
example, extensive growths of secondary iron and copper salts
occur on the ribs of mine workings where there is no source of
flowing water to evaporate. As another example, complex inter-
growths of secondary salts formed on samples of arsenic-rich
botryoidal pyrite from Creede, Colorado while the samples were
stored in drawers; the only source of the moisture could have been
humidity in the air.

Due to their high solubilities, secondary salts most commonly
form where sulfides have been exposed directly to weathering by
oxygenated waters. Mine waste piles, mine workings, and mill
tailings piles are therefore common hosts for these minerals.
However, they can also occur naturally where sulfide mineraliza-
tion has been exposed at the ground surface by rapid mechanical
erosion or glaciation. For example, largely unmined porphyry Cu-
Mo systems occur in the Alamosa River basin south and east of
Summitville, Colorado. Due to the extreme topographic relief and
the highly altered rocksin these areas, physical erosion rates great-
ly exceed chemical westhering rates, thereby exposing unoxidized
sulfides at the ground surface (Figs. 3.5d-f). A water quality study
along the Alamosa River (Ortiz et al., 1995) showed that a single
rainstorm which affected one of these mineralized areas lead to a
transient pulse of acid and metals into the river; the most likely
source of this pulse was the dissolution of soluble salts from the
sulfide-rich rock material exposed in the mineralized area.

Secondary ferricrete deposits

As Fe-bearing ground waters flow onto the ground surface or
mix with surface or near-surface waters, oxidation of the Fe results
in the precipitation of Fe hydroxides and hydroxysulfates
(Nordstrom and Alpers, 1999; Smith, 1999). In cases where super-
saturation is extreme and precipitation is rapid (such as during
dilution of acid waters by surface waters, or oxygenation of near-
neutral pH waters), suspended particulates are produced
(Nordstrom and Alpers, 1999; Smith, 1999). These suspended par-
ticulates settle out from surface waters in areas of low flow veloc-
ity, but can be easily resuspended and transported downstream in
periods of high flow.

In contrast, in environments where supersaturation is less

extreme (such as where acid waters flow onto the ground surface
and are oxidized), Fe hydroxides precipitate directly on pre-exist-
ing surfaces as ferricrete deposits. Ferricrete can occur as a
cement around rock fragments in stream channel deposits or talus
breccias (Figs. 3.5f, h), or as so-caled ferrosinter terraces
(Kirkham et al., 1995) on the ground surface (Fig. 3.5g). In most
cases, ferricrete and ferrosinter deposits form at or near breaksin
topographic slope, where the ground-water table intersects the
ground surface or mixes with shallow ground water recharged
from streams of different chemical composition. These deposits
are typically quite resistant to erosion and form prominent ledges
or ridges (Fig. 3.5h). These deposits also have generally low
hydraulic conductivities (Fig. 3.5f), and can thus serve as confin-
ing beds that restrict the flow of ground water. Paleo-ferricrete
deposits are very common around many sulfide-bearing mineral
deposits, and are good indicators of naturally degraded ground-
water quality for hundreds or thousands of years prior to mining
(Furniss and Hinman, 1998).

Extent of sulfide oxidation prior to mining

Asindicated in the previous section, pre-mining sulfide oxida-
tion can substantially reduce the potentia for a sulfide-bearing
mineral deposit to generate acidic, metal-rich mine-drainage
waters. The extent of pre-mining oxidation is typically afunction
of the deposit geology, topography, and climate (discussed subse-
quently. Oxidation is most extensive in deposits (a) with geologic
characteristics that alow easy access to descending oxygenated
ground waters (discussed below), (b) that occur in areas of high
topographic relief (where the water table tends to be relatively
deep), and (c) that occur in dry climates where the water table is
deep. Prior to mining, the extent of oxidation should be carefully
mapped in an originally sulfide-rich deposit; more than one mine
that was planned on the assumption that the sulfides were com-
pletely oxidized has turned out to produce pockets of acid-gener-
ating, sulfide-bearing ores or wastes that substantially increased
the need for and costs of acid-drainage mitigation, and may have
affected metal recovery as well.

Host rock lithology

The same mineralogic, textural, and compositional character-
istics that influence the environmental geochemistry of a mineral
deposit also apply to the minerals making up the rocks that host
the mineral deposit (Tables 3.1, 3.5).

Chemical characteristics of host rocks

Host rocks with moderate to high contents of carbonate miner-
as (for example, limestone, dolomite, marble, carbonate-cement-
ed sandstone, and shale) or contents of reactive aluminosilicate
minerals (for example, poorly welded volcanic tuff or ultramafic
rocks such as dunite and gabbro) have moderate to very high acid-
neutralizing capacity, and so can react directly with acid generat-
ed by oxidation of sulfides in the mineral deposit. In addition,
ground waters draining these rock types typically have high alka-
linities; mixing with and dilution of acid-rock drainage by waters
draining these rock types can thus help neutralize the acid and
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FIGURE 3.5—Examples of weathered mineral deposits. (a) Photographic cross section showing the oxide cap (dark rocks) and supergene sulfide zone
(light rocks) of a porphyry-Cu deposit, Bisbee, Arizona. The oxide cap is composed primarily of relatively insoluble secondary oxides of Fe and some
oxides and carbonates of Cu. The underlying supergene sulfide zone is characterized by supergene chalcocite replacement of primary pyrite and chal-
copyrite stockwork veins and disseminations in atered host rock. After exposure by mining, the sulfides are now wesathering to soluble blue Cu sulfates
and yellow-orange Fe-sulfates and jarosite. Photo by C. Taylor, USGS. (b) Concrete-like mixtures of chalcanthite, jarosite, and gypsum that form 3-5
cm-thick encrustationsin a Cu-sulfide-rich tailings pile, 3-R Mine, Patagonia Mountains, Arizona. The crusts form by the progressive evaporation of acid
waters during dry periods. When placed in deionized water, these coatings dissolve nearly completely within an hour, and form a solution with pH < 3
and a blue tint indicative of many hundreds of parts per million dissolved Cu. (c) Scanning electron microscope (SEM) image of copiapite growing on
arsenic-rich botryoidal pyrite from Creede, Colorado. All of the growth occurred on a cut slab of the pyrite while the slab was stored in a sample draw-
er. The growth demonstrates the ease with which reactive sulfides can oxidize simply by reacting with moisture in the air. (d) Argillically-altered rocks
(light color in foreground) that formed in the middle to upper levels of alow-grade porphyry Cu-Mo system, Alamosa River stock, south of Summitville,
Colorado. The altered rocks erode much more rapidly than the unaltered volcanic rocks in the background; the light color reflects a several centimeter-
thick oxidized rind of weathered clays and soluble secondary salts coating unoxidized sulfide-bearing rock.

cause some metals to sorb from solution onto particulates (Smith,
1999; Smith et al., 1994).

Rock types that generaly afford little or no acid-neutralizing
capacity include coarse-grained, silicacrich intrusive rocks (such
asgranites or granodiorites), silica-rich sedimentary rocks (such as
quartz-rich, silica-cemented sandstones, and arkoses), and carbon-
ate-poor metamorphic rocks (such as quartzites).

Rocks can themselves be enriched in a variety of trace metals
(Thornton, 1995; Rose et a., 1979); however, the ease with which
these elements are released into the environment from the rocks
during weathering (termed their geoavailability; Smith and

Huyck, 1999) varies substantially among rock types. Some rock
types, such as black shales, sulfidic schists, layered ultramafic
intrusive rocks, sedimentary rocks mineralized by migrating basi-
nal brines, and coal beds, contain abundant sulfide minerals as pri-
mary constituents. These rock types often have elevated concen-
trations of trace metals (such asAs, Ni, Co, Cu, Zn, Se, etc.) that
occur at least in part within sulfides. In many cases, these rocks
were mineralized by the same processes that form mineral
deposits, but that did not concentrate the metals sufficiently to
form a deposit. Depending upon their acid-neutralizing capacity,
these rocks, upon weathering, can generate acidic, metalliferous
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Acid seep

FIGURE 3.5 (Continued)—(e) Fresh sulfides exposed in arivulet cutting through the weathered rock shown in (d). (f) Ferricrete-cemented breccia that
occurs at the base of the altered rock slope shown in (d). The ferricrete has been deposited by acid spring waters since the last period of glaciation some
10-12 thousand years ago. Acid waters still seep from beneath the ferricrete, which serves as an impermeable confining bed. (g) Modern ferrosinter ter-
races (dark, foreground) being deposited by acid spring waters draining the Alamosa River stock. (h) Ferricrete-cemented breccias (left side of photo)
formed in a stream channel on the flanks of a low-grade porphyry-Cu deposit, Patagonia Mountains, Arizona, during a past wet period. The highly

cemented ferricrete erodes very slowly and now holds up ridges.

waters or less acidic waters with elevated concentrations of metals
such as Zn, Se, U, or Ni that are mobile in near-neutral waters. In
addition to their limited potentia to help chemicaly mitigate
drainage problems from nearby mineral deposits, these rocks can
themselves generate a variety of environmental concerns. For
example, locally pyrite-rich schists form the mountainous back-
bone of the Great Smoky Mountains. Exposure of these sulfide-
rich rocks by past road building has enhanced natural acid-rock
drainage from the schists. As another example, Se-rich black
shales in the western foothills of the San Joaquin Valley of
California were determined to be the source of Se that was con-
centrated by agricultural irrigation in the valley, and led to toxic
effects on local waterfowl and aquatic life (Deverel and Fujii,
1988; Tidball et a., 1991). Phosphoria Formation phosphate
deposits in the northern Rocky Mountains are phosphate-rich, sul-

fidic black shales that have similarly elevated levels of trace ele-
ments such as Se, U, and Ni.

In many rock types, metals occur as trace constituents within
the rock-forming minerals, and so their geoavailability depends
on the ease with which their host minerals weather. Some rocks
such as pegmatites and silica-rich granites have high concentra-
tions of elements such as U, Th, and rare-earth elements (REE).
However, in these rock types, these elements typically occur in
minerals that are highly resistant to weathering, such as tantalite,
zircon, columbite, and monazite. As aresult, their geoavailability
and environmental mobility is generally quite low. The most sig-
nificant environmental concern from these rock types is radioac-
tive daughter products, such as radon, that are produced by the
radioactive decay of the U and Th (see Landa, 1999, for a discus-
sion of radioactive decay and its environmental effects). Asanoth-
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er example, many granites also have elevated levels of Pb that
occurs as a trace element within feldspars; in general, such
feldspar-bound Pb is of relatively low geoavailability in most cli-
mates.

Physical characteristics of deposit host rocks

The environmentally important physical characteristics of
deposit host rocks are those that control ground-water flow to the
deposits (Fig. 3.6, Table 3.6) and those that affect the physical sus-
ceptibility of the rocks to mass wasting such as slumps and land-
slides.

Rock characteristics that control ground-water flow: The
ability of arock to transmit ground water is termed its hydraulic
conductivity, and is afunction of its porosity (the size and number
of pore spaces) and permeability (the connectedness of the pore
spaces). The porosity and permeability of rock can either be pri-
mary (provided by features such as pore spaces within the rocks),
or secondary (provided by fractures, joints, etc., that cut the
rocks). For a detailed discussion of the porosity and permeability
of various rock types, the reader is referred to texts on hydrology
such as Domenico and Schwartz (1990), and Freeze and Cherry
(1979).
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FIGURE 3.6—Hydraulic conductivities of various rock types. Modified
from Freeze and Cherry (1979), and Cathles (1997).

Published hydraulic conductivity values for given rock types
can vary over many orders of magnitude (Fig. 3.6), but some gen-
eraizations can be made for different rock types. Carbonate rocks
such as limestones tend to have low to moderate primary porosity
and permeability. However, both limestones and dolomites can
have high hydraulic conductivitiesif they are extensively fractured
or have well-devel oped karst features. Dolomites may have greater
fracture densities than limestones because they are more brittle.
Karst features are secondary voids formed by the dissolution of
carbonate rocks by ground waters flowing aong fractures and
joints. Karst features can be very large, spatialy extensive, and
highly irregular in shape and distribution; they can therefore be of
potentially great environmental concern due to their ability to
transmit ground waters to and from mineral deposits in great vol-
umes and over great distances.

Clastic sedimentary rocks such as sandstone, conglomerate,
and breccia have primary porosity and permeability that is a func-
tion of the size and interconnection of the pore spaces between
their grains. The greatest porosities and permeabilities occur in
rocks such as gravels that have the coarsest grain size, greatest
sorting (i.e., smallest range in size of the grains), and lowest inter-
stitial cement content.

Dueto their clay contents, shalestypicaly do not tend to trans-
mit ground waters. Instead they serve as confining beds that restrict
ground-water flow between aquifers. Faults and fractures also tend
to be poorly developed in shales, and so do not transmit ground
water across shale beds.

In most igneous and metamorphic rocks, ground-water flow
occurs aong fractures and joints within the rocks. In volcanic
flows, brecciated flow tops and bottoms can serve as important
sources of primary porosity and permeability, as can lava tubes.
Vesicular basalts can also be quite conductive hydrologically (Fig.
3.6).

Rock characteristicsthat control physical erosion and mass
wasting: Processes that lead to gravitational collapse of deposit
host rocks can be of environmental concern because the collapses
can expose large volumes of potentially mineralized rocks to
wesathering. In general, rocks with high clay contents are more sus-
ceptible to gravitationally driven collapse than those with low clay
contents. For example, shales are well known for their susceptibil-
ity to landslides and debris flows. Further, recent studies of conti-
nental shalesin the Colorado Plateau (host rocks to sandstone ura-
nium and copper deposits) have shown that the types of clay min-
erals present also influence susceptibility to mass wasting; shales
with high contents of kaolinite and illite are more prone to land-
slide generation than those with high smectite contents (Griffiths et
al., 1996).

Rocks that have planar geologic structures (such as bedding,
lava-flow surfaces, parallel joints, etc.) along which rock failure
can occur may be prone to gravitational collapse. For example, the
sulfidic schists noted previously in the Great Smoky Mountains
National Park are prone to failure where the schistosity surfaces
are steeply dipping. During periods of heavy rains, water seeping
in along the schistosity surfaces lowers the coefficient of friction
sufficiently to enable rock collapse and the formation of debris
flows. The debris flows expose fresh sulfides in the schists to
weathering and oxidation; the acid and metals released by the sul-
fide oxidation are toxic to fish and other aguatic organisms in the
streams downgradient from the debris flows; the affected popula-
tions may require several years to recover.



THE ENVIRONMENTAL GEOLOGY OF MINERAL DEPOSITS 85

TABLE 3.6—Environmental geology characteristics of rock types that commonly host mineral deposits. Acid buffering potential (N.P) is a combination
of the acid-neutralizing capacity of the rock-forming minerals, coupled with their reactivity (modified from Glass et a., 1982). Acid-generating poten-
tial (A.P) isacombination of the sulfide content and reactivities. Rocks with high N.P. and A.P. may generate near-neutral, metal-rich waters. Trace ele-
ments from Thornton (1995), Guilbert and Park (1986), and other sources. Physical characteristics from Freeze and Cherry (1979), Domenico and

Schwartz (1990).
Rock type Acid-neutralizing Trace elements Physical characteristics controlling
generating potential (geocavailable) ground-water flow
Sedimentary
Limestone High N.P (xF, Mn, Zn). Pb Karst, fractures, joints
Dolomite Mod-high N.P. (= K Mn, Zn), Pb Karst, fractures, joints
Calcareous sandstone Mod N.P. Moderate intergranular, if little cement; otherwise fractures,
joints
Black shales Low-mod N.P; (U, Se, S, Ni, Te, Co, Generally low permeability
low-mod A.P. Mo, Zn, Cu)}, P
Redbed shales Mod N.P. (U, V, Ni, Co, Cu, Se, Generally low permeability
Te, M0)>?
Arkose Low N.P, (Cu? M oderate-high intergranular
Chert Low N.P. Fractures
Quartzose sandstone Low N.P. Low-moderate intergranular, if little cement; otherwise
fractures, joints
Igneous intrusive
Carbonatite High N.P; (Cu, Zn, Pb, S)1, REE, Fractures, joints
mod A.P. in sulfide- Nb, Ta, Zr, Hf, U, Th, B,
rich rocks Ba
Ultramafic (dunite, norite, etc.) Mod-high N.P; Cr, (Co, Ni, S)! Fractures, joints
mod A.P.
Granite Low N.P. Ba, Li, W, Mo, Sn, Zr, U, Fractures, joints
Hf, Th, Ti, F
Volcanic
Komatiite Mod-high N.P; (Ni, Co, Cu, 9)* Fractures, joints
someA.P.
Basalt Low-mod N.P. Cu, Zn Fractures, joints, interconnected vesicles, flow tops and
bottoms
Andesites Low-mod N.P. Cu, Zn Fractures, joints, brecciated flow tops
Poorly welded, volcanic tuffs ~ Mod-high N.P. (As, Li, Zn, Cu, B)3 Low fracture permeability
Highly welded volcanic tuffs ~ Low-mod N.P. As, Li, Zn, Cu, Pb Fractures, cooling joints
Rhyolite flows Low-mod N.P. As, Li, Zn, Cu, Pb Fractures, cooling joints
M etamor phic
Marble High N.P. Fractures, joints
Gneiss Low N.P. Ba, Li, W, Mo, Sn, Zr, U, Fractures, joints, foliation, remnant bedding
Hf, Th, Ti
Quartzite Very low N.P. Fractures, joints
Sulfidic schists Low N.P, As, Zn, Co, Ni, Cu, Fractures, joints, foliation, schistosity, remnant bedding
highA.P. U, Mo, Se

1Geoavailable if in sulfides.

2Trace elements are typically concentrated at interface between oxidized and reduced ground waters, and are otherwise dispersed elsewhere in the rocks in relatively low

concentrations.

3These and other trace elements, while not particularly high in concentration, can be relatively geoavailable in fresh volcanic glasses.

Wallrock alteration

Wallrock alteration, a common feature of many hydrothermal
mineral deposits, results from the chemical and thermal interaction
of hydrothermal fluids or magmas that form the deposits with sur-
rounding wallrock. A number of wallrock ateration types with
characteristic mineralogies are recognized in a number of different
hydrothermal deposit types (Table 3.7). Wallrock alteration has
important environmental consequences because it can affect both
the chemical and physical properties of the surrounding rocks.

Chemical effects of wallrock alteration

Wallrock alteration can either increase or decrease the acid-
generating capacity and (or acid-neutralizing capacity of a
deposit’s host rocks. Alteration types that increase the acid-gener-
ating capacity (by increasing the content of acid-generating sul-
fides in the rocks) and (or decrease the acid-neutralizing capacity
(by removing minerals that react with acid) of a deposit’s host
rocks include acid-sulfate (also called advanced argillic), argillic,
phyllic (quartz-sericite pyrite), coarse-grained potassic, skarn, and
jasperoid. Alteration types that increase the acid neutralizing
capacity of host rocks include propylitic, carbonate, and fine-
grained potassic.
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TABLE 3.7—The environmental characteristics of various wallrock alteration types common to hydrothermal mineral deposits. See discussion in
Guilbert and Park (1986) for discussion of alteration origins.

Alteration type

Alteration products

Chemical effects

Physical effects

Acid-sulfate Vuggy silica (+pyrite), quartz-alunite, Greatly decreases acid-buffering Vuggy silica zones highly permeable.
(advanced argillic) kaolinite, = pyrophyllite, dickite capacity of host rocks, and increases ~ Surrounding clay alteration zones
acid-generating capacity impermesble
Argillic Kaolinite, illite, montmorillonite, Decreases acid-buffering capacity Substantially decreases rock and
+ pyrite,  chlorite fracture permeability
Phyllic Quartz, sericite, pyrite Increases acid-generating capacity Slightly decreases rock and fracture
permeability
Potassic Potassium feldspar, biotite, anhydrite Coarse grain size of feldspars Shifts permeability to fracture
decreases rock reactivity permeability
Propylitic Epidote, chlorite, calcite, abite, + pyrite Increases acid-buffering capacity Chlorite-rich alteration somewhat
of rock decreases fracture permeability
Silica Silica, quartz addition to rock and Decreases acid-buffering capacity Decreases rock permeability, porosity.
replacement of rock minerals of rock Increases susceptibility of rocks to
fracturing
Jasperoid Silica, quartz replacement of carbonate Greatly decreases acid-buffering Can increase porosity, permeability of
sedimentary rocks capacity rock; also increases susceptibility of
rocks to fracturing
Greisen Quartz, muscovite, topaz, fluorite, Some decrease in acid-buffering Moderate rock permeability, fracture
cassiterite, magnetite capacity, reactivity permeability
Skarn Carbonate rocks alter to calc-silicates, Decrease acid-buffering capacity; May decrease rock permeability
magnetite increase acid-generating capacity
Dolomitization Alteration of limestones to dolomites May decrease acid-buffering May decrease or increase rock porosity,
capacity permeability
Carbonatization Alteration of rock mineralsto carbonates ~ Substantially increases acid-buffering  Negligible effect
capacity
Sulfidation Alteration of Fe mineras to Fe sulfides Increases acid-generating capacity Negligible effect
Decdlcification Removal of carbonate from rocks, some Decreases acid-buffering capacity Substantially increases porosity, perme-
(decarbonatization) replacement by silica ability

Acid-sulfate ateration is common in the wallrocks around
high sulfidation or quartz aunite-epithermal deposits, and is
formed by reactions of acidic magmatic gas condensates with
wallrocks. Vuggy silica, in which all of the major host rock con-
stituents are removed except silica, and in which pyrite is intro-
duced into the rock, is the most intense alteration adjacent to frac-
tures, the vugs form from the complete dissolution of feldspar
phenocrysts. Progressive neutralization of the acid leadsto quartz-
alunite-pyrite and quartz-kaolinite-pyrite (+ pyrophyllite, dickite)
away from the central silica zone. Intense acid leaching of the
rocks prior to mineralization essentially removes any capacity the
rocks may have had to react with and consume acid generated by
sulfide oxidation; hence this alteration type is typically highly
acid-generating.

Argillic alteration results in the conversion of rock-forming
mineras such as feldspars to various mixtures of clay minerals
such asillite, kaolinite, and montmorillonite. Pyrite and other sul-
fides are also commonly introduced into the rock. As the clay
mineras are relatively acid-stable, they do not have any substan-
tial acid-neutralizing capacity. The presence of sulfides typically
transforms argillically altered rocks into acid-generating mineral
assemblages.

Coarse-grained potassic ateration formed by saline magmatic-
hydrothermal fluidsin the high-temperature (600-700°C) cores of
porphyry copper and other magmatic-hydrothermal deposit types
is characterized by the replacement of rock minerals by coarse-
grained (up to several centimeters) potassium feldspar, biotite,
anhydrite, and sulfides such as pyrite and chalcopyrite. Due to the
coarse grain size of the biotite and feldspars, the net result of this

alteration is to increase the acid-generating potential of the rock
and decrease the acid-neutralizing capacity of the rock. In con-
trast, potassic alteration formed in epithermal and Au-Te deposits
from dilute, near-neutral hydrothermal fluids at temperatures of
250-350°C is characterized by replacement of rock minerals by
very fine-grained (<1-2 mm) potassium feldspar. The fine grain
size of the feldspars may allow them to react more rapidly with
acid generated by sulfide oxidation, and so may increase the acid-
neutralizing capacity of the host rocks.

Phyllic alteration is characterized by the replacement of rock
minerals by quartz, pyrite, and sericite (a fine-grained mica). Due
to the substantial increasein pyrite content and the relatively non-
reactive quartz and sericite, phyllic alteration typically has high
acid-generating potential. A variation on phyllic alteration that
occurs in magmatic-hydrothermal systems enriched in fluorine
and tin is greisen alteration, in which tourmaline, fluorite, topaz,
cassiterite, and wolframite are also added to the rock in addition
to quartz, sericite, and pyrite; greisen alteration is potentially acid
generating, depending upon the pyrite content.

Silica alteration, or silicification, is the replacement of rock
materials by silica. Because silica minerals are typically nonreac-
tive and do not consume acid, silica alteration generally decreas-
es the acid-neutralizing capacity of the host rocks.

Several of the dteration assemblages mentioned thus far
involve sulfidation, the introduction of H,S into the rock and the
reaction of the H,S with Fe-bearing minerals (such as hematite,
magnetite, and Fe-silicates) in the rock. Sulfidation can resultin a
substantial increase in the acid-generating capacity of the rock.

Propylitic ateration is marked by the conversion of rock min-
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erals to a mixture of epidote, chlorite, sodium feldspar, carbon-
ates, and pyrite. Due to the presence of carbonates, this ateration
type can be an effective acid consumer. The acid-generating
potential of the pyrite is generaly insufficient to overcome the
acid-neutralizing capacity of the carbonates.

Carbonate alteration, or carbonatization, occurs in relatively
few mineral deposit types (such as low-sulfide Au-quartz vein
deposits and carbonatite deposits), and involves the alteration of
host rock silicate minerals to carbonates such as calcite, dolomite,
ankerite, and magnesite. The acid-neutralizing capacity of this
ateration type is substantial.

Hydrothermal mineral deposits hosted by carbonate-rich sedi-
mentary rocks can have several types of alteration, including
skarn alteration, dolomitization, jasperoid alteration, and decalci-
fication/decarbonatization. Skarn alteration is marked by the con-
version of calcite and dolomite in the sedimentary rocks to calc-
silicate and Fe-rich silicate minerals such as diopside, wollas-
tonite, tremolite, actinolite, and garnets (Guilbert and Park, 1986);
sulfides such as chalcopyrite and pyrite, and oxides such as mag-
netite, also are common. Acidic waters draining skarn deposits
indicate that the generally coarse grain size and relatively slow
reaction kinetics of the calc-silicate minerals makes them ineffec-
tive acid consumers. Jasperoid forms by the extensive replace-
ment of carbonate sedimentary rocks by silica. If few or none of
the original carbonate mineralsremain in the rock, jasperoid has a
very low acid-neutralizing capacity. Dolomitization is the alter-
ation of calcite and aragonite in limestones to dolomite. It gener-
aly resultsin aslight decrease in acid-neutralizing capacity due to
the lower reactivity of dolomite. Carlin-type, sediment-hosted Au
deposits commonly exhibit decalcification (or decarbonatization)
ateration that involves large-scale dissolution of carbonate min-
erals by acidic hydrothermal fluids, coupled with the residual con-
centration of the remnant silica minerals originally present in the
carbonate sedimentary rocks.

Physical effects of wallrock alteration

Alteration characteristics that control ground-water flow:
Wallrock alteration can either increase or decrease the ability of
rocks to transmit ground waters, either through rock pore spaces
or through joints and fractures (Table 3.7). Alteration that results
in extreme leaching of the host rocks, such as vuggy silica alter-
ation in acid-sulfate-altered rocks and the formation of jasperoid
in carbonate sedimentary rocks, can lead to increased hydraulic
conductivities. Dolomitization may result in increased hydraulic
conductivities, due to the volume decrease resulting from the
replacement of calcite with denser dolomite; however, in many
cases additional dolomite also precipitatesin the rock pore spaces,
and so results in a net permeability decrease. Decalcification/
decarbonatization can result in a substantial increase in hydraulic
conductivity of carbonate host rocks, due to the large scale disso-
Iution of the host carbonates during the alteration process.

In contrast, alteration that forms large amounts of clay miner-
as (such as kaolinite and dickite in acid-sulfate and argillic alter-
ation assemblages) can substantially decrease hydraulic conduc-
tivity, as well as decrease the rock’s ability to develop hydrologi-
cally conductive fractures.

Alteration characteristicsthat control physical erosion and
masswasting: Variouswallrock alteration types can impart vary-
ing degrees of resistance to erosion and mass wasting within min-

eral deposits. Alteration that adds silica to rocks typically increas-
es a host rock’s ability to withstand erosion. For example, vuggy
silica ateration zones form prominent ledges and topographic
highs within quartz-alunite epithermal deposits, and also serve as
strong skeletal supports that minimize potential landslides and
debris flows within the deposits. In contrast, wallrock ateration
that substantially increases the clay-mineral component of wall-
rocks can greatly weaken the rock’s resistance to rapid physical
erosion and mass wasting. The argillically atered rocks in the
Alamosa River stock shown on Figure 3.5 are an excellent exam-
ple of this weakening; rapid physical erosion rates compared to
chemical weathering rates continually expose fresh pyrite at the
ground surface. Drainages in the stock that have oversteepened
topography (usually where silicified ledges overlie argillically
altered rock) are prone to debris flows during periods of rapid
runoff, such as occur during summer thundershowers. As another
example, rocks at the upper levels of the Mount Rainier volcano
have been extensively atered by magmatic gas condensates to
argillic and advanced argillic alteration assemblages very similar
to those found at Summitville, Colorado, and other quartz-alunite-
epithermal or high-sulfidation deposit types (Zimbelman, 1996;
Crowley and Zimbelman, 1997). The structurally weakened,
atered rocks at Mount Rainier have been the source areasfor large
debris flows and mudflows from the mountain, which, due to their
high clay contents are very cohesive and can travel great distances
downstream (Crandell, 1971; Scott et al., 1995). Detailed links
between alteration type and the potential for landslide and debris
flow generation remain to be examined.

Major- and trace-element content of deposits
and their host rocks

The chemical composition of the geoavailable major and trace
elementsin mineral depositsis typically manifested in their envi-
ronmental signatures, with some variability superimposed by geo-
chemical processes such as oxidation, secondary mineral precipi-
tation, and sorption (Nordstrom and Alpers, 1999; Smith, 1999).
For example, deposits that are enriched in As (such as those that
contain arsenopyrite or enargite) typically produce drainage
waters, smelter emissions, etc., that are enriched in As relative to
waters or smelter emissions from deposits that are not enriched in
As.

Table 3.8 lists some common mineralogic hosts for major and
trace elements found in environmental signatures of mineral
deposits such as mine-drainage waters and smelter emissions.

The physical characteristics of mineral deposits

Mineral deposits can occur in awide variety of physical forms,
including veins, stockworks, breccias, disseminations, and mas-
sive lenses or pods (Fig. 3.7). These different forms influence the
extent to which weathering agents can access deposits, either in
place within the ground or on mine dumps.

Veins typically form when pre-existing fractures are filled by
ore and gangue minerals (Figs. 3.7a, b); crustification sequences
often develop in which the vein minerals are added in successive
layers (Figs. 3.1c, d, € Fig. 3.78). Depending upon the extent to
which the fractures are filled with minerals (Fig. 3.7a), veins can
either focus or inhibit ground-water flow. Veins with considerable
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open spaces can preferentially transmit ground water, and thus
enhance the interactions of the waters with vein materials and min-
imize interaction with wallrock (Fig. 3.78). In contrast, veins that
are nearly completely filled typically transmit ground water only
along later fractures within the vein. Unless well-crustified vein fill
is permeable (Fig. 3.2a), fractured, or broken and exposed by min-
ing, ground water typically interacts with the outermost coatings of
the vein minerals; thus, acid-generating sulfides or acid-consuming
carbonates that are coated by later, less reactive minerals may not
have as strong an influence on ground-water chemistry.

Stockwork ore bodies (Fig. 3.7c) are composed of many inter-
secting small veins or veinlets. If the veinlets are at all permeable,
they can distribute ground water to a large volume of mineralized
rock.

TABLE 3.8—Common primary mineralogic sources for some environ-
mentally important major and trace elements in mineral deposits. For each
element, the minerals are listed in genera decreasing order of reactivity in
the surficial environment. For further details, see discussions in Smith and
Huyck (1999) and appendix in Rose et a. (1979).

Element Common mineralogic sources

Ca Gypsum, anhydrite, calcite, fluorite, dolomite, calcic
plagioclase, calc-silicates

Mg Dolomite, pyroxenes, amphiboles, chlorite

Na Sodic feldspars, micas

K Sylvite, potassium feldspars, micas

Al Aluminosilicate minerals

S Aluminosilicate, silica minerals

Fe Pyrite, siderite and other carbonates, hematite, mafic
silicates (pyroxene, amphibole, biotite), magnetite

Mn Rhodochrosite, carbonates, aluminosilicate minerals,
Mn-silicates

S Sulfides, sulfosalts, sulfates

F Fluorite, topaz, silicates

Ba Feldspars, other dluminosilicates, barite

Zn Sphalerite, other sulfides and sulfosalts, mafic
silicates, Zn-silicates

Cd Sphalerite, greenockite, other sulfides and sulfosalts

Cu Cu-sulfides, mafic minerals

Pb Galena, other sulfides and sulfosalts, feldspars

As Realgar, orpiment, enargite, arsenopyrite, other
sulfides and sulfosalts

Sb Stibnite, other sulfides and sulfosalts

Ni Ni-sulfides, other sulfides, olivine and other mafic
silicates

Co Co-sulfides, other sulfides, aluminosilicates

Cr Mafic silicates, chromite (relatively nonreactive)

Hg Native mercury, cinnabar, other sulfides and sulfosalts

Mo Sulfides, molybdenite (relatively non-reactive)

Se Sulfides, selenides, selenates

U Uraninite, coffinite, carnotite, apatite, feldspars,
zircon, allanite

Rare earth

elements Bastnaesite, silicates, monazite

Disseminated ore is characterized by ore minerals dispersed
throughout the host rocks; the ore minerals are therefore available
for interactions with ground water over relatively large host-rock
volumes. In some deposits such as porphyry-Cu deposits, dissemi-
nated sulfides are controlled by microscopic stockwork fracturesin
the rock that may or may not transmit ground waters. In some sed-

iment-hosted mineral deposits, disseminated sulfides precipitate at
the same time as their host sediments are deposited mechanically;
if the rate of sulfide precipitation exceeds the rate of host sediment
deposition, massive sulfide ore bodies result.

Breccia ore bodies typically form by the filling of open spaces
in rocks brecciated by faulting, hydrothermal, or magmatic-
hydrothermal processes. Like veins, breccias can either focus or
inhibit ground-water flow, depending upon the extent to which
their interstices are filled with material (Fig. 3.7€).

Massive ore bodies, astheir name implies, are characterized by
lenses or pods of massive, intergrown sulfides with few or no
intergrown silicates or carbonates (Fig. 3.7f). Ground-water flow
istypically along fractures or grain boundaries within the sulfides
(Fig. 3.4). Water flowing within massive Fe-sulfide lenses can
become quite acidic if flow paths do not intersect wallrocks sur-
rounding the lenses; an example is the extremely acid water drain-
ing massive sulfide ore bodies at Iron Mountain, California
(Alpers and Nordstrom, 1991; Nordstrom and Alpers, 1999).

Presence and openness of faults, joints

If they are open and interconnected, faults and joints that cross-
cut ore bodies can serve as significant conduits for ground waters
and their contained weathering agents. In general, flow aong
faultsis generally much more effective than flow acrossthem. The
hydraulic conductivity of an open fracture is proportional to the
cube of its dilation (or openness).

The openness of fractures is a function of the ability of their
host rock to develop fractures, their ambient stress regime (geo-
logic stresses lead to faulting and folding), and the presence or
absence of minerals filling the fractures. For example, rocks that
are composed of minerals that break rather than deform ductily
(such as feldspars and quartz) tend to form more well-developed,
open fractures than rocks composed of minerals that deform duc-
tily (such asclays). Different structuresin the samerock unit in the
same mine can have different degrees of openness as afunction of
their orientation relative to ambient geologic stress directions;
fractures that occur at an angle to compressive stresses tend to be
closed, whereas those that are nearly co-planar with compressive
stress directions tend to be more open structuraly.

If faults and joints are not interconnected or are not open to the
ground surface, their influence on ground-water flow is dimin-
ished. The interconnectedness of faults can in part be determined
through careful structure mapping, but is determined with the
greatest certainty through hydrologic testing techniques such as
those discussed in Domenico and Schwartz (1990).

A detailed understanding of the structural characteristics of a
mineral deposit iscrucial to understand the potential role that frac-
tures and joints will play in influencing ground-water flow
through the deposit. Such an understanding can only be estab-
lished through careful geologic mapping of structures, field or
mine observations of the orientation and openness of structures,
structural analysis, and hydrologic testing.

GEOLOGIC VARIABILITY IN MINERAL DEPOSITS
The previous section outlined the major geologic characteris-

tics of mineral deposits that influence their environmental signa-
tures. It is important to recognize that these characteristics can
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FIGURE 3.7—Examples of different ore types. (a) Vein of crustified, arsenic-rich botryoidal pyrite from Creede, Colorado. The pyrite was deposited
in successive layers (a crustification sequence) growing out from the vein walls, completely filling the vein in the lower part of the photograph but only
partidly filling the vein in the upper part of the photograph. White lines mark approximate edges of vein and open space in the center of the vein. (b)
Crustified barite-sulfide vein, Bulldog Mountain mine, Creede district, Colorado. Barite (light) and intergrown sphalerite and galena (dark) generations
completely filled the vein, and were later partially truncated by shear fractures. (c) Gold-quartz veinlets in carbonatized wallrock from the low-sulfide
gold-quartz vein deposits in the Kensington mine, Juneau, Alaska. The two intersecting sets of parallel veinlets reflect fracture formation along conju-
gate shear couples. Due to the carbonate ateration of the wallrocks, these deposits tend to have relatively low acid-generating potential, even though
they contain several volume % pyrite and arsenopyrite in both the veins and wallrock (Goldfarb et al., 1997). Photo by C. Taylor, USGS. (d) Pyrite-chal-
copyrite-quartz stockwork veinlets in altered submarine volcanic host rocks, Rio Tinto, Spain. The stockwork veins formed in the feeder zone for
hydrothermal fluids that discharged onto the sea floor and produced massive sulfide deposits overlying the volcanic rocks. Photo by C. Taylor, USGS.

vary spatialy and substantially within most mineral deposits.  Substantial mineralogic variations can occur on a spectrum of
Thus, one portion of an ore body, mine, or mining district may  scales ranging from several centimeters within an ore shoot, to
have significantly different environmental geology considerations  tens to hundreds of meters within an ore body, to several kilome-
than those present in other portions of the same ore body, mineor  tersacross amining district (Figs. 3.8, 3.9). From an environmen-
district. tal standpoint, such geologic variability can lead to substantial

variations in environmental signatures within a deposit, mining

. . . district, or mine.
Primary mineral zoning

The primary minerals making up a mineral deposit commonly ~ Creede and Central City, Colorado
show systematic spatial variations, or zoning patterns, that ulti-
mately result from the processes by which the deposit formed. Epithermal vein ores in the Bulldog Mountain vein system,
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FIGURE 3.7 (Continued)—(€e) Sample of a mineralized, partialy replaced breccia from Mississippi-Valley-Type (MVT) deposits in the Pomerzany
mine, Silesian-Cracow district, Poland. The brecciaformed in part by collapse of pre-mineralization karst caverns, and in part by collapse resulting from
hydrothermal dolomitization that replaced limestone with dolostone. The dolostone breccia clasts were then partially replaced by fine-grained sphalerite,
which was then coated by trace-element-rich botryoidal marcasite. The breccia now has moderate porosity due to infilling of the pore spaces by miner-
alization. Photograph by D. Leach, reproduced from Leach et a. (1996). (f) Massive sulfide ore body, Windy Craggy deposit, British Columbia, Canada.
The entire field of view is composed of massive pyrite-pyrrhotite-chal copyrite ore. Photo by C. Taylor, USGS.

Creede district, Colorado show complex mineralogic variations
(Fig. 3.8) along the major veins in the system. These variations
resulted from the geochemical evolution of the hydrothermal flu-
ids that deposited the vein minerals, hydrothermal leaching of
some minerals once they were deposited, and progressive closing
(and in some cases opening) of the fractures by structural activity
during mineral deposition (Plumlee and Whitehouse-Veaux, 1994;
Plumlee, 1989).

Polymetallic veins are strongly zoned across Colorado’s
Central City mining district; pyrite-rich mineral assemblages in
the core of the district grade laterally outward into progressively
more sphalerite-, galena-, and carbonate-rich ores (Fig. 3.9); this
zonation resulted from an overall decrease in formation tempera-
ture of the veins toward the lateral fringes of the mineralizing sys-
tem. In both the Bulldog Mountain and Central City examples, the
different mineral assemblages produce quite different environ-
mental signatures, in waters draining both the mine workings and
mine waste dumps.

Wallrock alteration zoning

Wallrock alteration assemblages can also vary substantialy
over the same spectrum of scales at which mineral zoning occurs.

Summitville, Colorado

The high-sulfidation, quartz-alunite epithermal Au-Cu-Ag
deposit at Summitville, Colorado, is an excellent example of
zoned ateration assemblages (Figs. 3.10-3.13). Summaries of
Summitville's environmental geology are presented by Plumlee et
al. (19953, b) and Gray et a. (1994). The deposit formed in the
core of avolcanic dome, as part of the waning stages of the dome-

forming cycle (Stoffregen, 1987; Rye et al., 1990; Gray and
Coolbaugh, 1994). Prior to ore mineralization, magmatic gases
released from a crystallizing magma at depth flowed upward
aong fractures in the dome rocks and condensed at shallow levels
in the dome; the highly acidic condensates produced intense, pre-
ore acid-sulfate alteration near the fractures (Figs. 3.10, 3.11). On
alocal scale (Fig. 3.12), progressive neutralization of acid in the
condensates, coupled with mixing with ground waters, resulted in
|aterally zoned alteration assemblages that grade from vuggy sili-
ca nearest the fractures to quartz-alunite-pyrite, quartz-kaolinite,
illite-montmorillonite, and propylitic farthest from the fractures
(Gray et al., 1994, and references therein). On adistrict-scale (Fig.
3.11), the most intense alteration occurs in the core of the deposit;
a central acid-sulfate alteration zone is surrounded by intermedi-
ate argillic and distal propylitic ateration zones. Subsequently,
hydrothermal fluids deposited pyrite, marcasite, enargite, covel-
lite, native sulfur, barite, and native gold in the central part of the
deposit, grading laterally outward to sphalerite and galena. The
permeable vuggy silica zones focused hydrothermal fluid flow,
causing the bulk of the sulfide deposition to occur in the vuggy
silicaand adjacent alteration zones, However, some sulfides were
also deposited in the argillic zones. Trace-metal zoning is directly
related to the overall mineralogic zoning; Cu and As are dominant
in the central part of the deposit, and Pb and Zn are more abun-
dant on the lateral fringes of the deposit. Increasing Hg concen-
trations with increasing elevation resulted from the concentration
of Hg in the near-surface levels of the hydrothermal system that
formed the deposit; the Hg occurs primarily as a trace meta in
sulfides such as pyrite.

Wallrock alteration at Summitville also strongly influenced the
deposit’s hydraulic conductivity and the way in which the deposit
wesathered prior to mining. The deepest pre-mining oxidation
occurred along permeable vuggy silicazones, to depths as great as
100 m (Figs. 3.12, 3.13; Gray et a., 1994); oxidation concentrat-
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FIGURE 3.8—Longitudinal section of the A Vein, Bulldog Mountain Mine, Creede, Colorado, showing the distribution and environmental characteris-
tics of dominant mineral assemblages along the vein. The pre-mining water table occurred primarily in acid-neutralizing rhodochrosite, and so the mine
waters had near-neutral pH and relatively low levels of dissolved metals (R. Boppe, oral. commun., 1982). Acid-generating, arsenic-rich botryoidal pyrite
(Figs. 3.3 and 3.7a) persists unoxidized above the water table due to the presence of an illite- and montmorillonite-rich hydrothermal alteration cap and
a poorly welded ash-flow tuff above the main vein ore zone; these features combine to produce low hydraulic conductivity along the vein between the
ground surface and the main ore zone. Figure modified from Plumlee and Whitehouse-Veaux (1994) and Plumlee and Nash (1995).
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FIGURE 3.9—Map showing primary mineral zoning of polymetallic veins across the Central City-ldaho Springs mining districts, Colorado. Figure
modified from Sims et al. (1963). A porphyry Mo deposit is inferred to be present at depth beneath the district.
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FIGURE 3.10—Geologic map of the Summitville quartz-alunite epithermal, Au-Cu-Ag deposit and mine, SW Colorado, showing the location of major
mine features relative to important geologic features. The highest-grade Au ores occurred along vuggy silica ateration zones following origina radial
fractures in the host volcanic dome rocks. Underground mining in the late 1800s followed the vuggy silica zones. Recent open-pit mining from 1984-
1992 used open-pit methods and heap leach processing to extract lower-grade gold ores from the rocks around the highest-grade vuggy silica. The min-
ing company operating the open-pit mine declared bankruptcy in late 1992 as remediation of substantial environmental problems (such as extreme acid-
mine drainage) was beginning, and the U.S. Environmental Protection Agency (EPA) took over the site under Superfund Emergency Response Authority.

The site was added to the Superfund National Priorities list in 1994.
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Ryeet al. (1990).
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capacity in the acid-sulfate altered rocks gives the deposit very high acid-generating potential. Figure from Plumlee et al. (1995a), modified originally
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ed gold in the vuggy silicazones and therefore made the vuggy sil-
ica zones the main targets for exploration and mining (Fig. 3.10).
In contrast, the clay-rich argillic alteration was much less perme-
able to descending ground waters, and so oxidation only occurred
to depths as shallow as several meters (Figs. 3.12, 3.13). The
vuggy silica zones aso physically stabilized the deposit and pre-
vented extensive erosion and exposure of sulfides in the argillic

Unoxidized argillic
alteration

FIGURE 3.13—Photo of the Summitville open pit, taken in August 1993.
Dark gray zones are oxidized vuggy silica zones, and lighter gray zones
are sulfide-bearing argillic ateration zones.

alteration zones, such as occurred several kilometers to the south
in the Alamosa River stock (Figs. 3.5d-g). The net product of the
hydrothermal ateration-mineralization and pre-mining weather-
ing at Summitville was a deposit with very high acid-generating
capecity and very low acid-neutralizing capacity in the central
(i.e,, most mined) part of the deposit. Increased acid-neutralizing
capacity of propylitically altered rocks toward the lateral fringes
of the deposit is of relatively little environmental benefit due to
the lack of mine workingsin and ground-water flow through these
rocks.

As at Summitville, district-scale ateration zoning is common
in a variety of hydrothermal ore deposit types, including other
acid-sulfate epithermal deposits (such as Round Mountain and
Goldfield, Nevada), Cordilleran lode deposits (such as Julcani,
Peru, and Butte, Montana), porphyry Cu and Cu-Mo, Climax-type
porphyry-Mo (such as Climax and Henderson, Colorado), and
zoned polymetallic vein systems (such as Central City, Colorado).
In nearly all of these deposit types, acid-neutralizing propylitical-
ly-altered rocks occur in the distal parts of the deposits. Acid-sul-
fate epitherma and Cordilleran lode deposits (both are also
termed high-sulfidation deposits) contain extensive acid-sulfate or
advanced argillic alteration with extreme acid-generating poten-
tia in their central portions, and acid-neutralizing propylitic alter-
ation on their distal fringes. Porphyry depositstypically have deep
potassic ateration flanked by phyllic alteration and overlain by
argillic ateration (Fig. 3.5d) in their central portions (all typically
have high acid-generating potential), and distal propylitic alter-
ation. Zoned polymetallic vein deposits also have phyllic and
argillic alteration in their central portions, flanked by distal propy-
litic ateration; such zoning also coincides with the zoning in pri-
mary vein mineralogies shown on Figure 3.9.
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Jerritt Canyon, Nevada

Carlin-type sediment-hosted Au deposits such asthose at Jerritt
Canyon, Nevada, also show both local and district-scale alteration
and primary minera zoning patterns. The deposits formed from
moderately acidic, H,S- and As-rich hydrothermal fluids that
mixed with cooler, dilute, oxidized ground waters and reacted with
Fe-bearing carbonate rocks (Hofstra et al., 1991). The cores of the
deposits, where the hydrothermal fluids flowed into the carbonate
rocks from feeder fractures (Fig. 3.14), are marked by extensive to
complete decalcification of the host rocks and residual enrichment
of silica. The decalcification occurred contemporaneously with
deposition of hydrothermal quartz, formation of realgar-orpiment
veins, and sulfidation of Fe minerals in the host rocks to produce
disseminated arsenian pyrite, the main host for the gold (Fig.
3.148). Grading outward from the feeder zones, the extent of
decarbonatization, realgar-orpiment veining, disseminated pyrite,
and gold grades progressively decrease; this is accompanied by a
progressive increase in the amount of carbonate remaining in the
wallrock, as well as an increase in the amounts of pre-ore and ore-
stage calcite veins. In the intermediate zones of the deposits, local
variations in the extent of decarbonatization can be abrupt, with
the transition between extensively decarbonated, quartz-rich rock
and carbonate-rich rock occurring over a space of several cen-
timeters (Fig. 3.14b).

From an environmental standpoint, the highest grade ores in
Jerritt Canyon and other Carlin-type deposits also have arelative-
ly high potential to generate locally acidic drainage waters, due to
the removal of acid-neutralizing carbonate minerals and deposi-
tion of reactive, acid-generating arsenian pyrite. However, the
abundant carbonate minerals in host rocks surrounding the
deposits increase the opportunities for any acid drainage waters
that might form to be consumed through reaction with the carbon-
ate minerals or mixing with alkaline waters draining the carbonate
rocks. The abundance of As in the deposits, coupled with the
mobility of As in higher-pH waters (Smith and Huyck, 1999;
Smith, 1999), indicates that As should be the dominant element of
environmental concern in this deposit type. However, the forma-
tion of Fe particulates in drainage waters should also lead to rela-
tively effective sorption of Asin all but the most acidic or alkaline
drainage waters (Smith, 1999).

Variationsin geology that affect hydraulic conductivity
and ground-water flow

In addition to variations in hydraulic conductivity imparted by
its alteration, Summitvilleis also an excellent example of the vari-
ations in hydraulic conductivity imparted by fractures and rock
contacts. The location of ferricrete deposits and acid seepsin and
around the deposit (Fig. 3.10) show that the primary geologic fea-
tures which focus ground-water flow are the vuggy silica alter-
ation zones, the South Mountain fault bounding the deposit on its
western side, fractures within the dome (which follow dominant
N30°W, N60°W, N5°W, and N30°E trends; Gray et a., 1994; Gray
and Coolbaugh, 1994), and the contact between the dome rocks
and the surrounding andesite volcanic rocks. The andesites sur-
rounding the Summitville dome have very low fracture and joint
permeability (M. Roeber, oral commun., 1993), and so minimize
ground-water flow from the dome into the surrounding rocks.

siliceous sedimentary
volcanic rocks

carbonaceous limestone
calcareous siltstone

FIGURE 3.14—Spatial variations in alteration and mineralization in a
Carlin-type, sediment-hosted Au deposit, Jerritt Canyon, Nevada. (@)
Schematic cross section (upper) and primary and alteration mineral zoning
patterns (lower) of Carlin-type, sediment-hosted Au deposits, Jerritt
Canyon, Nevada. Figure modified from Hofstra et al. (1991). (b) Photo of
mine face showing sharp break between highly decarbonated ore with
abundant ore-stage real gar-orpiment veins (upper) and unaltered rock con-
taining abundant host-rock carbonate and pre-ore calcite veinlets (white).
The decalcification occurred preferentially along bedding planes (dark
lines cutting diagonally from lower left to upper right). Photo by A.
Hofstra, USGS.

Prior to the development of the Reynolds adit (which wasinstalled
in the early 1900s to drain the underground workings, ground-
water recharge into the deposit was most likely from the South
Mountain fault and the vuggy silica zones, and discharge was pri-
marily along the dome-andesite contact and fractures that intersect
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the ground surface. The Reynolds adit short-circuited the natural
flow paths, and focused all discharge from most of the deposit.
Plugging of the Reynolds adit in 1994 during environmental
restoration at the site resulted in the predictable reactivation of the
natural discharge seeps (Fig. 3.10), which will continue to serve as
long-term, but relatively low-level, sources of acid drainage from
the site.

In other deposit types, geologic variations in host rocks, alter-
ation, faults, joints, and other geologic features can combine to
create complex controls on porosity, permeability, and therefore
hydrology. This again underscores the need for careful, integrated
geologic and hydrologic site characterization prior to mining and
remediation, in order to better understand the geologic controls on
fracture-dominated ground-water flow.

Variationsin deposit type within a mining district
or mineralized area

In addition to local- to district-scale geologic variations within
agiven deposit type noted previously, many mineralized areas and
mining districts can contain more than one deposit type, each with
its own particular range of geologic characteristics. In many cases,
these multiple deposit types are genetically-related parts of alarg-
er mineralizing system. More rarely, they may be entirely unrelat-
ed in age or processes of formation.

One example of genetically-related, multiple deposit typesin a
given district is the occurrence of a low-grade porphyry-Cu
deposit with stockwork pyrite-chal copyrite veins and phyllic alter-
ation at depth beneath the Summitville quartz-alunite epithermal
deposit (Fig. 3.11). The porphyry deposit formed during the crys-
tallization of the host monzoniteintrusion. It isunclear whether the
intrusion and the porphyry-Cu mineralization are truly contempo-
raneous with either the pre-mineralization acid-sulfate alteration or
the hydrothermal mineralization in the Summitville quartz-alunite
epithermal deposit; however, both clearly formed in the late stages
of the Summitville volcanic dome formation (Gray and
Coolbaugh, 1994; Rye et a., 1990). Quartz-alunite epithermal
deposits and their deeper equivalents, Cordilleran lode deposits
(such as Butte, Montana) commonly form in the upper levels and
(or) late stages of porphyry-Cu or porphyry-Mo-Cu mineralizing
systems; both require crystallization of magmas to produce mag-
matic-hydrothermal fluids that form the porphyry deposits, and the
magmatic gases and magmatic heat source for the hydrothermal
system that produce the acid-sulfate alteration and high sulfidation
mineralization.

Another example of multiple deposit types occurring within a
single district is shown on Figure 3.15, a schematic cross section
of porphyry, skarn, breccia, igneous-hosted polymetallic vein, and
sediment-hosted polymetallic vein and replacement deposits asso-
ciated with the crystallization of a magmatic intrusion into a sedi-
mentary rock sequence. Examples of such systems include
Leadville and Gilman, Colorado; and New World, Montana.
Districts devel oped on such deposit systems can have awide range
in environmental geology characteristics depending upon the
deposit type(s) in which particular mines are developed. For exam-
ple, the igneous-hosted porphyry deposits (with quartz-pyrite-
chalcopyrite stockwork veins and disseminations) and polymetal-
lic vein deposits (pyrite-sphalerite-galena, with occasional calcite)
generally have high acid-generating capacity but low acid-neutral -
izing capacity. The breccia (sulfides cementing igneous or sedi-
mentary rock breccias), skarn (sulfides and calc-silicate minerals

replacing carbonate rocks), and sediment-hosted polymetallic
vein (pyrite-sphalerite-galena-tcalcite) and replacement deposits
(massive pyrite-marcasite-sphal erite-galena-+calcite) can display
a variety of acid-generating and acid-neutralizing capacities,
depending upon factors such as the carbonate content of the sedi-
mentary host rocks, the reactivities of the calc-silicate skarn min-
erals, the thickness and permeability of the massive sulfide lens-
es, and the amount of calcite present in the ores. Metal contents
can aso vary substantially, with Cu typically enriched in the
deeper porphyry and skarn deposits, and Pb and Zn enriched in
the more shallow polymetallic vein and replacement deposits.
Hence, environmental signatures such as natural- or mine-drainage
compositions may vary greatly within these districts, depending
upon which of the deposit types have been exposed at the surface
by pre-mining erosion, and which have been mined.

THE ROLE OF CLIMATE AND MINING/
MINERAL PROCESSING METHOD

Climate and mining/mineral-processing method al so influence
the environmental signatures produced by weathering mineral
deposits and by mining and mineral processing activities.
However, the effects of climate and mining/processing methods
generally serve to modify the environmental signatures that are
ultimately governed by the deposit geology and geochemistry.

Effects of climate

Three main aspects of climate exert important controls on rock
weathering and related environmental processes. temperature,
humidity, and the amount of precipitation (rain + snow) relative to
evapotranspiration (the combined evaporation from soils, rocks,
and surface waters, and transpiration from plants).

Temperature and humidity influence potential evapotranspira-
tion (the maximum possible evapotranspiration that could occur
in an area), the rate of vegetation growth, and the rates at which
weathering occurs.

In wet climates where precipitation exceeds evapotranspira-
tion, abundant water is available to promote rock weathering, veg-
etation growth, and ground-water recharge. With increasing arid-
ity, evapotranspiration increases and overtakes precipitation, and
so less and less water becomes available for weathering, ground-
water recharge, and vegetation growth. In most climates, precipi-
tation and potential evapotranspiration vary as a function of sea
son (Domenico and Schwartz, 1990), leading to significant varia-
tions in recharge, westhering rates, and vegetation growth over
the course of ayear. Relative precipitation and evapotranspiration
can also vary seasonally on aregional and local basis. For exam-
ple, the basins of northern Nevada are quite cool in late fall and
winter and receive most of their precipitation in the form of snow
in the early winter and spring; however, they are quite hot and dry
during the summer months (Shevenell, 1996). The mountain
ranges, due to their higher elevation and orographic precipitation
effects, have higher precipitation and lower evapotranspiration
than the adjacent valleys in the wet seasons. In contrast, southern
Nevada receives its precipitation in the form of both winter rains
and summer monsoonal rains, however, the basins of the area are
hot enough throughout the year for potential evapotranspiration to
predominate greatly over precipitation, and so the overall climate
is quite arid (Shevenell, 1996). Local scale variations in precipi-
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FIGURE 3.15—Schematic cross section of mineral-deposit types that may form from the intrusion of a magmatic stock into a sedimentary-rock

sequence containing carbonates, shales, and sandstones.

tation relative to evapotranspiration can also result from variations
in topography and the direction slopes face relative to the domi-
nant sun direction. For example, in the eastern foothills of the
Colorado Rocky Mountains, Douglas fir (indicative of relatively
abundant water) grow on the shaded north-facing slope of a hill,
whereas ponderosa pines and scrub junipers (indicative of less
available water and higher evapotranspiration rates) grow on the
sun-baked south-facing slopes, even though the overall precipita-
tion rates are the same on both sides of the hill.

Links between climate, mineral-deposit geology, and
environmental processes

The major links between climate, geology, and the environ-
mental effects of mineral deposits are best known from studies of
soil (FitzPatrick, 1980), hydrologic studies (Domenico and
Schwartz, 1990, and references therein), and studies of supergene
enrichment of ore deposits (Guilbert and Park, 1986). However,
systematic studies of the environmental geology and geochemistry
of mineral deposits as a function of climate are in their infancy.
Nonetheless, some generalizations can be made.

In general, the water table is shallow in wet climates with high
precipitation relative to evapotranspiration, and deep in semi-arid
to arid climates with high evapotranspiration relative to precipita-

tion. Deep weathering and sulfide oxidation profiles therefore
tend to develop in semi-arid climates due to the generaly deep
water tables. In wetter climates, shallow water tables tend to pre-
clude very deep oxidation. However, even in semi-arid and wet
climates, depths to water table and resulting depths of weathering
can be quite variable depending upon the local topography and
geologic conditions. For example, the depth to water tablein indi-
vidual mining districts in the mountain ranges of the semi-arid
U.S. southwest can vary from 0 to several-hundred-meter depths,
depending upon proximity to incised canyons.

Weathering of, and element leaching from, rocks and mineral
deposits tend to be intense in humid tropical climates, due to the
warm temperatures and organic acids generated by the abundant
decaying vegetation. In contrast, element leaching and weathering
rates are much less intense in arid deserts and cold arctic regions.
In humid to semi-arid climates, leaching and transport tends to be
downward, whereas in arid climates, evaporation-driven upward
movement of water by capillary action becomes a significant
process.

High rates of evaporation in arid and semi-arid climates also
result in increased alkalinity in surface waters and ground waters
in the unsaturated zone. Carbonate-rich waters can produce exten-
sive carbonate cements and weathering rinds in soils and aluvial
sediments in semi-arid to arid climates.

As shown by Plumlee et al. (1999), mine waters draining sul-
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fide-mineral-bearing deposit types that generate acid mine waters
tend to have lower pH and higher metal contents in dry climates
than in wet climates due to lesser dilution by fresh waters and
greater evaporative concentration of acid and metals. Evaporative
processes can a so have important effectsin wet climates that have
seasonal wet and dry periods; as discussed previously, evaporation
of acid waters to dryness triggers the formation of soluble metal
sulfate salts, which then dissolve readily during the next rain or
snowmelt. However, data summarized by Plumlee et a. (1999)
indicate that relative shifts in pH and metal content for a given
deposit type in different climate settings are generally less than
shifts due to differences in geologic characteristics.

Very cold climates can have several consequences for mineral
environmental processes. First, weathering rates decrease sub-
stantially in very cold climates. For example, unweathered sulfide
minerals may be abundant at the ground surface where climate
favors permafrost formation. However, during short warmer sum-
mer seasons in areas dominated by otherwise very cold climate,
weathering of sulfide minerals exposed at the ground surface can
lead to formation of highly acidic water, depending upon the min-
eral-deposit geology (i.e., Kelley and Taylor, 1997). Partial freez-
ing of acid waters can also lead to increased acidity and metal
contents in the residual waters (W. Miller, oral commun., 1994).

Climate effects on environmental impacts downstream from
mineral deposits can be significant. For example, downstream
dilution (and therefore environmental mitigation) of acid mine
water by dilute water draining unmineralized areas is much more
efficient in wet climates than in dry climates. In contrast, down-
stream mitigation is enhanced in dry climates by the increased
acid-neutralizing capacity of solid materia in stream beds and
soils, coupled with the generally higher alkalinities of surface
waters draining unmineralized areas.

Effects of mining and mineral processing methods

The techniques used to extract and process ores can substan-
tially affect the nature, volumes, and compositions of mine
wastes, waters, byproducts, and airborne emissions needing treat-
ment to prevent or minimize environmental impacts.

A wide variety of mining and mineral processing methods are
currently in use; even more have been used over the course of his-
toric mineral extraction activities. Ultimately, mining and mineral
processing methods used to exploit a deposit are strongly depen-
dent on the geologic and mineralogic characteristics of the ore.
For example, vein ores continue to be most economically extract-
ed by underground tunnels, adits, and stopes. In contrast, dissem-
inated and stockwork deposits such as porphyry-Cu and -Mo
deposits are at present most economically extracted using either
surface open-pit methods or large-volume underground methods
such as block caving. The large-scale underground and open pit
mining methods have only become technologically feasible and
widely used in the last 40-50 years.

The higgest environmental effect of mining method (open-pit
vs. underground block caving vs. underground tunnels, stopes and
adits) isin the amount of disturbance generated and the amount of
mineralized rock exposed to weathering. Abundances of acid and
metals in mine waters draining deposits with similar geologic
characteristics tend to progressively increase from waters draining
underground workings, to those draining mine dumps and mill
tailings, to those which collect in open pits (Plumleeet al., 1999).

Thistrend is due to increasing access to weathering agents (water
and atmospheric oxygen), increased surface area of sulfide miner-
a's exposed to weathering, and increased opportunities for evapo-
rative concentration.

Mineral processing methods have also evolved as new techno-
logical advances have been made, enabling the economic process-
ing of lower-grade ores in higher volumes. As with mining
method, however, the geologic nature of the ores controls the opti-
mum mineral processing method used to extract metals from ore.
In the past century, physical crushing and sorting methods, such as
jig crushers, were followed by roasting or smelting to extract met-
as contained in sulfide ores, and amalgamation was used to
extract Au from oxidized or pre-roasted ores. Cyanidation milling
became popular for the treatment of Au oresin the early 1900s. In
the 1950s and 60s, froth flotation of sulfides allowed economical
processing of large volumes of sulfide-bearing porphyry ores.
Cyanide heap leach methods (Smith and Mudder, 1999) have
become economically in the last severa decades to extract gold
from oxidized low-grade ores. Heap leach solvent extraction
(where the sulfide or oxide ores are treated with sulfuric acid to
leach the metals, and the metals remove from the acid solution
with organic solvents) have been used in the last decade to process
lower-grade Cu ores.

The size of particles produced by milling and beneficiation
processes can dramatically influence their environmental impacts.
Particles in finely milled ore and tailings have very high surface
areas and abundant broken crystal edges, which greatly enhance
mineral reactivitiesrelative to those of mined rock and waste rock.
Thus, sulfide oxidation and acid-generation rates can increase sub-
stantially. In addition, tailings particles are more likely to be dis-
tributed by wind and water than their more coarse-grained equiv-
alentsin waste-rock piles.

One important way in which mineral processing techniques
influence potential environmental impacts relates to the way in
which potentially environmentally-problematic chemicals were
utilized. For example, mercury amalgamation was widely used as
a gold extraction technique in the United States in the last centu-
ry. As a result, soil and sediments may be mercury-contaminated
at many sites where amalgamation was practiced historically, but
would not otherwise be characterized by elevated mercury abun-
dances in the deposits themselves.

ENVIRONMENTAL SIGNATURES THAT ARE
INFLUENCED BY DEPOSIT GEOLOGY

Asdiscussed in previous sections, significant differencesin the
environmental-geology characteristics may exist between mineral
deposits of different types, and within a given mineral deposit.
These differences are clearly discernible in the environmental sig-
natures produced during the natural weathering of mineral
deposits and by the mining and processing of the mineral deposits.
In this section, the links between the environmental-geology char-
acteristics of mineral deposits and their environmenta signatures
will be discussed.

Drainage water compositions

Geologic controls on the compositions of mine waters and nat-
ural waters draining a number of mineral-deposit types are inter-
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preted in detail by Plumlee et a. (1999), and so will only be dis-
cussed briefly here. Other studies examining the roles of deposit
geology in controlling drainage-water compositions include
Runnells et al. (1992), Price et a. (1995), Barry (1996), and
Kelley and Taylor (1997). A subset of data presented by Plumlee
et al. (1999) are summarized graphically on Figure 3.16 using ele-
ment-pH plots, in which dissolved mine- and natural-water com-
positions are grouped according to the geologic characteristics of
the specific ore types drained by the waters. Thistype of graphical
portrayal is useful to examine compositional similarities of waters
draining specific ore types that occur in more than one deposit
type, such as waters draining propylitically altered rocks in por-
phyry, epithermal, and polymetallic vein systems.

The data show that, without considering geologic characteris-
tics, both mine and natural drainage waters span a broad range of
pH vaues (>9 pH units) and dissolved metal concentrations (for
some metals, ranging ten orders of magnitude, from less than a
part per billion [ppb] to tens of thousands of parts per million
[ppm]). However, when grouped according to the dominant geo-
logic characteristics of the ore types they drain, the drainage water
compositions cluster in groups having much smaller ranges in pH
(generally <severa pH units) and metal concentrations (generally
<several orders of magnitude). While clearly not sufficiently
detailed to permit a precise and accurate prediction of the pH and
metal concentrations of a specific water draining a specific ore
type or deposit type, this type of graphica representation nicely
illustrates the role of geology in influencing drainage composi-
tions.

The groupings of data by geologic characteristic illustrate the
integrated role of both deposit geology and geochemical process-
es in controlling drainage compositions. The overall trend of
increasing metal content and decreasing pH results from the
increasing acid-generating capacity (pyrite, sulfide content) and
decreasing acid-neutralizing capacity (amounts and types of car-
bonates) of the deposits. For waters with a given pH, metal con-
tents increase with increasing pyrite and sulfide content, and
increasing exposure of Zn-, Cu-, and other metal-sulfides near the
ground surface. The relative abundances of Zn, Cu, As, and U in
the deposits are also manifested in their concentrations in the
drainage waters.

Geochemical controls such as the solubility of Fe and sorption
onto Fe particulates are also manifested in the plots. Waters with
elevated Fe concentrations at near-neutral pH values have low dis-
solved oxygen levels, which preclude the formation of hydrous
ferric oxide and hydroxysulfate particulates. Near-neutral pH
waters with elevated Zn are due to high amounts of pyrite in spha-
lerite-galena ore bodies, coupled with the lack of Zn sorption onto
particulates (Smith, 1999). The steep trends of decreasing U and
As concentrations with increasing pH below pH 5 are due to sorp-
tion onto particulates, and the increasing abundance of particu-
lates; however, both U and As show increasing concentrations with
increasing pH above pH 5-6. For U, this results from desorption
caused by the formation of agueous uranyl carbonate complexes
(Wanty et a., 1998, 1999). For As, this results from both desorp-
tion and the lack of Fe particulates to sorb the As in near-neutral
waters with low dissolved oxygen.

As shown in detail by Plumlee et a. (1999), systematic varia-
tions in drainage composition can be linked to variations in geo-
logic characteristics within mineral deposits. Figure 3.17 shows
that the different mineralogic zones of the Central City-ldaho
Springs, Colorado, mining district (Fig. 3.9) are marked by char-

acteristic and fairly distinct ranges in metal concentration and pH.

Natural and mine waters draining deposits of the same type
and same geologic characteristics within a deposit type also have
fairly characteristic and predictable ranges in pH and metal con-
centrations. Figure 3.18 depicts the compositions of mine waters
(Summitville and Red Mountain Pass, Colorado; 3R mine,
Patagonia Mountains, Arizona) and natural waters (Mt.
Macintosh, B.C., Canada) draining quartz alunite epithermal
deposits. Mine waters draining the core acid-sulfate ateration
zones of these deposits al are highly acidic and metalliferous.
Waters draining the intermediate argillic and distal propylitic
alteration zones have progressively lower metal concentrations
and higher pH values, resulting from progressively greater acid-
neutralizing capacity.

In addition to the Al, Fe, Zn, and Cu found in most mine-
drainage waters, the waters draining the advanced-argillic alter-
ation zones of Summitville and other quartz-alunite epithermal
deposits also have quite high dissolved concentrations of a num-
ber of more exotic elements such as Cr, Co, Ni, Be, and rare-earth
elements (REE) (Fig. 3.19). It is likely that the elevated concen-
trations of these metals result from both release of trace metalsvia
sulfide oxidation, and the partia dissolution of the altered host
rocks. For example, Co, Ni, and Cr are unusually enriched in the
volcanic host rocks in the area (T. Steven, oral commun., 1992),
and so their elevated concentrations in mine waters most likely
result from acid-attack of wallrock minerals containing these ele-
ments.

Waters draining the unmined quartz-alunite epithermal deposit
at Mt. Macintosh, B.C., have similar ranges in pH and concentra-
tions of Al and Fe astheir mine-water counterparts, but have lower
concentrations of Cu, Zn, As, and other trace metals (Fig. 3.18).
Similar differences between natural water compositions and mine-
water compositions are present in other mineral-deposit types
where sulfides are not exposed at the ground surface. However, in
unmined deposits where sulfides have been exposed at the ground
surface by glaciation (i.e., SEDEX depositsin Alaska; Kelley and
Taylor, 1997) or by rapid physical erosion (i.e., the Alamosa River
stock, Colorado; Fig. 3.5€) the concentration ranges of Zn, Cu,
and other trace metals are nearly identical to those measured in
mine waters draining the same deposit types.

A plot of Cu concentrations in adit and seep outflows from
Summitville in the 11 years following inception of open-pit min-
ing (Fig. 3.20) illustrates both the rapidity with which acid-mine
waters can develop if sulfides are reactive, and the major effect
that dissolution of soluble salts can have on mine-drainage com-
positions. The soluble salts form in the historic underground mine
workings and rock fractures beneath the open pit during dry peri-
ods in mid-summer and fall, and then are flushed out by snowmelt
waters in late spring. In addition to Cu, the adit waters have very
high concentrations of Fe?* and many other metals, which mimic
the concentration variations shown by Cu. Soluble Cu-sulfates
and ferrous sulfates such as melanterite, and their contained trace
elements are the likely sources for these metals (Nordstrom and
Alpers, 1999). The dramatic increase in metal loadings from the
Reynolds adit, especially during spring snowmelt (flowsin excess
of 1,000 gallons per minute were common in late May and early
June of 1993), prompted the plugging of the adit as part of
Superfund site remediation. The Chandler adit (located some 800
m north of and 80 m higher than the Reynolds; Fig. 3.10) was also
plugged, but developed a substantial leak within 6 months of the
Reynolds plugging, as the waters backed up in the underground
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FIGURE 3.17—Ficklin plot showing the composition of mine waters
draining different mineralogic zones of the Central City-ldaho Springs
mining districts, Colorado (Fig. 3.9). Data from Plumlee et a. (1999) and
Wildeman et al. (1974).
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FIGURE 3.18—Ficklin plot showing the compositions of mine and nat-
ural waters draining quartz-alunite epithermal deposits. Datafrom Plumlee
et al. (1999). Figure modified from Plumlee et a. (1995c) and Plumlee et
al. (1999).

workings. The Chandler adit was re-plugged in 1995, resulting in
a substantial decrease in Cu loads leaving the site. However, the
pre-mining seeps (Fig. 3.10) reactivated by the adit plugging had,
as of 1995, higher Cu concentrations than the adit waters.

Simple loading and price calculations indicate that the gross
(pre-extraction) value of major metals leaving Summitville in
solution via Reynolds adit waters during 1993 peak spring flow

FIGURE 3.19—Concentrations of metals in waters draining acid sulfate
ateration zones of quartz-alunite epithermal deposits. Data from Plumlee
et a. (1999). Figure modified from Plumlee et a. (1995c).
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FIGURE 3.20—Plot of copper concentrations in adit and seep outflows
from the area beneath the Summitville open pit since the start of open-pit
mining in 1985. Figure modified from Plumlee et a. (1995b). The hollow
symbols show data collected by Golder and Associates for the mining
company, Summitville Consolidated Mining Co., Inc. (SCMCI on figure)
prior to the bankruptcy of the company in 1992.

was in excess of $20,000 U.S. per day (Fig. 3.21). At present, Cu
isthe only one of these metals that might have been economically
extractable from the Summitville mine waters; Cu-rich mine
waters have long been viewed as economic resources in many por-
phyry-Cu mines, which commonly extract the Cu with shredded
auto parts and other scrap steel. In the future, mine-waters drain-
ing geologically favorable mineral deposit types such as
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June 1993. The values were calculated using estimated metal prices for that general time period. Mine-drainage data from Plumlee et al. (1995b). Flow
value of 1000 gallons per minute was used to estimate total |oadings of metals per day carried by the waters.

Summitville may at some point (with appropriate advances in
metal extraction technology) be viewed as economic resources for
avariety of metals, rather than as environmental liabilities.
Mine-drainage data from polymetallic vein and replacement
deposits at Leadville, Gilman, and Silverton, Colorado, New
World, Montana, and Nabesna, Alaska, illustrate the range in
water compositions that can be produced by different deposit types
in a given district (Fig. 3.22). Waters draining igneous-hosted
polymetallic vein ores and skarn ores with low carbonate contents
produce the most acidic waters, resulting from the lack of acid-
neutralizing reactions with the igneous wallrocks and skarn calc-
silicate minerals. Sediment-hosted skarn, vein, and replacement
deposits can also produce mine waters with awide range in metal
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FIGURE 3.22—Ficklin plot comparing the concentrations of mine waters
draining different ore typesthat are found in polymetallic vein and replace-
ment deposits. Data are from Leadville, Gilman, and Bandora, Colorado
(polymetallic replacements); New World, Montana (Cu-skarn; Pioneer
Technical Services, 1994); Nabesna (Au skarn; Eppinger et a., 1997).
Data are listed in Appendix of Plumlee et al. (1999).

content and pH, depending upon the carbonate content of the sed-
iments, the extent to which the waters react with the carbonates,
and the pyrite content of the ores.

Climate and mining method controls on drainage
compositions

The data presented on Figures 3.16-3.22 also illustrate the
generally subordinate controls that climate and mining method
exert on natural and mine-drainage compositions. For example,
the data for pyrite-enargite-covellite ores in acid-sulfate atered
rock (Fig. 3.16) include compositions from Summitville and Red
Mountain Pass, Colorado (waters draining adits, mine waste piles,
and open pit pondsin wet, cool mountainous climates). Data from
the 3-R Mine, Arizona, located in a hot, semi-arid climate, are not
shown on Figure 3.16 (Plumlee et a., 1999), but fall within the
same range of pH and metal contents as those of Summitville and
Red Mountain Pass. Although the compositions of the 3-R waters
are similar to those of Summitville and Red Mountain Pass, their
effects on the surrounding surface water environment are not; they
flow for only a portion of the year, and when they do flow they do
not persist far downstream due to loss by evaporation and loss into
the vadose zone below the stream beds.

As discussed by Plumlee et al. (1999), waters draining mine
waste piles and tailings impoundments can be quite acidic and
metal-bearing in deposit types with large amounts of carbonate
minerals. Thislikely results from the large surface area of sulfides
exposed in the waste-rock piles and tailings impoundments, the
lack of reaction with acid-neutralizing carbonates that are armored
by secondary hydrous Fe- and Al-oxides, and the dissolution of
soluble sulfate salts from sulfide surfaces by rain and snowmelt
waters.

Mineral processing waters

There are avariety of mineral processing (beneficiation) meth-
ods that use water-based reagents to either physically concentrate
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ore minerals or chemically extract ore elements from the sur-
rounding gangue material. For a detailed discussion of the chemi-
cal reagents used in mineral beneficiation, the reader isreferred to
general textson the subject (e.g., Ripley et a., 1996). Although the
chemical compositions of mineral processing solutions are large-
ly controlled by the complex chemical reagent mixtures needed
for the specific beneficiation processes, the solutions can be mod-
ified chemically through reactions with the ore and gangue mate-
rias, and thus can be influenced by the mineralogy and trace-ele-
ment compositions of the ore being processed.

Froth flotation waters

Froth flotation processing of sulfide ores uses a variety of
soap-like organic chemicals with high surface tension that, when
frothed, create bubbles to which the milled sulfide particles
adhere. Other reagents such as cyanide may also be added to the
processing solutions to enhance the process. Although processing
solutions are recycled repeatedly, they eventualy end up in tail-
ings impoundments, where the reagents may be isolated by
impoundment reclamation, diluted by rainfall, concentrated by
evaporation, or gradually degraded by bacterial, photolytic, or
other geochemical processes. As the processing solutions react
with the ore and gangue minerals, they can pick up dissolved
heavy metals. In sulfide-rich tailings impoundments, the process-
ing solutions, which typically are maintained to relatively alkaline
pH during the beneficiation process, may be acidified by oxidation
of sulfides and dissolve heavy metals from the sulfides. Dueto the
organic chemical degradation and sulfide oxidation, tailings
impoundment waters can therefore eventually develop composi-
tionsthat are quite similar to those draining mine dumps and mine
workings of their deposit type (see above).

Cyanidation and cyanide heap-leach processing waters

Cyanidation milling and cyanide heap leach processing both
use cyanide solutions to chemically extract gold and (or) silver
(Smith and Mudder, 1999). Cyanidation solutions and heap leach
processing solutionstypically are maintained at pH values near 10
using lime in order to maximize CN" concentrations and gold
extraction efficiency. If the ores are very low sulfide or are com-
pletely oxidized (either naturally by pre-mining oxidation, or by
pre-cyanidation roasting), then the process waters are composed
primarily of free cyanide and gold- and silver-cyanide complexes,
and gold extraction efficiency is greatest. Concentrations of Fe,
Cu, and other metals are generally low because their oxides are
relatively insoluble in the alkaline processing waters.

If appreciable amounts of sulfides are present in the ores being
treated, then sulfide oxidation can reduce solution pH. It can also
produce elevated concentrations of thiosulfate (derived by reac-
tions of cyanide with intermediate oxidation-state sulfide species)
and cyanide complexes with a variety of other metals (such as
zinc, copper, cobalt, and nickel). In general, the concentrations of
these metalsin the processing solutions mimic their abundancesin
the ores. For example, heap leach processing of Cu-rich, sulfide-
bearing ores at Summitville, Colorado (Plumlee et a., 1995b),
produced processing waters with quite elevated thiocyanate and
copper concentrations (as high as several hundred ppm), and rela-
tively high concentrations of iron, cobalt, and nickel (severa
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ppm). Although iron sulfides are abundant in the Summitville
ores, Fe concentrations were typically limited to several ppm by
the precipitation of insoluble hydrous iron oxides or Fe (+Cu)
cyanides. In contrast to the Summitville heap leach solutions, a
solution produced during cyanide heap-leach testing of sphalerite-
bearing polymetallic vein ores from Central City, Colorado, had
severa hundred ppm Zn, Ag, and thiocyanate (G. Plumlee, unpub.
data). Experimental studies by Ficklin et al. (1995) showed that
alkaline heap leach solutions are effective at extracting As from
realgar, orpiment and other As-bearing minerals. Thus, heap leach
solutions from As-rich deposits (such as Carlin-type sediment-
hosted Au deposits) may contain up to several ppm As.

Heap-leach, solvent-extraction processing waters

In recent years, heap-leach processing and solvent-extraction/
electrowinning have been used to extract copper from both oxide
and sulfide ores. The ores are placed on a heap leach pad and treat-
ed with sulfuric acid, which dissolves metal sulfide, oxide, sulfate,
and carbonate minerals from the ores. The Cu is then extracted
from the processing waters using organic solvents, and the Cu
extracted from the solvents using electrowinning. Due to the use
of sulfuric acid, these processing waters develop compositions
that are lower in pH but similar in their contained metals to acid-
mine drainage. However, metal concentrations of the leach waters
are substantially higher than those of mine waters, due to the
repeated cycling of the processing waters through the heap leach.
For example the leach waters may contain very high to extreme
concentrations of Fe, Al, and sulfate (thousands of ppm), and Cu
and Zn (many hundreds to low thousands of ppm).

Processing waters and byproducts from some industrial
mineral deposits

Some industrial mineral deposits, such as phosphate deposits,
rare earth deposits, and titanium deposits, have significant envi-
ronmental considerations that result directly from mineral pro-
cessing. The processing liberates and concentrates potentially
deleterious trace elements contained in the ores as waste byprod-
ucts.

Rouse (1974) summarized the environmental issues related to
the mining and processing of the phosphate deposits in Florida
The deposits are chemical sediments composed largely of nodules
of apatite (a calcium phosphate mineral) that commonly contains
high concentrations of U, F, Cl, REE, and Cr as trace impurities.
The phosphate concentration process involves initial washing to
remove fine phosphate particles as slimes, followed by amine
flotation to remove silica sand particles. The phosphate concen-
trate is then ground and acidulated, where it is reacted with sulfu-
ric acid to produce either a mixture of superphosphate and gyp-
sum, or phosphoric acid and waste byproduct gypsum. The
byproduct gypsum is a substantial waste product that is stored in
large piles near the processing plants. Prior to the mid-1970s,
environmental considerations such as the release of fluorine into
the atmosphere from processing plants, disposal of highly acidic,
F- and P-rich waste waters, dust, and SO, emissions from sulfuric
acid plants were recognized and being largely remediated.
However, the issue of potential radiochemical releases was large-
ly not recognized until the 1970s (Rouse, 1974). Due to the high
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levels of U in the original ore, the radioactive decay of U and its
daughter products, primarily radium-226 and radon-222, in the
waste processing waters, slimes, and gypsum byproducts were
recognized to be of potentially significant environmental concern.
Asaresult, new environmental mitigation measures were needed,
such as better waste disposal procedures, and the prohibition of
the use of byproduct gypsum in the manufacture of wallboards.

Titanium processing uses sulfuric acid to dissolve resistate
minerals such as ilmenite and rutile. The processing also releases
a variety of trace metals into the sulfuric acid. For example,
Schuiling and van Gaans (1997) and van Gaans and Schuiling
(1997) measured compositions of acid-discharge waters from a
TiO, processing plant in the Ukraine, and found apH of 0.85and
extreme concentrations of Fe, Na S, and Cl (tens of thousands of
mg/l); Al, Ca, Ti, B, Si, Mn (hundreds of mg/l); Cu, Cr, Ce, V, Sr,
and Ni (tens of mg/l). Although these studies did not determine
concentrations of radionuclides such as U, Th, Ra, and Rn, it is
possible that they may also be present in elevated concentrations.
Placer sand deposits, the most common source of Ti ore, com-
monly contain other resistate minerals such as monazite,
columbite, zircon, and tantalite that are enriched in these radionu-
clides (see, for example, Eisenbud, 1987; Filippidis et a., 1997;
and references therein).

Effects of mine-drainage, natural-drainage, and
mineral-processing waters on
ground- and surface-water quality

The geochemical and biological effects of waters draining
unmined mineral deposits and, if released into the environment,
mine waters and mineral-processing waters, are a complex func-
tion of many interrelated factors. The composition and flow (vol-
umes) of a poor-quality water relative to those of ground or sur-
face-waters with which it mixes affects how rapidly and effec-
tively the chemica effects of the degraded water are mitigated
downstream. Other processes such as chemical precipitation (for-
mation of particulates), sorption, photochemical processes (i.e.,
photoreduction of iron), physical processes (physical settling or
resuspension of particulates), and biogeochemical processes (i.e.,
bacterially catalyzed reactions such as iron oxidation) also play
important roles in the downstream mitigation of degraded waters
(Nordstrom and Alpers, 1999; Smith, 1999).

As acid-rock drainage flows into a fresh stream, it is progres-
sively diluted by the stream waters. This dilution triggers an
increase in pH of the acid drainage, which leads to the precipita-
tion of orange hydrous ferric oxide colloids and particulates; the
precipitation of the iron particulates also results in part from the
gradual oxidation of ferrous iron in the acid waters by oxygen in
the oxygenated stream waters. Once the pH of the mixture rises
above 4.5-5, white aluminum colloids and particulates form. As
shown by Smith (1999), suspended Fe and Al particulates can
effectively sorb most trace elements (As, Pb, and most Cu) in the
manner and order discussed previously; Zn, Cd, Ni, and, to aless-
er extent, Cu, are not as effectively sorbed. Suspended particulates
settle as they reach low-velocity areas downstream, form coatings
on the rocks and sediment in the stream bed, and remove (at least
temporarily) their sorbed trace metals from the surface water sys-
tem. Particulate-rich bed sediments are relatively ineffective at
sorhing metals from the waters flowing over them, and are easily
eroded from the stream bottom during periods of high flow.
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Seasonal changes in water chemistry may lead to desorption of
trace metals from the uppermost bed sediments and resuspended
particulates. Process such as photoreduction of iron may also lead
to dissolution of some of the particulates.

The controls of watershed geology

Geology (with the modifying effects of climate) can play an
important role in controlling the downstream or down-gradient
effects of mine- or natural-drainage waters. The influence that
geologic characteristics of mineral deposits have on the composi-
tions of mine, natural-drainage, and mineral-processing waters has
been discussed previously. Similarly, the geologic characteristics
of therock unitsin awatershed around amineral deposit can influ-
ence the compositions of the ambient ground and surface waters
in the watershed, including their alkalinities, major-element con-
centrations, and trace-element concentrations. The compositions
of these ambient waters influence the downstream chemical and
biological effects of acid-mine drainage and mineral processing
waters. For example, as discussed previously, the higher the alka-
linity of a stream- or ground-water, the more effective agiven vol-
ume of the water is at reacting with and consuming the acid in
acid-mine waters. Hence, watersheds with carbonate-rich rocks
(such as limestones or dolomites), or reactive silicate rocks (for
example, ultramafic rocks such as dunites or serpentinites) gener-
aly produce surface waters with higher akalinities and acid
buffering capacities than watersheds with carbonate-poor, less-
reactive rocks such as many granites.

Therole of climate

Climate can substantially affect the acid-buffering capacities of
waters in a watershed. In drier climates, high evaporation rates
tend to increase the akalinities and acid-buffering capacities of
waters draining most rock types, including those with low carbon-
ate contents or reactivities (W. Miller, oral commun., 1996). Thus,
smaller volumes of akaline surface waters draining many rock
types in dry climates can mitigate the effects of acid drainage
waters as effectively as larger volumes of less akaline waters
draining similar rock typesin wetter climates.

A comparison of two water sheds affected by acid-rock
drainage

The effects of watershed geology on the downstream impacts
of acid-mine drainage can be seen by comparing two mineralized
watersheds in southwestern Colorado, the Animas and Alamosa
River basins (Fig. 3.23). Both watersheds originate in intermedi-
ate to felsic volcanic rocks of the San Juan volcanic field. Both are
characterized by extensive mineralization in their headwaters,
including quartz-alunite epithermal deposits (Summitville on the
Alamosa, and Red Mountain Pass on the Animas) that produce
highly acidic mine-drainage waters (Fig. 3.18) and polymetallic to
adularia-sericite epithermal vein deposits that produce, depending
upon the carbonate content of the veins and wallrock alteration,
variably acidic and metalliferous drainage waters. Both also have
their headwaters in high mountains with high precipitation (in
excess of 1 meter annually); both have high snowfall in winter and
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intermittent thundershowers and dry conditions in summer. Both
flow from the mountains into adjacent lowlands that are very dry,
with less than 10-20 cm total annual precipitation.

However, there are important geologic differences between the
watersheds. The Animas drains extensive areas of propyliticaly
altered volcanic rocks in its headwaters, and drains carbonate-rich
sedimentary rocks downstream from its headwaters. In contrast,
the Alamosa River drains severa large, predominantly unmined
areas of pyritic dteration that produce extensive natural acid
drainage; although propylitically atered rocks are present on the
fringes of the pyritically altered areas, they are relatively minor in
volume. The Alamosa River also drains volcanic rocks throughout
most of its length, and does not drain carbonate-rich sedimentary
rocks.

Asaresult of the differencesin their watershed geology, waters
in the Alamosa and Animas Rivers have very different chemical
compositions. Tributaries of the Animas River that drain the Red
Mountain Pass mineralized systems are quite acidic and metallif-
erous; however, once these waters mix with waters from numerous
other tributaries draining carbonate-bearing, propylitically altered
rocks, and the carbonate-rich sedimentary rocks downstream, the
pH of the Animas River rises to near-neutral levels, abundant Fe-,
Al-, and Mn-rich colloids and particulates form, and most metals
other than Zn and Cd sorb onto the particul ates.

The Alamosa River water is quite acidic and metalliferous in
its headwaters, due to largely natural acid rock drainage from the
pyritically atered areas (Kirkham et al., 1995). Creek names such
as Iron, Alum, Bitter attest to the naturally degraded water quality
in the headwaters of the Alamosa. Few tributaries drain unminer-
alized rocks, and those that do are generally of relatively low vol-
ume. Thus, Alamosa River has a relatively limited capability to
mitigate the effects of acid rock drainage. The tremendousincreas-
esin acid-rock drainage that resulted from recent open-pit mining
at Summitville thus flowed into a river that was aready quite
acidic during most times of year. Asaresult, especially during dry
periods when dilution from unaffected tributaries was minimal,
quite acidic waters can persist well downstream. For example, in
late summer, 1994 (when significant volumes of untreated acid
waters were |leaving the Summitville site), irrigation waters drawn
from the Alamosa River some 60-70 km downstream from
Summitville had pH values as low as 3.9 and dissolved Cu con-
centrations near 1 ppm (Fig. 3.24).

Possible downstream effects of cyanide heap leach solutions:
Summitville as an example

Accidental releases of cyanide heap-leach processing solutions
have occurred at several mine sites in recent years. The potential
downstream environmental effects of cyanide-bearing processing
solutions are influenced in part by the composition of the process-
ing solutions (i.e., whether the cyanide is present as free cyanide,
weak-acid dissociable cyanide complexes, or complexes that do
not dissociate readily in weak acids) (Smith and Mudder, 1999).
Geochemical and biogeochemical processes such as volatilization,
bacterial degradation, precipitation of insoluble cyanide solids,
and photolytic degradation influence how rapidly cyanide is
degraded once in the environment (Smith and Mudder, 1999). In
general, degradation is most rapid in systems open to the atmos-
phere, either in surface waters or in the vadose zone above the
water table. As with acid-mine drainage, the climate and geology
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of the watershed into which the heap solutions are released play an
important role in the downstream persistence and environmental
effects of the cyanide, most importantly by controlling the vol-
umes and compositions of the waters with which the heap leach
solutions interact. Summitville is an example of one extreme, in
which heap leach solutions interacted with highly acidic waters
affected by acid-mine drainage.

Summitville perhaps received more public attention for sever-
al accidental releases of cyanide heap leach processing solutions
from the site during mining than it did for its acid-rock drainage
problems. However, the exact number, magnitude, and sources
(heap leach pad versus the french drain beneath the pad) of
cyanide releases from Summitville are not well documented, nor
are their actual downstream effects on surface water quality.

In an attempt to interpret the possible fate of cyanide acciden-
tally released into the environment from Summitville, Plumlee et
al. (1995b) carried out laboratory experiments in which they
mixed samples of heap leach solutions from Summitville with
water collected from the Wightman Fork of the Alamosa River
(Fig. 3.25). The experiments were designed to simulate the chem-
ica evolution of the Wightman Fork waters after receiving an
influx of cyanide-bearing solutions from the heap leach impound-
ment. The mixing experiments were carried out in the sun (to take
into account photolytic cyanide degradation), and compressed air
was bubbled into the mixed solution to simulate the churning of
the Wightman Fork waters as they flowed over the ~8-km course
to the Alamosa River.

The experimental results suggest that, depending on the time of
year and the magnitude of the release, acidic waters from
Summitville may have helped degrade cyanide accidentally
released from the heap-leach impoundment. Further, the alkaline
heap leach solutions may have improved downstream water qual-
ity by neutralizing the acid Wightman Fork waters. The experi-
mental results indicate that acid in the Wightman Fork waters
broke down the Cu-cyanide complexes to form hydrogen cyanide,
which then volatilized and caused water pH to increase further. In
addition, ferric iron from the acid-mine drainage also likely com-
bined with the Cu-cyanide complexes to precipitate insoluble Cu-
Fe-cyanide solids. Copious orange (presumably hydrous ferric
oxide) and white (presumably aluminum hydroxysulfate) precipi-
tates also formed in the experiments, which hel ped to sorb Cu, Pb,
and other metals from solution. The relatively positive effects
indicated by these experiments may not have occurred, however,
if: the flow volumes of heap leach solutions released were sub-
stantially greater than the flow volumes of Wightman Fork water
at the times of release; if the releases occurred during winter when
ice cover over the Wightman Fork inhibited cyanide volatilization;
or if the cyanide releases were of acidic mixtures of heap leach
waters and acid drainage from the french drain system underneath
the heap leach pad.

In watersheds where acid drainage is not present, the likelihood
increases that cyanide accidentally released into the environment
will persist for appreciable distances downstream. The persistence
and environmental effects of the cyanide will depend on the rela
tive flow volumes of the released solutions versus those of the
local surface waters, the degree of turbulence in the local surface
waters, and the compositions of the local surface waters (a func-
tion of climate and watershed geology). Dilution of alkaline heap
leach solutions by near-neutral surface waters (in most temperate
climates) or acidic surface waters (in wet climates where decay of
organic matter generates humic acids) will eventually lead to



THE ENVIRONMENTAL GEOLOGY OF MINERAL DEPOSITS 105

.
S
| 1
g AR
A =
(} J
: y/ )
Silvetrton
v

Colorado

Animas
watershed
Alamosa
~. watershed

Rocks with high acid-generating
potential

Durango

Rocks with moderate acid-

kilometers generating potential

) o 6 ]
2l I N I
I-"."r‘" EERRNNRNE Rocks with little acid-
=| [ 0 10 enerating or acid-bufferin
’?’J : |:| g g g

miles potential

Rocks with moderate to high
acid-buffering potential

Altered rocks with moderate to
high acid-buffering potential

:':"1' asper Alamosa
«'.)\q. " River Terrace

Creeks Reservoir Mining district with high acid-
’ generating potential
@ Mining district with moderate to
Wightran high acid-generating potential
Summitville ™ Capulin

Alamosa @ Mining district with moderate to

River
Iron, Alum, Bitter low acid-generating potential

Creeks

Terrace
Reservoir

@ Mining district with moderate to
high acid-buffering potential

Capulin

FIGURE 3.23—Maps comparing the environmental geology and mining districts of the Animas (upper) and Alamosa (lower) watersheds, southwest
Colorado, that are affected by both natural acid rock drainage and mine drainage. The environmental geology of the watershed rock units is recompiled
from the Colorado state geologic map (Tweto, 1985; Green, 1992). Mining districts are from Plumlee et al. (1995d) and references therein.



106
800
(] . Terrace Main-H, Unfilt.
700+ O - O Terrace Main-H, Filt
July 27, 1994 B £ Viejo-H, Unfilt.
600 - ’ ) )
. O  ElViejo-H, Filt
>
g 500t 5
8 400l June 24, 1993
3
300
200 June 7, 1994
100 O
0 | | |
4.0 5.0 6.0 7.0 8.0
pH
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breakdown of weak cyanide complexes and cyanide volatilization
(see Smith and Mudder, 1999). However, metals complexed by the
cyanide may persist in solution if particulate matter is not present
to sorb the metals. As with the experiments conducted by Plumlee
et al. (1995h), the potential downstream effects of heap leach solu-
tions from a site may be evaluated experimentally by mixing sam-
ples of the heap leach solutions and local surface waters.

Soil and sediment compositions

The mineralogic and geochemical compositions of soils that
form on and stream sediments that are deposited downstream from
aweathering mineral deposit are the complex result of many inter-
acting geologic, geochemical, biological, and climatic processes.
The byproducts of human resource extraction activities (such as
mining and processing wastes, smelter emissions, etc.) add many
more layers of geologic and geochemical complexity to interpret.
However, there are a number of ways that geologic and geochem-
ical information can be used to interpret the relative contributions
to and environmental significance of multiple natural and anthro-
pogenic sources in the overall makeup of soil or stream-sediment
samples. Many examples are presented in the exploration geo-
chemistry literature (see Rose et al., 1979, and the Journal of
Geochemical Exploration, for example), and in the burgeoning lit-
erature on environmental geology (see, for example, the journals
Environmental Geology, and Environmental Geochemistry and
Health).
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Soil compositions

Soilsthat form by the weathering of underlying rocks mimicin
large part the original mineral ogic and geochemical makeup of the
rock, but also in part result from various aspects of the weathering
process that are controlled by non-geol ogic factors (such as topog-
raphy, rain and snowfall amounts, ambient temperature, vegeta-
tion types and amounts, etc.). Soils developed on unmineralized
rocks that are not enriched in any trace metals tend to have low
natural concentrations of metals of environmental concern (such
as Hg, As, Cu, Zn, Pb, etc.). In contrast, metal concentrations in
soils developed on trace-element-rich bedrocks or directly on
weathering mineral deposits can have extremely high concentra-
tions of many of the same elements enriched in the mineral
deposits. For example, Chaffee (1987) measured very high total
concentrations of Pb (as high as 10,000 ppm) and Zn (as high as
30,000 ppm), and moderate to high concentrations of Cu (up to
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500 ppm) and Sb (up to 400 ppm) in soils developed on mineral-
ized carbonate host rocks of the polymetallic Pb-Zn-Cu replace-
ment deposits, Eureka district, Nevada.

Stream sediment compositions

Stream sediments downstream from a weathering mineral
deposit typicaly contain a mixture of minerals, including: the
less easily weathered primary minerals of the deposit and host
rocks (i.e., quartz, some feldspars, clays, and resistates such as Fe-
and Fe-Ti-oxides, native Au, columbite, apatite, zircon, etc.); sec-
ondary minerals formed during the weathering process (clays,
hydroxides, insoluble metal carbonates or sulfates); and sec-
ondary minerals precipitated from the surface waters (Fe-, Al-
hydroxysulfates and hydrous oxides that contain sorbed metals).
In drainages where sulfides are exposed at the surface by glacia-
tion or high erosion rates, sulfides can comprise a significant por-
tion of the stream sediment package as well. Organic detritus can
also be present in trace to major amounts.

Natural concentrations of metals derived from a weathering
mineral deposit can be quite high in stream sediments close to the
deposit, but decrease with increasing distance downstream due to
dilution by sediments from other sources. For example, pre-min-
ing stream sediments downstream from polymetallic replacement
deposits at Leadville, Colorado contained thousands of ppm lead
in the form of secondary cerussite; in fact, the polymetallic nature
of the deposits at L eadville was discovered because a heavy min-
eral that was greatly decreasing placer gold recovery was identi-
fied as cerussite. In the last several decades, stream sediment geo-
chemistry surveys of unmined mineralized areas have been
responsible for the discovery of a number of economic ore
deposits.

Where mining and mineral processing activities have released
materia into the environment, still more complexities are added to
the bulk geochemical compositions of stream sediments. Physical
transport of solid materials from mine-waste dumps and mill-tail-
ings adds a variety of minerals originally present in the deposit;
these minerals add high concentrations of the metal s that, depend-
ing upon the mineral, may be released into solution or taken up by
plants and organisms. Secondary minerals (such as yellow- to
orange hydrous ferric oxides and iron hydroxysulfates, and white
auminum hydroxysulfates) precipitate through chemica reac-
tions such as dilution. These secondary particulates can settle out
in slow-flow portions of the stream and contribute significantly to
the composition of the stream sediments. Because they effective-
ly scavenge other metals and As (Nordstrom and Alpers, 1999;
Smith, 1999) these secondary precipitates can contribute signifi-
cant concentrations of these elements in a readily-liberated form
to the stream sediments.

A number of regiona stream sediment geochemistry surveys
were carried out as part of the United States National Uranium
Reconnaissance Evaluation (NURE) program in the mid 1970s.
Interpretations of the NURE data illustrate the combined effects
of naturally elevated metal concentrations in stream sediments
around mineralized areas and elevated metal concentrations in
stream sediments resulting from human activities such as mining,
mineral processing, smelting, and automobile use. In Colorado
(Fig. 3.26), elevated lead concentrations in stream sediments high-
light historic mining districts such as L eadville (which contributed
metal loadings to the stream sediments both naturally prior to
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mining and as aresult of mining), locations of smelters, and other
sources of lead such as particulate lead contributed by burning of
leaded gasoline prior to the 1970s (prevaent in metropolitan
areas). Areas with moderate lead concentrations in soils in some
cases result from weathering of lead from lead-rich rocks such as
granites.

The geoavailability of metals from soils and sediments

Surveys such as those depicted on Figure 3.26, which measure
total metal concentrations in stream sediments, do not give an
indication of how readily the metals may be taken up from the sed-
iments by waters, plants and animals (i.e., how geoavailable they
are; Smith and Huyck, 1999). However, geochemical surveys can
be carried out that measure not only total metal concentrations but
also concentrations released in each of a series of sequential chem-
ical extractions (see Crock et al., 1999). Such extractions subject
soil or sediment samples to sequentia leaches of increasingly
strong acids and other reagents, which dissolve increasingly resis-
tant, less readily-weathered mineral phases. Such leaches com-
monly dissolve metals tied up in (listed in genera order of
decreasing geoavailability) (a) water-soluble minerals (such as
soluble sulfate salts), (b) colloids, (c) poorly crystalline, fine-
grained hydrous Fe- and or Al oxide and hydroxysulfate particu-
lates, (d) carbonates, (€) sulfides and organics, (f) silicates, and (g)
resistate minerals such as ilmenite, rutile, zircon, columbite, and
others.

When coupled with detailed mineralogical studies of the sedi-
ments, these sequential extraction studies provide important
insightsinto how readily the metals contained in stream sediments
downstream from a mining district may be released into the envi-
ronment. For example, Church et a. (1997) demonstrated that a
significant component of the lead, zinc, copper, and arsenic in
stream sediments in the Animas River watershed, Colorado are
stored in readily available form, sorbed onto colloidal and more
crystalline but fine-grained particulates. When ingested by inver-
tebrates, the metals tied up in these particulates may be present in
concentrations high enough to be toxic (Church et al., 1997).

The geoavailability of metals from soils and stream sediments
also may be determined by directly measuring the amounts of met-
as taken up by waters, plants, or organisms that come in contact
with or ingest the sediments. For example, Dwyer et al. (1988)
studied metal uptake by longear sunfish living in a part of the Big
River near Deslodge, Missouri, which had large amounts of Pb-,
Zn- and Cd-rich mill tailings incorporated into its stream sedi-
ments as a result of accidental releases from a tailings impound-
ment. Dwyer et a. (1988) found elevated levels of Pb, Cd, and Zn
in blood and muscle tissues of the fish, as well as biochemical
indicators of the effects of these metals on the biologic activity of
the fish.

Techniques to discriminate natural from anthropogenic
contributions to metal concentrationsin soils and sediments

Itisgeneraly very difficult to discern the relative geochemical
contributions of multiple geologic and anthropogenic sources for
soil or stream sediment samples, based solely on the concentra-
tions of major and trace elements in the samples. However, avari-
ety of statistical and isotopic techniques have been devel oped that,
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when used in conjunction with surficial geology and geomorphol-
ogy studies, significantly improve the chances of successfully dif-
ferentiating relative contributions from multiple sources.

Multivariate statistical techniques such as factor anaysis (i.e.,
Johnston, 1980) have been developed that can discriminate, for a
sufficiently large population of samples, different suites of ele-
ments that are statistically associated. The analysis also estimates
therelative proportions of different element suites, or factors, con-
tained in a given sample of the population. The technique can be
used for samples collected regionally, or locally within a smaller
area such asamining district.

Tidball et al. (1995) measured the geochemical compositions
of soils, stream overbank sediments, and aeolian (windblown)
sediments collected from throughout the San Luis Valley,
Colorado, in order to examine the effects of acid-mine drainage
and materials eroded from Summitville on soils and stream sedi-
ments in the southwestern part of the valley near the Alamosa
River. They collected samples on a grid with spacing between
samples varying from 2-5 km, and from 0-30 cm depth in the soil
profile; they analyzed then analyzed these samples for 40 ele-
ments. Soil paste pH was also measured for each sample. The
results were then interpreted with the aid of factor analysis. Seven
factors, or geochemical associations of elements, were identified
(Table 3.9), and then scores for each factor at each sample site
were plotted and contoured on amap of the valley (see, for exam-
ple, Fig. 3.27). Factors 1, 2, and 5 were interpreted to result from
sediments derived primarily from volcanic or igneous rocks of
various origins. Samples with high scores for these factors occur
primarily on the margins of the valley, on or near aluvial fans

whose rivers drain areas underlain by these rock typesin the adja-
cent mountains. Factors 3 and 5 result from geochemical enrich-
ments caused by evaporation of shallow ground waters, and are
greatest in samples collected in the central parts of the valley
where evaporation rates are greatest. Factors 4 and 7 indicate high
contributions from mineralized areas. Samples with high factor 4
scores occur on or near aluvial material deposited by streams
draining Pb-Zn mining districts such as Creede and Bonanza to
the west of the valley. Factor 7 scores are greatest in soils collect-
ed on the Alamosa River fan and in the floodplain of the Alamosa
River, and therefore indicate a high contribution of elements from
Summitville (Tidball et a., 1995) and other mineralized areas in
the Alamosa River watershed.

In a soil geochemistry survey of the Eureka district, Nevada,
Chaffee (1987) used factor analysis to help identify soils in and
near the district that were not contaminated by heavy metals emit-
ted from local smelting. Samples with anomalously high levels of
avariety of heavy metals (Ag, As, Au, Mo, Hg, Pb, Cu, Zn, and
others) occur both in soils derived from weathering of the miner-
alized rocks and in soils near smelters. In contrast, Ba, Co, Mn,
and V are anomalous over mineralized areas but not near the
smelters; elements with high factor scores for this association
were therefore interpreted as having minimal smelter contamina-
tion. Factor analysis also identified two soil geochemical associa-
tions that Chaffee interpreted as being derived from two distinct
mineral-deposit types in the district, including the polymetallic-
replacement deposits from which the bulk of the district’s historic
production came, and sediment-hosted Au deposits previously
unidentified in the district. These results show that factor analysis
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TABLE 3.9—Compositions of element suites (or factors) determined by Tidball et a. (1995) using factor analysis for alarge set of soil, aeolian sedi-
ment, and stream overbank sediment samples collected from the San Luis Valley, Colorado. For each factor, the elements that make up the factor are
listed in decreasing order of dominance, based on the correlation between the factor scores and the concentrations of elements in the samples.

Interpreted origins for each factor are also shown (from Tidball et al., 1995).

Correlation coefficients

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 Factor 7
Nd, 0.953 Fe, 0.965 Mg, 0.917 Pb, 0.922 Cr, 0.895 Na, 0.882 As, 0.705
Ce, 0942 V, 0.922 Ca, 0.849 Zn, 0.858 Ni, 0.882 K, 0.651 Cu, 0.616
La, 0934 Ti, 0.892 Sr, 0.662 Co, 0.635
Nb, 0.827 Co, 0.870 S, 0.456 Sc, 0.632
Y, 0.822 Sc, 0.809
Th, 0.683 Ga, 0.631
Yb, 0.647
Rhyolitic, granitic Andesitic Alkaline Pb-Zn ores Basalt source Saline High-sulfidation
source source evaporative salts evaporative salts ~ mineralization

isnot only useful in amineral exploration context, but also can be
used to help establish pre-mining baseline geochemical conditions
in districts having significant historic mining and smelting
impacts.

A number of studies have successfully used radiogenic iso-
topes to help understand the sources and their relative contribu-
tions to the geochemical makeup of stream sediments or soils.
Lead isotopes have proven extremely useful in identifying multi-
ple sources of lead in mineralized watersheds, including different
mining districts and different rock units that each have distinctive
lead isotopic signatures (i.e., Church et a., 1993, 1997, 1999;
Ostlund et al., 1995). For example, the lead isotopic composition
of stream sediments upstream and downstream from the Penn
Mine, California (Church et a., 1999) clearly shows the signifi-
cant contribution of lead (as much as 71%) and other related met-
als from the Penn Mine ores relative to contributions of lead from
rocks upstream in the drainage basin.

Stratigraphic sampling of overbank or lake sediments, coupled
with 219Pp (Robbins, 1978), 137Cs (Ritchie and McHenry, 1984)
or other isotopic or geomorphic dating of the sediments, also pro-
vides an indication of variationsin metal concentrations in stream
sediments over time. If the sedimentary record is long enough,
such techniques may permit determination of pre-mining baseline
concentrations of metals in the sediments. For example, Horowitz
et a. (1996) examined the bed-sediment geochemistry of Terrace
Reservoir, located on the Alamosa River downstream from
Summitville (see the location of the reservoir on Fig. 3.27). They
found that the onset of enrichment of many metals (Cu, Pb, Zn,
Cd, As, Hg, Fe, and Al) in the reservoir sediments substantially
predates the open-pit mining at Summitville, and that the open-pit
mining may have marginaly increased the concentrations and
fluxes of some of these metals in the reservoir sediments.

M obility of metals from solid mine and
mineral-processing wastes

Metals may be liberated from solid mine wastes and mineral
processing wastes by weathering, sulfide oxidation, and dissolu-
tion of soluble secondary sats. In addition, animals or aquatic
organisms that directly ingest the solids may take up metals into
their systems. As discussed in the previous section on geologic

controls on mine-drainage compositions, the mineralogy of the
waste material plays an important role in controlling how readily
metals are liberated from the wastes into the environment. Waste
rock piles with large amounts of soluble secondary salts (which
therefore usually have high contents of reactive sulfides) will have
agreater likelihood of producing acidic, metalliferous waters dur-
ing storm or snowmelt events. Tailings solids, due to their fine
grain size resulting from crushing and grinding, are likely to be
more reactive than geologically similar waste rocks, and hence
are likely to have greater potential metal mobility than the mine
wastes.

There are a number of tests, including humidity cell tests
(White and Jeffers, 1994), column tests (Filipek et al., 1999), tank
tests (Logsdon and Basse, 1991), and leach tests (Montour, 1994),
that may be used to help estimate potential metal mobility in
aqueous form from solid mine and mineral processing wastes.

The extent of metal uptake directly by an organism that ingests
solid mine or processing waste particles also is a function of the
mineralogy of the wastes, coupled with the chemical conditions
inside the organism’s gastro-intestinal tract. Experiments have
been developed to simulate metal mobility in gastro-intestinal
tracts of some organisms such as rabbits (Davis et a., 1992).
Metal uptake by organisms can aso be evaluated by measuring
the concentrations of metals in organism tissues and blood (for
example, Dwyer et al., 1988).

Smelter slag and emissions

Sulfide ore smelting results in the formation of waste slag
(through the reaction of iron in the ores with silica flux), and
gaseous emissions containing both sulfur dioxide (an acid-gener-
ating gas) and particulates with high concentrations of the metals
contained in the ores. Although modern smelters have scrubbers
that remove much of the sulfur dioxide and metal-bearing partic-
ulates, emissions from past smelters lacking the scrubbers are a
significant environmental concern in the areas immediately
around and downwind from the smelters. Metal mobility from
slag, athough commonly low, may be potentially important at
some sites.

A number of mineralogical and geochemical studies of smelter
slag piles (e.g., Lasmanis et al., 1997) and of the soils and plants
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affected by particulate smelter emissions (e.g., Chaffee, 1980,
1987; Montour, 1994; Maskall et al., 1996; Karczewska, 1996)
have been conducted. These studies show that the slags and soils
are generaly enriched in many of the same metals that were pre-
sent in the ores being smelted, and that the metals can occur in
very high concentrations from several hundreds to several thou-
sands of ppm. The availability of the metals from slag isafunction
of the slag mineralogy, the degree to which more reactive miner-
as are encapsulated by less reactive phases, and the way in which
the dlag is cooled. The metal content of slag can be provided by
remnant sulfides of the metals contained in the ores (Montour,
1994), or by less reactive oxide minerals, silicate minerals, or glass
phases (Parsons et a., 1998). Slag poured on the ground surface to
cool generally has lower metal availability than slag frothed into

the air to cool (J. Drexler, oral commun., 1993). Metal availabili-
ty in soils affected by particulate smelter emissions is a function
of the clay, organic, and moisture contents of the soil (e.g.,
Karczewska, 1996), coupled with the mineralogical form and
geochemical properties (Smith and Huyck, 1999) of the metalsin
the emissions.

Plant compositions

A number of plant species can take up trace metals from waters
and from the soils in which they grow. A number of studies of
metal uptake by plants, as well as the application of plant chem-
istry asamineral prospecting technique, are summarized by Rose



THE ENVIRONMENTAL GEOLOGY OF MINERAL DEPOSITS

et al. (1979), other exploration geochemistry textbooks, journals
such as the Journal of Geochemical Exploration, and textbooks
such as Kabata-Pendias and Pendias (1984). Methods used to pre-
pare plants for chemical analysis and to analyze the metal con-
tents of plants are presented by Crock et al. (1999), and in the ref-
erences cited in the following discussion.

Many trace elements (such as Cu, Zn, Mn, Fe, and Mo; Rose
et a., 1979) are essential nutrients for plants. For example, Cu is
involved in a variety of photosynthetic, respiration, oxidation-
reduction, and other metabolic processes (Gupta, 1979). Zinc also
has a variety of plant physiological functions, and is commonly
associated with plant proteins and enzymes. However, excessive
abundances of many otherwise beneficial trace metals may have
an overall toxic effect upon a plant.

Trace metal uptake from a soil depends upon: the nutritive
requirements of the different plant species growing in a soil (dif-
ferent plant species take up metals in greatly different amounts);
the depth to which the plant roots penetrate (some plants may pen-
etrate soil and underlying bedrock to depths of many tens of feet);
the concentrations and geoavailabilities of the different trace ele-
ments in the soil or rocks in which the plant is growing; and the
geochemical conditions within the soil (pH, soil moisture, oxida-
tion state, organic matter content, etc.). Once taken up, trace ele-
ments may be stored in different concentrations in different parts
of aplant such as the leaves, twigs, roots, and bark of atree.

Many trace elements (such as Cu) are essential nutrients for
plant-eating animals. However, the concentrations of particular
trace elements in plants growing on mineralized rocks may reach
sufficiently elevated levels that the plants become toxic to the ani-
mals that consume them. For example, selenosis and molybdeno-
sis are two diseases in cattle that develop as a result of the cattle
eating Se-rich (selenosis) or Mo-rich, Cu-poor (molybdenosis)
forage.

The potential effects of acid-mine drainage from open-pit min-
ing at Summitville on the metal contents of San Luisvalley crops
irrigated with Alamosa River water were a substantial concern in
the years immediately following the mine closure. To address
these concerns, studies were carried out in 1993 to measure the
metal contents of SW San Luisvalley alfalfa(Erdmanetal., 1995,
1997), barley (Stout and Emerick, 1995), and wheat and potatoes
(Cardon et al., 1995). Crops irrigated with Alamosa River water
were found to have concentrations of various metals (such as Cu,
Ni, and Mn) that were statistically higher than those of SW San
Luisvalley cropsirrigated with near-neutral pH water from other
sources (see Fig. 3.28 for the study results for alfalfa). However,
the concentrations of these metals were also found to be well
within the ranges of metal concentrations measured in these crops
from throughout the United States. In the case of afafa (Fig.
3.28), the 1993 metal concentrations were well below levels con-
sidered toxic to cattle (Erdman et a., 1995). However, later sam-
pling carried out in 1994 and 1995 (Erdman et a., 1997) indicat-
ed that concentrations of Cu in the afafa were increasing and
beginning to approach potentially toxic levels for sheep, under-
scoring the need for environmental remediation at Summitville,
and continued crop monitoring.

Gough et al. (1995) measured the metal content of treeringsin
aspens and cottonwoods growing along the Alamosa River, to
chart the spatial and temporal variations in metal contents of the
river waters. Although the temporal trends (across ~30 years of
tree rings) and spatial trends proved inconclusive for most ele-
ments measured, Gough et a. (1995) concluded that the analyti-
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FIGURE 3.28—Plot comparing the Cu concentrations of afalfa from
fields irrigated with Alamosa River water (“Alamosa Fields") to those of
dfalfa from SW San Luis Valley fields irrigated with water from other
sources (“Control Fields’), and alfalfa from elsewhere in the United
States. Also shown is the dietary requirement for Cu in alfalfafed to cat-
tle, and the possible level of Cu in afafa that is toxic to cattle. Figure
modified from Erdman et al. (1995). References for other data sources
included on figure are also given in Erdman et al. (1995).

cal method used and the approach of dendrochemical trace ele-
ment measurements hold promise for tracking metal variations
over time, in spite of processes such as metal translocation across
tree rings that tend to blur temporal metal variations. Gough et al.
(1995) also list a number of useful references on trace metal
uptake by trees and dendrochemical analytical methods.

GEOLOGY-BASED GEOENVIRONMENTAL
MINERAL DEPOSIT MODELS

As shown by the discussion in the preceding sections, the same
geologic characteristics that allow economic geologiststo classify
or type mineral deposits also play key rolesin controlling the pre-
mining and mining-related environmental signatures of mineral
deposits. In the same way that economic geologists can develop
deposit models for diverse mineral-deposit types (Cox and Singer,
1986; Kirkham et al., 1993), geology-based geoenvironmental
models can also be developed for the same mineral deposit types
(Plumlee and Nash, 1995; du Bray, 1995) that interpret the
deposits’ environmental characteristics in a geologic context.

A preliminary compendium of descriptive geoenvironmental
deposit models developed by the U.S. Geological Survey is pre-
sented in du Bray (1995). The geoenvironmental models are based
on and extend the mineral deposit models originally included in
Cox and Singer (1986) and Bliss (1992). The working definition
of a geoenvironmental mineral deposit model given by Plumlee
and Nash (1995) in the introduction of the du Bray volumeis: “A
compilation of geologic, geochemical, geophysical, hydrologic,
and engineering information and data pertaining to the environ-
mental behavior of geologically similar mineral deposits (a) prior
to mining, and (b) resulting from mining, mineral processing, and
smelting.”
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For a given deposit type the geoenvironmental models includ-
ed in du Bray (1995) summarize:

e Pertinent environmental geology characteristics, such as sul-
fide mineralogy, textures, and resistance to weathering; gangue
mineralogy, textures, and resistance to weathering; wallrock
alteration; host rock lithology; minera zoning; trace element
contents of the deposit and its host rocks; structural, lithologic
controls on ground-water flow; and the nature and extent of
pre-mining oxidation.

e Pertinent information on potential past and present mining
methods (i.e., open-pit, underground, or block caving) and pro-
cessing methods (froth flotation and roasting or smelting; jig
concentration; mercury amalgamation; crushing, roasting, and
cyanidation; crushing and cyanide heap leaching).

e Asafunction of climate, empirical data (where available) on
environmental signatures from al mineralogic zones or ore
types, including: pre-mining baseline geochemical conditions
(compositions of seeps, soils, and stream sediments); composi-
tions of mine-drainage, tailings, or cyanide heap leach waters;
metal mobility from mine dumps, tailings, or smelter slag;
smelter signatures in soils; and environmental effects on the
surrounding ecosystem or watershed (which are a function of
geology and climate).

» Useful geophysical techniques to identify, delineate, and mon-
itor, environmental signatures associated with mined and
unmined mineral deposits.

e Geoscientific guidelines for potential remediation/mitigation
strategies.

Although the preliminary geoenvironmental mineral deposit
models originally presented in du Bray (1995) are still evolving in
concept and content (see Wanty et al., 1999 in press), they provide
a very useful way in which to interpret and summarize the envi-
ronmental signatures of mining and mineral deposits in a system-
atic geologic context. They cannot and should not be used to pre-
dict the absolute pH and metal concentrations that will develop
from a particular mine dump in a particular ore zone of a particu-
lar mineral-deposit type. The models also should not be used in
place of field characterization and study of mine sites. Rather, the
models are best used as a series of geologic guidelines about the
potential range of environmental signatures that may have been
present in adistrict prior to mining, that may exist inamining dis-
trict as a result of historic mining activity, or that may develop as
aresult of mining a particular deposit (and therefore need to be
accounted for in prevention and mitigation strategies).

The models underscore the utility of and need for the compila-
tion and interpretation of empirical environmental data in a geo-
logic context. An empirical study of mine waters draining diverse
mineral deposit types presented by Plumlee et a. (1999) in the
accompanying volume illustrates the utility of this empirical
approach. However, the geoenvironmental models of specific min-
eral deposit types as presented in du Bray (1995) or Plumlee et a.
(1999) do not provide on their own a complete estimation of
potential environmental impacts of amine site, mineral processing
site, or unmined mineralized area on its surrounding ecosystem or
watershed. These impacts are not only a function of the geology,
climate, and mining/processing methods used for the particular
deposit, but aso of the bedrock geology, climate, and other char-
acteristics of the surrounding watershed. An important next step in
the devel opment of geoenvironmental mineral-deposit models will
therefore be the shift to a watershed- or ecosystem-based focus,
where the deposits are considered not only in the context of their
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geology, but aso in the context of their surrounding watersheds
(Wanty et al., 1999).

SUMMARY

This paper has summarized many key geologic characteristics
of mineral depositsthat control their environmental signatures and
their effects on the surrounding environment, both prior to mining
and that may result from mining and mineral processing. Careful
attention to the environmental geology of mineral depositsis cru-
cial to all aspects of mineral-resource development, from grass-
roots exploration through mine development, closure, and reme-
diation:

e Establishment of pre-mining baseline conditions. It is more
cost-effective, technologically feasible, and realistic to reme-
diate mine sites to the background conditions that existed in a
mineralized area prior to mining, rather than to remediate to
conditions found in unmineralized areas. Geologicaly con-
strained baseline data are crucia to establish reasonable pre-
mining conditions for diverse deposit types in various cli-
mates. These baseline models can then be used to establish
analogues for pre-mining conditions in districts where historic
mining activities obscure pre-existing baseline conditions.

* Mineral exploration: Knowledge of the likely environmental
effects associated with development of particular deposit types
can be integrated into grass-roots exploration efforts. For
example, development of deposit types with high geologic
potential to generate very acidic mine drainage with extreme
metal contents will have the lowest environmental mitigation
expenses in arid climates, in deposits with extensive to com-
plete pre-mining oxidation, or in geologic terranes with abun-
dant carbonate rocks. Conversely, development of such acid-
generating deposits in wet climates may require such expen-
sive environmental mitigation measures as to either require
high ore grades or make development non-profitable.

e Mine planning and development: Improved predictive capa-
bilities provided by geologic knowledge enable mine planners
to better anticipate, plan for, and mitigate potential environ-
mental problems, rather than to try to treat (with much greater
technical difficulties and costs) the environmental problems
after they occur. Similarly, geologic characteristics of a partic-
ular deposit can be exploited to help mitigate potentia envi-
ronmental problems. For example, carbonate-bearing wallrock
ateration that is often present on the fringes of deposits, or car-
bonate sediments that occur in the proximity of some deposits,
may be useful in helping to mitigate acid drainage from sul-
fide-rich ore zones.

* Remediation: Accurate geological, geochemical, and hydro-
logic information (such as geologic controls on ground-water
flow and ore mineralogy) is needed by engineers to develop
the most effective remediation plans at mine sites. Many reme-
dia plans implemented in the past ignored or dangerously
oversimplified important geologic information. For example,
adit plugging has been used or is proposed to reduce acid
drainage from a number mine sites. Detailed geologic charac-
terization is crucial to identify the location of faults or other
hydrologic conduits that might reduce the effectiveness of adit
plugging as aremedial solutions.

« Abandoned mine lands issues: Although mineral resource ex-
traction has been carried out for several millennia, relatively
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little attention has been given until the last several decades to
minimizing the effects of such extraction on the environment.
As aresult, anumber of historic (meaning they were operated
prior to the last several decades) mining and mineral process-
ing sites that were abandoned once the profitable ores ran out
are now potential or ongoing sources of environmental conta-
mination. In the United States, land management agencies are
currently faced with the daunting task of identifying and prior-
itizing for remediation al abandoned mine sites on public
lands; although alarge magjority of these sites will not require
remediation, the total number of sites to be investigated and
prioritized for remediation is likely in excess of severa hun-
dred thousand. Geologic information provides land managers
with alow-cost screening technique to help identify, prioritize
for study, and remediate potentially hazardous mine sites on
public lands.

e Mineral depositsin a holistic context: In the future, as metal
extraction technol ogiesimprove (such as techniques to remove
metals from waters) mineral deposits may be treated in amore
holistic context. For example, acid-mine waters may be viewed
as economic resources rather than as environmental liabilities.
Techniques to extract metals in situ, or to extract environmen-
tally problematic metals from solid mine wastes or mineral
processing wastes may reduce the need for mining with phys-
ical extraction techniques, and may turn former wastes into
ores. Geologic characterization and mineral-environmental
deposit models will help identify mineral deposits or mineral
deposit types amenable to such a holistic treatment.

Quite simply, geologic knowledge is a fundamental and criti-
cal component of environmentaly friendly mineral-resource
development.
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Chapter 4

SOME FUNDAMENTALS OF AQUEOUS GEOCHEMISTRY

D. Kirk Nordstrom
U.S Geological Survey, 3215 Marine Street, Boulder, CO 80303-1066

INTRODUCTION

Aqueous geochemistry is the application of chemistry to reac-
tions between rock and natural water. Analytical chemistry, inor-
ganic and organic chemistry, and physical chemistry are used to
understand and interpret the dominant processes that effect a
redistribution of the elementsin man’s environment. Examples of
these processes are the dissolution and precipitation of minerals,
adsorption and desorption of ions, oxidation-reduction or redox
reactions, gas uptake or production, transformations involving
organic matter, complexation and chelation, evaporation, ion
exchange, and anthropogenic changes. In the field of agueous geo-
chemistry these processes are known to occur in avariety of envi-
ronments including rain, fog, snow, soils, bedrock wesathering,
streams, rivers, lakes, estuaries, ground waters, subsurface brines,
diagenetic environments, the formation and weathering of miner-
a deposits, and the global movement of elements and compounds.
Aqueous geochemistry is synonymous with low-temperature geo-
chemistry, where the approximate temperature and pressure limits
of 0-100°C and 1-500 bars commonly apply. The term environ-
mental geochemistry is often used to emphasize the environmen-
tal aspects of geochemistry. Another common term, hydrogeo-
chemistry, is usually applied to the aqueous geochemistry of
ground waters. These four terms all refer to the same basic subject
matter.

In physics and chemistry, great advances are made through the-
oretical research, experimental research, or optimally through a
blend of both. In agueous geochemistry, a third aspect plays an
essential role: field observations. By applying the best that theo-
retical chemistry and physics can offer to theinterpretation of field
observations aided by reliable experimental and analytical deter-
minations, the aqueous geochemist is at the crossroads of theory,
experiment and the natural environment. Geological phenomena
are of amuch greater complexity than the carefully controlled sys-
tems investigated in physics and chemistry, so that the geochemist
has had to expand his knowledge creatively beyond the tradition-
a boundaries of the physical sciences. The challenge of this type
of scientific research is not generally appreciated (Alvarez, 1990).
There are far more unknown and uncontrolled variablesin natural
systems than in the typical physicochemical investigation carried
out in the laboratory. The hydrological, microbiological, macrobi-
ological, and meteorological sciences are all necessary in addition
to geology and chemistry.

The same basic principles apply in aqueous geochemistry asin
other fields of science. These are (1) the conservation of mass, (2)
the conservation of energy, (3) the unidirectional nature of mass
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and energy flow, (4) the continuity of mass and energy flow, (5)
the constancy of radioactive decay, and (6) the evolutionary nature
of the earth and its organisms over time.

Conservation of mass is the basis for mass balance and mass
flow calculations on inputs and outputs at appropriate pointsin a
natural system. Conservation of energy permits the calculation of
energy balances and flows for specified processes. The unidirec-
tional redistribution of mass and energy principle provides the
basis for calculating that portion of the total energy available for
useful work and chemical reaction, that is, for calculating what
processes are energetically possible. The continuity principle
allows the integrated formulation of mass flow, energy flow, and
mass transfer. Radioactive decay constancy makes it possible to
assign absolute ages to substances, flow rates, and mass transfer
rates for natural processes. The evolutionary aspect of nature
allows the extrapolation of current observable processes either
backward or forward over long periods of time.

The experimental data used in aqueous geochemistry comes
from a great many sources. They include basic material properties
including thermodynamic, electrolyte, non-electrolyte, kinetic,
and related physical properties. More recently, there has been the
important addition of surface properties and the atomic and mole-
cular bonding properties of both bulk and surface through new
methods of spectroscopy and microscopy. Two major challenges
facing geochemical research are to apply these experimental data
to natural materials where impurities and heterogeneities are
abundant and to relate experimental data on a molecular-scale or
lab-scale to field-scale observations.

Field observations are often the starting point and the final goal
of agueous geochemical studies. Observations and interpretations
of geological structure, hydrogeological properties, mineraogy,
petrology, water chemistry, isotopic chemistry, gas chemistry, col-
loid chemistry, microbiological and macrobiologica characteris-
tics, and anthropogenic factors can provide valuable insights
about natural processes functioning over time and space.

Physical chemistry, traditionally taught since Ostwald's time
in the three fields of thermodynamics, kinetics, and quantum
mechanics (Servos, 1990), embodies the fundamental theory used
in aqueous geochemistry. Thermodynamics is the study of the
energetics of chemical transformationsthat allows oneto calculate
whether a particular reaction is possible or not for a given set of
conditions. Calculations of plausible or energetically feasible geo-
chemical reactions is the first step toward quantifying chemical
processes in the natural environment. The next step is knowledge
of the reaction rate, i.e. the identification of which of al possible
reactionsisthe slowest or the fastest. Kineticsisthe study of reac-
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tion rates and in aqueous geochemistry rates range from nanosec-
onds for aqueous hydrolysis reactions to many millions of years
for the evolution of deep brines in sedimentary basins or crys-
taline basements. Finally, quantum mechanics is the study of
bonding theory and how the electronic and nuclear structure of
atoms and molecules (along with statistical mechanics) can
describe the behavior of matter and radiant energy. Both thermo-
dynamic and kinetic properties are based ultimately on the nature
of chemical bonds and their rearrangement during reaction.

AQUEOUS GEOCHEMICAL THERMODYNAMICS

Thermodynamics is based on three fundamental laws: (1) the
law of conservation of energy, (2) the law of the natural redistrib-
ution of energy, and (3) the law of absolute entropy. The first law
recognizes that energy comesin many different forms but the total
energy of a defined system is constant and equal to the sum of its
parts in the energy balance equation:

AU=Q+W [1]

where AU is the net change in total energy, Q is the heat trans-
ferred into or out of the system, and W is work energy done by or
on the system. Only changes in energy are considered because we
don’t know the absolute amount. Other forms of energy that might
affect the energy budget are gravitational, electrochemical, and
electromagnetic radiation where chemical sedimentation, pyrite
oxidation, and photochemical reduction of iron, respectively, are
geochemical examples. The historical development of thermody-
namics focused on the relation between heat and work, especially
with regard to the performance of engines. Aqueous geochemistry
focuses on the heat exchanged during a geochemical process and
whether the energy change for a geochemical reaction, such as
pyrite oxidation, is favorable or not under a given set of condi-
tions. The differential form of equation [1]:

dU = 8Q + 8W [2]

points out that the internal energy is a function of the state of the
system, i.e. it depends only on the initial condition and the final
condition but not on how it got from one to the other. The differ-
ential, dU, isan exact differential whereasthe differentialsfor heat
and work, 8Q, dW, are inexact differentials and not state func-
tions, i.e. their value can change depending on what path was cho-
sen for them to go from initial to final state. The sum of two inex-
act differentials, however, can produce an exact differential as
shown in equation [2].

The second law of thermodynamics expresses the natural ten-
dency for all processes to be unidirectional. The first law only
states that energy is conserved during a process or reaction but the
second law saysthat energy isredistributed only in acertain direc-
tion such that a more likely state or condition is achieved. For
example, it is observed that heat flows from a higher to a lower
temperature, that water flows from a higher to a lower head, that
dissolved ions flow from a higher to a lower concentration and
that electrons flow from a higher to a lower electrical potential.
The state function that represents this natural redistribution of
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energy is called the entropy. It is calculated from the heat trans-
ferred during a reversible process divided by the absolute temper-
ature:

_5Q
dS=—7= [3]

Inanirreversible, or real, process, the heat flow is always less than
that for areversible process. Hence, for any process the most gen-
eral expression for the second law is the famous Clausius inequal -

ity:

ds> E’TQ [4]

The concept of entropy increase has often been equated with
the concept of increasing disorder and randomness. The classic
example is that of two gases mixing in an adiabatic container of
fixed volume. After they mix, thereis more “mixed-upness’ of the
gases than before. However, there are just as many examples of an
increase in order for a spontaneous process. For example, a super-
cooled liquid freezes to amore ordered state spontaneously, a mix-
ture of hydrogen and argon separated from a vacuum by a palladi-
um membrane permeable only to hydrogen will “unmix” with an
increase in entropy, the evolution of the earth and its organisms
could be described as progressing from disordered atoms, mole-
cules and random molecular assemblages to more ordered and
complex entities, disorder in molecular arrangements usually
increase with temperature yet water is more dense and ordered at
4°C than at 0°C. Consequently, it is incorrect to give meaning to
entropy by equating it only with disorder or randomness
(McGlashan, 1979). Entropy, as a macroscopic property, is simply
a state variable that is measurable, always increases for any real
process, always reflects the loss of useful work for areal process,
and has meaning in that it represents a natural tendency to redis-
tribute energy. As a microscopic property it can refer to the distri-
bution of energy states or “the number of accessible eigenstates”
(McGlashan, 1979).

Substituting the work term PdV for the inexact differentia in
equation [2] and substituting the heat term TdS from equations [3]
and [4] into equation [2] resultsin the fundamental Gibbs equation
that combines the first and second laws of thermodynamics:

dU < TdS- Pdv [5]

for either reversible (equality) or irreversible (inequality) changes
in a closed system. This equation contains all of the primary ther-
modynamic variables (U, S, P, V, and T) necessary to describe the
state of a system. All other variables are derived from these.

The heat term in equation [1] is not a state function. J.W. Gibbs
(1876-78) defined the enthalpy or heat content, H, to be a state
function by making it equal to the internal energy plus PV work.
The total derivative of H becomes

dH = TdS + VdP 6]

when equation [5] is substituted.
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The heat capacity is the differential change in the heat with
respect to temperature

_dQ
C=ar (7]

The heat capacity at constant pressure is defined as the partial
derivative of the enthalpy with respect to temperature

- | oH
(3],

The heat capacity alows the calculation of the temperature
dependence for all of the other thermodynamic functions. The
enthalpy or heat content of a phase can be calculated at some tem-
perature, T,, by integrating the heat capacity from a reference
temperature, T,

T

- 9
Hy —HT+J2CPdT [l
2 1
L

In a similar manner the temperature dependence of the entropy
can be derived. Since

dQ
ds=—% [10]
then
T
CpdT C [11]
ds= £ = +J2—PdT
T adS, = Sy T
1

Gibbs defined one of the most useful state functions, G, by means
of a Legendre transform which subtracted the TS term from the
enthalpy

G=U+PV-TS=H-TS [12]

When the derivative of equation [12] is made and equation [5]
is substituted, the result is the differential of the Gibbs free ener-
gy in terms of pressure and temperature

dG = -SdT + VdP [13]

Equation [13] can be combined with the total derivative of
equation [12] at constant pressure to obtain the derivative of the
Gibbs free energy as a function of enthalpy and entropy

dG = dH - TdS [14]
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Enthalpies and entropies of substances can easily be found in
tables of thermodynamic data to calculate free energies of geo-
chemical reactions.

Gibbs also showed the change in free energy with the number
of moles of a substance (the partial molar Gibbs free energy) isthe
driving force for chemica reaction, known as the chemica
potential

(5],

where n; is the number of moles of the ith component or species
and n. isthe number of moles of all components or speciesfor i #
j- When dG is zero, there is no tendency for chemical reaction and
we have a mathematical criterion for equilibrium.

By considering the effect of pressure on the chemical potential
for a pure, ideal gas and with the aid of concepts introduced by
G.N. Lewis, the chemical potential can be related to a much more
practical quantity, the activity, a,

= K0+ RTIng [16]

where the standard state to which these quantities are referenced
is given by the superscript zero.

The activity is an important concept that describes the “reac-
tive” or “effective” concentration of a component or speciesin a
phase. For example, acid mine waters usually have high concen-
trations of aluminum. A sample of acid mine water from Iron
Mountain mine in California has an aluminum moldity of 9.1
millimolal whereas the free aluminum ion is only 1.6 millimolal,
or 17.4% of the total, because of complexing of the auminum
with sulfateions. The activity of free aluminum, however, isonly
0.1 on the millimolality scale (activity is dimensionless), or 1.1%
of the total.

Another exampleis pH. The measurement of pH gives avalue
less than the total hydrogen ion concentration in an aqueous solu-
tion and the definition of pH is the negative logarithm of the
hydrogen ion “activity.” This activity is analogous to a concentra-
tion that has been corrected for non-ideal behavior

g =7m (17)

where v, is the activity coefficient (correction factor). The activi-
ty and activity coefficient terms will be discussed again |ater.

Equation [16] can be written for every species participating in
achemical reaction

Tv, i = v, W + Zv,RTIng [18]

By definition, equation [15], AG = Xv; |, = 0 at equilibrium and
equation [18] becomes the equilibrium constant for a reaction

AG. = Zv, u0 = -RTInK [19]
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Another important concept commonly used in geochemical
thermodynamics is electrochemical potential. The electrochemi-
cal energy is atype of free energy defined by AG = -nFE, where
F is the Faraday constant and E is the electrochemical potential.
Combining this equation with equations [18] and [19] results in
the Nernst equation

E=EC- % InMTa [20]

For example, the electrochemical potential relative to the standard
hydrogen electrode, E,, for the redox reaction

Fe3* + e = Fe? [21]

E = 0.770 - 0.0592l0g gigj

[22]

SPECIATION, ACTIVITY COEFFICIENT MODELS,
AND MINERAL SATURATION

Aqueous speciation refers to the equilibrium distribution of
agueous species between free ions such as Ca2*, Mg?*, and Al3*,
and ion pairs, complexes, and neutral species such as CaSOO,
MgOH?*, and AISOj;. The type and degree of speciation in natural
watersis necessary for many purposesincluding the interpretation
of toxicity, bioavailability, mineral solubilities, sorption reactions,
redox reactions, gas reactions, and rate mechanisms. The calcula
tion of speciation requires a chemical model and the details of the
chemical modeling of mine wastes can be found in Alpers and
Nordstrom (1999). In this section we will focus on how activity
coefficients and saturation indices are calculated.

Equation [17] expressesthe activity as simply the molality cor-
rected for non-ideality by multiplying it by an activity coefficient.
The activity coefficient is a single term that has to account for a
multitude of solute-solute and solute-solvent interactions that are
difficult to define and model. Two approaches to modeling activ-
ity coefficients are in general use: the ion-association theory (1A)
and the specific-ion interaction (SI) theory of Pitzer (1991, 1995).

The 1A theory explicitly defines electrostatic interactions
between ions of opposite charge by equilibrium constants for ion
pair or complex formation. For example, in acid mine waters a
large percentage of divalent and trivalent metal cations (Al'!,
Fell, F!!, Ccull, Zn'!, etc.) will be attracted to SOZ- ions to form
ion pairs such as AISOj,. If the thermodynamic stability constants
for the formation of these ion pairs are known then they can be
entered into a numerical agorithm to solve simultaneously the
speciation among several competing ions. Water analyses can be
used an input data along with the thermodynamic properties of
ion-pair formation (equilibrium constants or free energies,
enthalpies, entropies, and heat capacities) to solve mass balance
equations for every component. More details on solving simulta-
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neous mass-action and mass-balance expressions can be found in
Alpers and Nordstrom (1999). The activity coefficients are usual-
ly some form of Debye-Hiickel equation. The extended Debye-
Huckel equation

AZPLT

' 1+By+l

(23]

workswell for dilute solutions. A significant improvement is made
with the addition of alinear term

5 —
-AZ

—1 =+l [24]
1+Bg=+|

Io<_:n(i =

where A and B are Debye-Hiickel solvent parameters (functions of
the temperature and the density and dielectric constant of water),
z; isthe charge of theith ion, and 4 and b, are fitting parameters.
The ionic strength, 1, is the total ionic concentration of charged
speciesin solution

=13xmz? [25]

Equation [24], when used in conjunction with simultaneous solu-
tion of mass-action and mass-balance equations, can often provide
satisfactory results for speciation up to the ionic strength of sea-
water (0.7 molal). It isnot reliable at ionic strengths of 1 molal and
higher.

The Sl, or Pitzer, approach incorporates the weak electrostatic
interactions into the activity coefficient expression using a semi-
empirical equation based on the virial expansion (Pitzer, 1995).
The Pitzer method permits activity calculations to very high ionic
strengths (in some cases up to 15-20 molal) but the range of com-
ponents is more limited than with the IA method. Since most acid
mine waters fall in the range of ionic strength less than seawater,
often require redox calculations not available by the Pitzer
method, and require trace element data, the |A method is prefer-
able. The most successful approach arises with “hybrid” models
that combine the best features of both methods. An excellent
example of ahybrid model was reported by Millero and Schreiber
(1982) in which the relevant stability constants for ions in seawa-
ter and estuarine waters were combined with modified Pitzer
equations to calculate speciation.

Once speciation and activities of agueous ions have been cal-
culated then a saturation index calculation can be made. The satu-
ration index is defined as the logarithm of the degree of saturation,
Q, which is the ratio of the ion activity product (IAP) to the solu-
bility product constant. For example, the equilibrium solubility of
gibbsite

AI(OH), = AI3* + 30H" [26]
is represented by the equilibrium-constant expression
3
K= s o) [27]

&Y Syibbsite
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where the activity of gibbsite is unity when assumed to be in its
standard state of pure phase at 25°C and 1 bar pressure. The IAP
is the numerator in equation [27] and at solubility equilibrium is
equal to the Ker The degree of saturation is unity at the equilibri-
um solubility and the saturation index

Sl =1ogQ = log ['é—P] [28]
p

will be zero.
Three possible results may arise when computing the S for a
natural water

SI >0 indicates supersaturation
Sl =0 indicates saturation [29]
Sl <0 indicates undersaturation

with respect to a given mineral. These results describe the ten-
dency of awater sample to be saturated or not based on the model
assumptions and the reliability of the reported water analysis. Itis
an interpreted signature of the water sample, not a conclusion
regarding actual processes without further information. For exam-
ple, equilibrium solubility may not be assumed even if the SI = 0
when mineralogical examination shows the mineral doesn’t exist
at a particular site.

A difficulty with Sl values arises when attempting to define
how close to zero is close enough to say the water appears to be
in equilibrium with respect to agiven mineral. A certain margin of
error must be allowed to account for errors in the water analysis
and errors in the thermodynamic data. An example of an uncer-
tainty analysis demonstrating the propagation of errors from both
the water analyses and the thermodynamic data on calculated Sl
values has been reported by Nordstrom and Ball (1989). The con-
clusion they reached was that for some common minerals such as
calcite, fluorite, barite, gibbsite, and ferrihydrite, the Sl values
tend to be affected most by uncertainties in the water analyses.

Yet another difficulty arises when trying to compare saturation
indices for minerals of different stoichiometries. A mineral such
as jarosite, KFe;(SO,),(OH),, will have activities in the 1AP
raised to the 6th power for hydroxide ion and to the 3rd power for
ferric ion, whereas the AP for ferric hydroxide has an activity of
ferric ion raised to the 1st power and hydroxide raised to the 3rd
power. The stoichiometric coefficients will magnify any errorsin
computed |AP values when they are larger. The solution to this
problem is to normalize to the total stoichiometry as pointed out
by Zhang and Nancollas (1990). The total stoichiometric coeffi-
cient, v, isthe total number of ions in the formula unit

V=V, +tV_ [30]

The saturation ratio, S, is the normalized degree of saturation

1
IAP) v
S= 31

and the normalized saturation index becomes
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_S_1 IAP
logS = vy log [K ] [32]

Hence, a uniform approach for defining reasonable uncertainties
around sets of saturation indices for different minerals should be
possible with the normalized Sl.

These fundamental concepts and relationships of geochemical
thermodynamics are the foundation upon which quantitative inter-
pretations of geochemical processes are built. Many more thermo-
dynamic expressions can be derived from these and the interested
reader is encouraged to seek out textbooks such as Atkins (1978),
Crerar and Anderson (1993), Laidler and Meiser (1982),
Nordstrom and Munoz (1994), and Pitzer (1995).

AQUEOUS GEOCHEMICAL KINETICS

The subject of thermodynamics can tell us a great deal about
which reactions are possible and which ones aren’t when applied
to aqueous geochemical processes. It cannot tell us, however,
which of many possible reactions are likely based on their rates.
The rate of reactions is the subject of chemical kinetics, the study
of the rates and mechanisms of molecular reactions. In aqueous
geochemistry, molecular reactions are important but so are
macroscale processes occurring in a ground-water system or a
watershed where thousands of competing reactions have rates that
should be known over a large range of conditions. Consequently,
simplifications are necessary to interpret field data and the same
approach used to interpret single reactions on the molecular scale
might not be appropriate on the scale of afield site.

The scale problem might be termed the first principle of geo-
chemical kinetics: the size, complexity, and time frame of a sys-
tem will dictate the approach used. For example, if microbial
growth kinetics is the dominant rate control on some aspect of the
water chemistry then the rate equations not only will look differ-
ent from those for inorganic reactions, but rates will then vary with
climate, available nutrients, and biological competition. This prin-
cipleissimilar to the problem in applying thermodynamics to nat-
ura systems, i.e., the investigator is responsible for defining the
boundaries and assumptions of the system to be studied.

The next important aspect of geochemical kinetics is the rela-
tionship between water flow rates and geochemical reaction rates.
The hydrodynamics of the system can affect reaction rates. The
relationship between flow rates and reaction rates also depends on
whether the geochemical reaction is dominated by diffusion or
surface reactions (Berner, 1978). Temporal variations in hydrolo-
gy due to climatic changes have to be factored in for watershed or
drainage basin scale studies. Mobility of agueous contaminants
can vary greatly with seasonal, diel, and storm events (Alpers et
al., 1992; McKnight and Bencala, 1988; Nordstrom, 1985).

Microbiological processes may have a catalytic effect on some
reactions, changing their rates by orders of magnitude. A classic
example is the increase in the oxidation rate of agueous ferrous
iron by 5 to 6 orders of magnitude in the presence of iron-oxidiz-
ing bacteria (Nordstrom, 1985).

Photochemical reactions have been identified in acid mine
waters and the discovery of the photoreduction of iron has
changed our understanding of the rates and mechanisms of
processes involving iron (McKnight et al., 1988).

The effect of organics on rates and mechanisms is also an
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important topic. Organics can have a maor influence on the
mobility or immobility of metals by complexing metals and by
promoting redox reactions.

Additional reviews of geochemical kinetics can be found in
Lasaga (1984), Lasagaet al. (1994), Stumm (1990), and White and
Brantley (1995).

Elementary reaction kinetics

The basic concepts and expressions used in chemical kinetics
are presented here as a basis for discussing reaction rates in geo-
chemical systems. The presentation is condensed and simplified to
fit the scope of this volume but complete enough to give the read-
€r a proper overview.

The rate of reaction is defined as

_d _ dn

VTV T Vv [33]

where a differential change in the progress variable is defined as

dn,
C==

(34]

if the volume is held constant then dn,/V can be replaced by the
concentration change dc; and the reaction rate is

_ g
V= [35]
which is to be distinguished from the rate of consumption or for-
mation of the ith species, v;,

v = [36]

The order of a reaction is an empirically-derived power to
which areacting speciesisraised in the rate equation. If therateis
proportional to the first power of the concentration of A then,

v, = K[A] [37]

or, in general,

v = k[A]" [38]

where n isthe order of the reaction. For example, for the rate oxi-
dation of ferrousiron by dissolved oxygen, Stumm and Lee (1961)
found

d[Fe?!]
i [39]

= K[| [OHT7[R, ]

This oxidation rate is first order in ferrous iron, second order in
hydroxide, first order in oxygen, and fourth order overall. Rates
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can be zero order, first order, second order, or fractional order, but
rarely more than second order.

Assuming constant volume conditions, a relation exists
between the free energy of areaction and its rate

(255)

d
D:%:ks(l-e RT ) [40]

where k is the rate constant and s is the reactive surface area
(Lasaga, 1981; Aagaard and Helgeson, 1982). This form of the
reaction rate can be derived either from transition state theory or
from first principles of thermodynamics and kinetics (or fromirre-
versible thermodynamic theory). These type of expressions are
used to model and interpret water-rock interactions.

The temperature dependence of the rate constant is expressed
by the Arrhenius equation

E
k = Ae-ﬁ [41]

From a careful analysis of reaction rates and a determination
of the order, an attempt can be made to determine the moleculari-
ty and the reaction mechanism. At the scale of a mine site, water-
shed, or ground water, however, these concepts become highly
questionable. For example, the oxidation of ferrous iron in acid
mine waters is governed by the growth rate and concentration of
iron-oxidizing bacteria. Their growth rate is determined by nutri-
ent availability and climatic variations. The quantitative expres-
sion of their growth rate is based on the Michaelis-Menten equa-
tion for enzyme catalysis which exhibits both zero order and first
order properties. Michaelis-Menten kinetics does not imply that
anything is known about the mechanism. Consequently, we must
discuss the relative mass flow rate of different constituents
through a given drainage system.

Consideration of mass attenuation rates (where the mass flow
rate may be quite different from the water flow rate) gives us
empirical field rates which we can then attempt to interpret in
terms of known chemical, biological, and physical processes and
their rates. For example, the calculation of arsenic, copper, and
zinc attenuation rates were calculated at the Leviathan mine
drainage system (Webster, et al., 1994).

Rate constants only apply to elementary reactions. When sev-
eral elementary reactions are involved which may be coupled in
unknown ways, then it should be referred to as a composite reac-
tion and the proportionality constant is known as a rate coeffi-
cient. For hydrogeochemical processes where climatic factors,
biological factors, and hydrogeologic factors are as important as
chemical factors, rate should be described in terms of generalized
fluxes or flows for specified regions of time and space.
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Chapter 5

THE ROLE OF BACTERIA IN ENVIRONMENTAL GEOCHEMISTRY

A.L. Mills
Department of Environmental Sciences, University of Virginia,
Clark Hall, Charlottesville, VA 22903

INTRODUCTION

Many of the geochemical processes occurring at earth-surface
temperature and pressure are influenced by microorganisms, par-
ticularly the bacteria. Like any other living entity, the bacteria as
an aggregate have a single goal, to reproduce and perpetuate their
life-form. To accomplish this goal the bacteria must utilize energy
and materials that can only be obtained from their surrounding
environment. As the process of growth and reproduction occurs, a
variety of changes occur in the environment in which the microbe
lives. The chemica makeup of waters inhabited by bacteria is
altered, and any equilibrium reactions taking place in that water or
between that water and associated solid phases may cause a shift
in the chemical composition of agueous- or solid-phase materials.
Some material's, such as oxygen, may simply be consumed by the
microbes. The resultant anoxic conditions may induce concomi-
tant changes in some redox-sensitive species of elements such as
sulfur. Bacterial utilization or production of oxidized or reduced
chemical species may cause further large shiftsin the redox status
of the local environment. Production of acidogenic or proton-con-
sumptive species can cause radical shiftsin pH in either direction,
depending on the organism, the starting material, and the products
formed. Indeed, the current state of the earth’s surface conditions
is duein large part to the action of microorganisms on the chemi-
cals found in the environment. Photosynthetic organisms (includ-
ing the cyanobacteria, which are often referred to as blue-green
algae) created the oxidizing atmosphere. Many important geo-
chemical reactions occur against thermodynamic predictions,
while others occur at rates that would be considered impossible if
only the abiotic reactions operated.

The importance of the microbes (in the context of all of thelife
on the planet) in shaping the condition of the surface environment
was summarized by Krumbein and Dyer (1985):

“I)Transfer of the rocks and minerals of the lithosphere through
time and space is considerably speeded up and directed by bio-
logical processes on al scales....

2) Biological transfer of parts of objects of art and technology
made of minerals, glasses and metalsis considerable and by far
exceeds the speed of inorganic transfer processes.

3) Thetransfer activity of the biosphere includes enrichments for
practically al elements, purposeful arrangement according to
the requirements of the biota, and rate limiting controls.

4) The abiotic transfer of rocks and minerals in a geomorpholog-
ical senseis negligible under the thermodynamic conditions of
earth.

5) Biotic and abiotic states of matter are in homeorhesis.”

To understand how the microorganisms play such adominating
role in geochemical processes, it is necessary to look both at what
the organisms do geochemically and how and why they doit. This
chapter will examine the most fundamental processes of microbial
growth and reproduction, and it will link those fundamental
processes with the geochemical changes that are often observed to
occur in the presence of microbes. It is not the purpose of this pre-
sentation to provide an exhaustive discussion; indeed, that would
(and has) filled several volumes. Rather it is more appropriate to
leave the reader with the firm conclusion that many of the geo-
chemical reactions associated with the formation of some and the
weathering of all ore deposits are microbiologically mediated, and
that any complete study of geochemistry therefore should pay
attention to the biotic components of the system being examined.

Microbes interactions with the geochemical environment occur
in a variety of ways, including utilization of geochemically reac-
tive species, production of geochemically reactive species, and
alteration of the geochemical environment. Individual compounds
may be altered due to direct action by microbialy produced
enzymes, or by the consumption or production of molecules that
react with the geochemical species of interest. Alternatively,
microbial action may cause a change in the geochemical environ-
ment that |eads to alteration of geochemically important speciesin
the particular system of interest.

THE ABUNDANCE AND DISTRIBUTION OF
MICROORGANISMS

Although the microbiologist often has great difficulty in keep-
ing contaminating organisms out of laboratory cultures, it was
commonly assumed for a long period of time that some areas of
the Earth’'s surface are sterile. In the past 1020 years, that com-
mon knowledge has been demonstrated to be inaccurate. Active
bacteria have been found at very high hydrostatic pressures (600 to
1,000 atmospheres) in the deep ocean. Other active bacteria have
been found to exist at high temperatures (up to 350°C) in combi-
nation with elevated pressures (about 600 atm), such as the condi-
tions found in the geothermal rift ventsin the ocean floor (Baross
and Deming, 1983). Even more recently, abundant, diverse, and
active communities of bacteria have been found in old sedimenta-
ry deposits at depths approaching a kilometer (Balkwill, 1989).
The presence of these diverse communities seems to disprove the
hypothesis that microbial life is generally (but not universally)
limited to the top few meters of soil (e.g., Alexander, 1976).

Given the small size of bacteria (0.5 um to about 5 um), one
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could legitimately ask the question of how they manage to be so
important in the environment. The answer is quite smple: the
bacteria are extraordinarily numerous, and they metabolize and
reproduce very rapidly. Typical concentrations of bacteriain sev-
era habitat typesare givenin Table 5.1. Asameans of illustration,
let us assume that a person istaking abath in “typical” lake water.
If the concentration of bacterial cellsis 1 x 10° and the bath con-
tains 30 galons (117 liters) of water, the bather shares the bath
with 1.17 x 10 other living beings! Further, given the typical
numbers of bacteria, fungi, etc., recovered from surface agricul-
tural soils, the mass of the microorganismsin an acre-furrow-slice
(approximately the top 6 inches of soil covering an acre—esti-
mated to weigh about 2 million pounds) is about 3,000 pounds.

TABLE 5.1—Typica abundance of microorganisms in various habitats.

Concentration of

Location microbes® Reference
Agricultural soil 108 cm3 (cultural counts)  Alexander, 1976
Coastal waters 108 mit Hobbie et al., 1977
Open ocean water ~ 10° ml1 Atlas and Bartha, 1993
Terrestrial surface

waters 106 ml-1 Hobbie et al., 1977
Deep aquifers 10°-108 gt wet sediment

(cultura counts)  Balkwill, 1989

Sea floor

Water 103 mit Deming, 1981

Sediment 10°-108 gl dry sediment  Austin, 1988

(DNumbers are approximations based on multiple values given in the reference.
The numbers are given as general guidelines only; specific sites may vary from
these values by severa orders of magnitude.

FUNDAMENTALS OF MICROBIAL METABOLISM

Microorganisms, as all other organisms, have several basic
needs to maintain life and to grow and reproduce. Those needs can
be classified by severa schemes, but a fundamental one used by
most microbial ecologists includes the need for energy, carbon,
and a source of electrons. Along with the need for carbon goes a
need for a number of other elements that are used to synthesize
new biomass. For example, nitrogen, phosphorous, sulfur, potas-
sium, calcium and severa other metals and transition elements
must be present in trace amounts for cell growth. Implicit in the
need for a source of electrons is the need for a suitable terminal
electron acceptor, a “place to put the electrons’ after they have
been used for energy production or reducing power.

With the exception of the phototrophs, which obtain their ener-
gy from light, all organisms are chemotrophs. That is, their ener-
gy for growth is obtained through the oxidation of either organic
or inorganic chemicals (Fig. 5.1); the free energy change associat-
ed with oxidation reactions is usually negative, thus favorable for
the progress of the reaction and thus resulting in a net release of
energy that can be used by the organism. Life forms from
microbes to man have evolved the capability of coupling the ener-
gy released from oxidation reactions to other reactions that result
in the synthesis of new cellular biomass. Biosynthetic reactions
are typicaly reductive in nature, and require an input of energy
and, by definition, electrons. The exergonic oxidations are not
coupled directly to the endergonic synthetic reactions. Instead, the
free energy and the released electrons are held in carrier mole-
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Nutrient carbon;

sugars, etc. Cell carbon

OXIDATION REACTIONS REDUCTION REACTIONS

NAD(P)H
ATP
Carbon
intermediates
Light or
reduced
inorganic
NAD(P)H chemicals
ATP
Oxidized
CO,ete. inorganic
chemicals

FIGURE 5.1—A summary of biological metabolism. Energy is gained
from the oxidation of organic or inorganic chemicals (or light in the case
of phototrophs), electrons are usually gained from those same com-
pounds (phototrophs obtain €lectrons from the splitting of H,O to yield
O, or the splitting of H,S to yield S°). Carbon is obtained from the
organic compound used by the heterotrophs or fixed from CO, in the
autotrophs. Note that the energy yielding (exergonic) oxidation reactions
are not coupled directly to the endergonic reduction reactions of biosyn-
thesis. Rather they are indirectly coupled through the energy transfer
compound ATP and the electron transfer compound NAD(P)H. Note that
NAD(P)H is a phosphorylated form of the NADH molecule mentioned in
the text (after Lynch and Poole, 1979).

cules. Energy is stored in the form of high-energy phosphate bonds
in phosphorylated adenylate mol ecul es (adenosi ne triphosphate, or
ATP) and the electrons are transferred by electron carriers such as
nicotinamide adenine dinucleotide (the reduced form is noted as
NADH, the oxidized form as NAD"). The ability to store energy
and electronsin carrier molecules means that reactions with small
changes in free energy can fuel reactions with larger changes in
free energy without direct stoichiometric relationships.

Organisms that obtain carbon from an organic molecule are
referred to as heterotrophs, whereas organisms that must reduce
CO, to an organic form are called autotrophs (see Table 5.2).
Heterotrophs most often utilize the same organic molecule as a
source of energy, carbon, and electrons. While such organisms are
technically chemoorganoheterotrophs, they are usually referred to
simply as heterotrophs or conventional heterotrophs (Brock et al.,
1979). In most (but certainly not all) chemolithotrophs, the source
of energy and electrons is the same inorganic compound, while
CO, serves as the carbon source. Thus, the two most frequently
encountered nutritional types are the heterotrophs and the
chemolithotrophs. In geochemically interesting systems such as
ore deposits, these two broad groups are most often responsible for
microbiological reactions of importance.

Chemolithotrophs are responsible for the oxidation of avariety
of inorganic compounds including molecular hydrogen, reduced-
sulfur and nitrogen compounds, iron(l1), and even carbon monox-
ide (Table 5.3). The net reactions mediated by the
chemolithotrophs are all favored thermodynamically, that is AG®’
is negative. Due to kinetic constraints, however, most of these
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reactions proceed abiotically very slowly or not at all at earth sur-
face temperature and pressure; a notable exception may be the oxi-
dation of Fe?*, as discussed later.

TABLE 5.2—Trophic grouping of microorganisms.

Substance Source Classification
Carbon QOrganic Heterotroph
CO, Autotroph
Energy Light Phototroph
Chemical Chemotroph
Electrons QOrganic QOrganotroph
Inorganic Lithotroph

TABLE 5.3—Physiologica groups of chemolithotrophs (taken from
Gottschalk, 1986). Although the correct S units for these values would
be Joules, the author defers to the argument of Kleiber (1972) and
Battley (1987), that the calorie is a preferable means of expressing
changes in heat due to work done on or by a thermodynamic system.

AG®”’

Group ATPyielding reaction kcal/reaction  kca/2et
Hydrogen

bacteria  H, + ¥20, — H,0 -56.7  -56.7
Carboxydo-

bacteria  CO + 120, — CO, 615  -6L5
Sulfur S% +20, > S0, -189.9 -47.5

bacteria  S°+ Y20, +H,0 —» SO,2 +2H*  -139.8 -46.6
Iron bacteria  Fe?* + Y40, + H* —» Fe** + Y2H,0  -106°  -21.22
Ammonia

oxidizers NH,*+1%20, » NO, + 2H* + H,O -64.7 -21.6
Nitrite

oxidizers NO, + %20, » NO; -18.5 -18.5

2AG® values for pH = 0 are given; iron bacteria can grow at acidic pH values
only; the AG®” value for pH = 7 would be -0.95 kcal/reaction.

Oxidation of a number of inorganic substances can support
chemolithotrophs, and the potential (E,') for some of these reac-
tions is shown in Table 5.4 along with the NADH/NAD+ couple.
These reactions usually occur under aerobic conditions, because
of the high E_’ of the H,0/O,, couple.

TABLE 5.4—Redox potentials of reactions important in
chemolithotrophic metabolism.

E,

(volts)
CO+H,0 — CO, + 2H" + 2¢ -0.54
H, — 2H* + 2 -0.41
NADH + H* — NAD" + 2e" + 2H* -0.32
H,S— S+ 2H*" + 2e -0.25
S+ 3H,0 — SO + 6H* + 4e +0.05
SO,% + H,0 — SO, + 2H* + 2¢ -0.28
NH," + H,0 — NO, + 8H* + 6’ +0.44
NO, + H,0 — NOy + H* + 2¢° +0.42
Fe* > Fe +e +0.78
0, +4H" + 4" — 2H,0 +0.86
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Under anaerobic conditions, heterotrophs often oxidize organ-
ic carbon to CO, by using some oxidized inorganic (other than O,)
asthe terminal electron acceptor. Such organismsinclude the den-
itrifiers (NO4™ is reduced sequentially to NO, then to N.,), iron
reducers, sulfate reducers, and methanogens. The latter often fol-
low a metabolic path wherein H, is oxidized to H,0, and CO,
serves as both the carbon source and as the terminal electron
acceptor (i.e., 4H, + CO, — CH, + 2H,0). Some relevant reduc-
tion reactions will be discussed below. However, it isimportant to
note that the chemalithotrophic oxidation of reduced inorganic
species, coupled with the anaerobic reduction of the oxidized
species of the same element, constitutes a complete biogeochemi-
cal cycle, at least in terms of production and fate of the various
redox species.

DIRECT TRANSFORMATIONS: ALTERATIONS OF
MATERIALS FOUND IN ORE DEPOSITS

Sulfur

Many of the ore deposits in which microorganisms play an
important role during weathering contain reduced sulfides. The
sulfides were formed as part of igneous or hydrothermal process-
es. Sulfides of biogenic origin are present in some minera
deposits and coal deposits. In such circumstances, the sulfides
arose from the bacterial reduction of sulfate during anaerobic oxi-
dation of organic matter. Sulfides in mineral deposits, coal
deposits, and rocks are preserved until exposed by erosion to oxy-
gen and water. A number of metal sulfides are of interest (either
because they can be formed biogenically or are decomposed bio-
logically); the reader is referred to Alpers and Nordstrom (1999)
for alist of important sulfide minerals.

Sulfur oxidation

Microorganisms attack metal sulfides directly or indirectly,
resulting in mineral dissolution or the combined dissolution of the
mineral and the oxidation of one or more of the elements in the
mineral. In the direct case, enzymes are produced by the microbes
that react with the surface of the mineral grains. All studies con-
ducted thus far suggest that close contact between the microbial
cell and the mineral grain must occur for the direct dissolution/
oxidation to proceed.

Metal sulfides are acted upon directly by a few microbes, gen-
eraly of the genus Thiobacillus. Nearly all the sulfur oxidizersare
chemolithoautotrophs that are capable of linking the free energy
released during the oxidation with ATP and NADH formation to
synthesize new cell material from autotrophically fixed CO.,.
While Thiobacillus sp. are the primary oxidizers of the metal sul-
fide ores, a few genera (including some Thiobacillus species)
attack the sulfur in dissolved sulfides (H,S); for example, much of
the H,S formed during sulfate reduction in salt marshes is reoxi-
dized to SP by Beggiatoa. The S° is stored as granulesin the cells;
in the event that the H,S supply becomes limited, the organism is
capable of oxidizing the S° to SO,2". In the case of Beggiatoa, the
acidification normally seen in the oxidation of sulfide minerals
such as pyrite does not occur.

In reactions involving iron-containing sulfides, it is difficult to
separate the oxidation of sulfur from that of iron, and some men-
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tion of both must be made when discussing either sulfur oxidation
or iron oxidation. Typical chemical reaction for oxidation of pyrite
sulfur is shown in eguation [1], sulfur reduction in equations
[2—4], and Fe oxidation in equations [5-8]. The oxidation of pyrite
proceeds according to the reaction:

FeS, + 3Y20, + H,0 — Fe?* + 2H" + 280,% [1]

The ferrous iron generated by this process can be further oxidized
to ferric iron (see equation [5]). Ferric iron is then free to partici-
pate in further “indirect” oxidation according to a reaction of the
type given in equation [8]. The process depicted in equation [1] is
carried out by Thiobacillus thiooxidans, Thiobacillus ferrooxi-
dans, possibly other members of the genus Thiobacillus, and
members of the genus Sulfolobus (Erlich, 1995). The reaction
depicted in equation [1] isthe rate limiting step in pyrite oxidation
(Singer and Stumm, 1970), and while it will proceed in the
absence of bacteria catalysis, the rates in the presence of active
bacteria can be as much as a million times more rapid than those
in the absence of bacterial activity.

T. ferrooxidans is the most intensively studied of the sulfur-
oxidizing chemolitho-autotrophs. In addition to its oxidation of
sulfur, T. ferrooxidans can also oxidize ferrous iron in pyrite and
other sulfide minerals to drive its biosynthetic pathways. Indeed,
to separate for laboratory studies T. ferrooxidans from T. thiooxi-
dans, which can oxidize the sulfur but not the iron, a medium con-
taining reduced iron added as FeSO, (the so-called 9K medium of
Silverman and Lundgren, 1959) is used to grow the iron oxidizers.
T. ferrooxidans cannot use ferrousiron at apH above 4. There, the
free energy change of the reaction becomestoo small to allow effi-
cient ATP synthesis for energy storage (see Table 5.3). T. ferroox-
idans can oxidize sulfur at circumneutral pH levels, however.

Equation [1] shows the production of one mole of H* per mole
of pyrite sulfur oxidized. This reaction, therefore, contributes to a
number of acidification processes, including those that form acid
mine drainage (AMD). As we shall see below, the oxidation of
Fe?* contributes even more acid to the water in which the reaction
is taking place.

Sulfate reduction

In the absence of oxygen, a select but active and important
group of microbes are capable of oxidizing organic matter while
utilizing SO,% as the terminal electron acceptor. This reaction is
often written as

2(CH,0) + SO, > — S* + 2H,0 + 2CO, 2]

where CH,0 is used to represent organic matter (CH,0O is a good
stoichiometric representation of carbohydrate, the most abundant
material in plants). Work of the past 10 years has shown that equa-
tion [2] represents a community-level reaction in that organisms
that actualy reduce 8042‘ (typified by members of the genus
Desulfovibrio) cannot use carbohydrates. Rather they utilize the
products of anaerobic bacterial fermentation such as acetate and
H,, the most frequently used substrates for the direct reduction of
SO,% to H,S.
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Sulfate reduction is an important reaction in the geochemical
processes associated with the formation of many sulfides in coal
and some mineral deposit types. It represents the reverse of one of
the important reactions that creates the acidic conditions associat-
ed with the oxidation of sulfide minerals. Indeed, sulfate reduction
represents the source of sulfide in most coal deposits, seawater
sulfate is reduced during the initial decomposition reactions asso-
ciated with coal formation. Pyrite forms as aresult of the simulta-
neous release of Fe?*,

In addition to being the source of reduced sulfide in coal and
some mineral deposits, sulfate reduction can have a definite mit-
igative effect on the acid conditions produced by oxidation of
metal sulfides such as pyrite. The fate of the sulfide released by the
reaction depicted in equation [2] islikely to be as follows (Berner
et a., 1970; Goldhaber and Kaplan, 1975):

S% +2C0O, + H,0 — H,S + 2HCO;’ [3]
Combining equations [2] and [3] yields
2(CH,0) + SO,% — H,S+ 2HCO;’ [4]

The alkalinity thus produced is permanent only if the H,S is
removed (by degassing) or if the sulfide reacts with a metal ion
such as Fe?* to form a solid phase that prevents diffusion of the
sulfide to oxygenated waters. Formation of alkalinity in acidic
wastes from ore deposits will be considered further in discussion
of the reduction of iron below.

Iron

Iron oxidation

As pointed out above, microbia pyrite oxidation by T. thioox-
idans and T. ferrooxidans results in the formation of sulfuric acid
(equation [1]). Additionally, T. ferrooxidans oxidizes the Fe?* to
Fe3* by the reaction:

2 Fe*" + 120, + 2H" — 2Fe® + H,0 [5]

This reaction would seem to consume the protons released during
the oxidation of the sulfur, but hydrolysis of the Fe3* generates a
net increase in the proton concentration of the system by the for-
mation of aqueous ferric hydroxide complexes or ferric hydroxide
solids, by the reaction:

Fe** + 3H,0 — Fe(OH), + 3H* [6]

The formation of Fe(OH), solids is responsible for the reddish to
yellowish staining of rocks commonly seen in acid mine streams.
The formation of jarosite in sulfate-rich acid mine waters may
decrease the ratio of protons generated per iron oxidized (Erlich,
1995):

M* + 3Fe(OH), + 2S0,% — MFey(SO,),(OH)g + 30H™  [7]
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where M* may be Na*, K*, NH,*, or H;O". The ferric iron pro-
duced may aso contribute to the abiotic oxidation of pyrite with
a substantial net increase in the total acid production (Erlich,
1995):

FeS, + 14 Fe** + 8H,0 — 15F€** + 2S0,2 + 16H*  [8]

In this case, the dissolved ferric iron comes largely as a result of
bacterial oxidation. The formation of the large amount of acidity
contributes greatly to the oxidation of other metal sulfides that
may be a part of the host rock in which the minerals exist.

Iron reduction

Reduction of iron (and perhaps other metals) plays an impor-
tant role in ion mobility due to the increased solubility of Fe(ll)
compounds compared to Fe(l11) compounds. Increased iron con-
centrations in ground waters are often attributed to the action of
microorganisms, either by direct reduction of the iron when it is
used as aterminal electron acceptor for oxidation of organic mat-
ter, or by indirect iron reduction caused by production of suitable
reducing agents by bacteria. For example, the reduction of sulfate
results in production of sulfides that can reduce Fe(l11) in many
minerals in the absence of direct microbial activity on the iron
itself. In the case of sulfides, however, the end product may be an
iron mono- or di-sulfide solid phase, thereby creating another
insoluble mineral phase. Some studies of direct iron reduction by
bacteria suggest that the role of this process in nature may have
been underestimated historically (Lovely, 1991).

The formation of acidic effluents associated with reduced iron
minerals exposed to oxygenated water relies to a great extent on
the hydrolysis of the oxidized iron as shown in equations [6] and
[8]. Conversely, if the iron is again reduced, consumption of that
acidity occurs. This process is of particular interest in iron- and
sulfur-rich acid mine waters. Given anaerobic conditions and
appropriate bacteria, akalinity can be produced from the oxida-
tion of glucose by the community-level reaction (Mills et al.,
1989):

3Fe(OH) 5y + 6(CH,0) — CHyCH,0CO0" + CH,CO0"

+ CO,y + 3FE? + 40H™ + 0.5H,,,, + 4H,0 [9

2(g) 2(9)

Likewise, akalinity is generated if lactate is used as a carbon and
electron source for iron reduction, and the stoichiometry of the
equations suggests that more alkalinity is generated per mole of
iron reduced when lactate is used than when glucose is used:

Fe(OH)(s) + CH3CH,0C00™ — CH,COO™ + COy
+ Fe?t + 20H + 15H,q) [10]

Alkalinity is also generated by sulfate reduction using lactate as a
carbon source:
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SO,% + CH,CH,0CO0" + H,(g) — CH,COO"

+COy + 20H" + H S + H,0 [11]

In order for alkalinity generated during iron or sulfate reduction to
be permanent, the reduced iron and sulfur must be either
sequestered in, or removed from the sediments. Sequestration can
occur by reactions of sulfide with metal cations to form insoluble
metal sulfides and by reactions of sulfide to form organic sulfide
compounds (Anderson and Schiff, 1987).

The reactions above indicate that iron reduction can be impor-
tant in acid neutralization. In addition to direct acid neutralization,
iron can also play arolein the delivery of SO, to anaerobic sites
such as sediments, as well as influencing the final products of
other microbial processes such as SO, reduction. Figure 5.2
shows a series of processes that have been shown to functionin the
Contrary Creek arm of Lake Annain Virginia. Microcosm exper-
iments utilizing sediment and water from this acid-mine-drainage-
receiving impoundment have shown that removal of 8042' from
the water column is greatly enhanced by the addition of Fe3* to
sulfate-rich water overlying reducing sediment (Mills et al., 1989;
Herlihy and Mills, 1989). The iron generates an iron oxyhydrox-
ide floc that coprecipitates with adsorbed sulfate, enhancing deliv-
ery of SO, to the sediment; in contrast, direct diffusion of SO,
into the sediments in Lake Anna accounted for only 5% of the
observed sulfate retention in the acidified arm of the impoundment
(Herlihy et al., 1987). The precipitation of the iron increases the
acidity, but the acidity is neutralized by subsequent reactionsin the
sediment.

When the precipitate reaches the sediment/water interface, the
iron oxyhydroxide dissolves asiron is reduced, both by direct bac-
terial activity and by redox reactions induced by microbial reac-
tions not directly involving iron (Bell et a., 1987; Lovely, 1991;
Lovely and Phillips, 1988). Reduction of iron neutralizes the acid-
ity formed during the hydrolysis, and liberates adsorbed and pre-
Cipitated 8042' into the anaerobic sediments. At this point, reduc-
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FIGURE 5.2—Role of iron and sulfate in the neutralization of acid mine
drainage.
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tion of both iron and 8042' contributes to the neutralization of the
acid mine drainage. While much of the neutralization contributed
by iron reduction balances the acidity formed during the hydroly-
sis, any particulate ferric iron entering the lake can contribute to
neutralization of the protons in the acid pollution.

In order to preserve the alkalinity generated by the reduction
reactions the sulfides must be retained (as described above), or
their reoxidation will generate protons and consume the alkalini-
ty. Precipitation of reduced metal sulfides serves as an important
mechanism for preservation of reduced sulfide. Thus, iron is a
critical element in the biogeochemical neutralization of acid pol-
lutants. In waters where iron is not abundant, other elements may
aso play an important role, i.e., duminum oxides might help
remove sulfate from water as would any solid-phase anion
exchange complex; reduction of elements such as manganese can
aso contribute to the generation of akalinity in some waters.
While iron is not well studied with respect to reactions such as
those described here, the role of the other elements is totally
undocumented and also deserves attention to arrive at a complete
picture of the overall neutralization process.

Other elements

Release of other metal ions to solution occurs during oxidation
of sulfide ores either by acid production or dissolution of the solid
phase. For example, the oxidation of CuS by T. ferrooxidans pro-
ceeds because of the oxidation of the S atom:

CuS + 420, +2H* — Cu?* + $° + H,0 [12]

An additional, bacterially mediated step results in the formation
of sulfate:

S + 1420, + H,0 — 2H* + 250,% [13]

In some cases, such as that with Thiobacillus thioparus, the initial
oxidation (equation [12]) is abiotic, and the only bictic oxidation
isthat depicted in equation [13] (Erlich, 1995).

Erlich (1995) aso provides evidence from the literature that
suggests different oxidation mechanisms for different ores. For
example, the oxidation of chalcopyrite probably proceeds by a
pair of reactions, the first of which is bacterially mediated, and in
which both the metal and sulfide moieties are attacked by differ-
ent enzymes:

ACUFeS, + 170, + 4H* — 4Cu?* + 4Fe®
+880,% + 2H,0 [14]

4Fe* + 12H,0 — 4Fe(OH), + 12H* [15]

Summing reactions 14 and 15 yields:

4CuFeS, + 170, + 10H,0 — 4Cu?* + 4Fe(OH),
+830,% + 8H* [16]

Alternatively, bacteria may attack the metal before the sulfide.
Chalcocite oxidation proceeds as described by Erlich (1995):

Cu,S+120,+2H" - Cu?* + CuS+H,0  [17]
CuS + 420, + 2H* - Cu?* + S° + H,0 [18]
S + 1420, + H,0 — 2H* + SO, [19]

In this case it is not clear that energy or electrons needed for
growth are actually obtained by the microorganism.

Similarly, in the case of reductions, it is not clear if the redox
reaction is carried out actively by the microbes or whether it
occurs secondarily as a result of microbial ateration of the envi-
ronment. Note, however that there appears to be strong evidence
for a mercury reductase system in several bacteria (Wood, 1974).
The product of mercury reduction is elemental mercury, which
readily volatilizes into the atmosphere.

Several elements (notably Hg, Sn, As, Se) are known to be
methylated in anaerobic sediments to volatile methyl complexes
such as mono- and dimethyl mercury. Because these compounds
are vaporous, they diffuse rapidly through the water, and can even
diffuse into the atmosphere. The volatilization/methylation reac-
tions are thought to be part of a strategy on the part of the
microbes to convert the toxic material to aform that rapidly dissi-
pates from the vicinity of the cell. For these reactions, microor-
ganisms and organic matter are essential. Methylation often
occurs in environments conducive to methanogenesis (i.e., sedi-
ments and anaerobic waters), and all of the known organisms that
carry out such reactions are heterotrophs (both bacteria and fungi
are capable of participating in such reactions).

INDIRECT TRANSFORMATIONS: ALTERATIONS OF
THE GEOCHEMICAL SETTING

Alteration of pH

The reactions surrounding the oxidation of metal sulfide ores
generate large amounts of acidity (See equations [1], [5], [6], and
[8], above). However, if amajor component of the ore body con-
sists of anonsulfidic, reduced iron mineral, the lack of sulfide oxi-
dation does not preclude acid formation.

Bacteria can aso reduce the pH through the formation of
organic acids. These acids usually are carboxylic acids (i.e., R-
COOH). Although phenols (hydroxybenzene) can aso display an
acid character at high pH values. Such compounds are Lowry-
Bransted acids in that they donate protons to the solution. These
acids and their conjugate bases can provide buffer capacity to an
aqueous solution, and the conjugate bases (e.g., R-COQO") often
complex with metal cations as described |ater.

Under some conditions, microbes can raise the pH through
generation of bicarbonate alkalinity or generation of bases such as
NH, or $%.
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Alteration of Eh

Whenever microbial activity occurs, the effect is alowering of
the redox potential. In aerobic systems, the presence of oxygen
poises the Eh so that visible effects are unlikely. When the oxygen
is consumed, however, the measured or calculated redox potential
can drop very quickly. Theoretical calculations of Eh using cou-
ples assumed to dominate under different sets of metabolic condi-
tions indicate that the range of Eh conditions inhabited by bacte-
ria ranges from about 800 mV (fully aerobic conditions) to about
-350 to -400 mV, where methanogenesis occurs. Organic loading
of any water can ater the Eh of the water if the oxygen demand
exceeds the reaeration capability. The redox reactions that occur
may cause the release of iron, manganese, (Evans et a., 1977;
Graybeal and Heath, 1984; Brannon et a., 1985) and arsenic
(Edenborn et a., 1986) to the water. Further, metal s that are sorbed
or precipitated with Fe and Mn oxides may also be released on dis-
solution of the oxide phases (Graybeal and Heath, 1984; Sawlen
and Murray, 1983; Gunkel and Sztraka, 1986; Shaw et al., 1990).
Recent laboratory experiments indicate the release of Cd, Cr, Ni,
Pb, and Zn by this process (Francis and Dodge, 1990).

Production of chelators and complexing agents

An important microbial activity that can mobilize metals in
waters associated with ore deposits is the formation of chelating
agents. For example, there are a number of compounds that are
used by bacteriafor the transport of iron across the cell membrane.
These compounds are called siderophores, and some examples of
their structures are shown on Figure 5.3. Production of similar
compounds for other metals is not well documented, although
generation of some nonspecific complexing agents referred to as
metallothioneins is frequently reported. Metallothioneins are
small proteinaceous molecules with a high proportion of sulfur-
containing amino acids that complex strongly with metal ions.

Microbial decomposition of organic matter often resultsin the
release of metal-mobilizing humic substances into solution
(Reuter and Perdue, 1977, Bovendeur et a., 1982). These sub-
stances contain a high concentration of acid functional groups that
carry a negative charge at most environmental pH values. Thus,
they tend to form strong ionic complexes, often multidentate, with
dissolved metals. The affinity of the humic acids for metal ionsis
often strong enough to remove the ion from exchange surfaces in
the solid phase of subaqueous environments. Lehman (1991)
demonstrated that addition of humic acid to chambers placed on
the sediment surface in Lake Anna, where the sediments are cop-
per-enriched due to the inflow of acid mine drainage, resulted in
the mobilization of copper at levels beyond that explained by
mechanisms such as Eh change or reductive dissolution of copper-
containing iron oxides (See Fig. 5.4)
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INTRODUCTION

There are about a dozen major hydrogeochemical processes
that can account for the chemical composition of most natural
waters. One of these is the oxidation of pyrite, a process at least
as important a source of sulfate in natural waters as seawater and
sea spray, gypsum dissolution, and atmospheric emissions. The
natural process of pyrite oxidation is fundamental to the super-
gene alteration of ore deposits, the formation of acid-sulfate soils,
and the development of acidity and metal mobilization in natural
waters. As mineral deposits continue to be mined, and inactive or
abandoned mines with their associated waste-rock and tailings
piles continue to be exposed to weathering, large concentrations
of sulfate and heavy metals will continue to be found in both sur-
face waters and ground waters. Nearly 5 x 101 tons of mining and
mineral processing wastes had been generated in the United States
as of 1985 and about 10° tons continue to be generated each year
(U.S. Environmental Protection Agency, 1985). A more recent
estimate indicates that there may be more than 500,000 inactive or
abandoned mine sites in the U.S. (Lyon et al., 1993). Hazardous
mine sites in serious need of remediation are probably much
fewer but may still range in the thousands. Inventories of mineral
resources, mine sites, and their associated environmental hazards
are being assembled at various scales by federal and state agen-
cies to better assess the magnitude of the problem.

The water-quality hazard produced by pyrite oxidation is
known as “acid rock drainage,” or if from a mined area, “acid
mine drainage.” We use the terms “ acid mine drainage” and “acid
mine water” synonymously, reflecting popular usage. These
waters drain from waste rock, tailings, open pits, and underground
mines into surface streams, rivers, and lakes. Acid mine waters
typicaly have pH values in the range of 2—4 and high concentra-
tions of metals known to be toxic to living organisms (Ash et a.,
1951; Martin and Mills, 1976; Nordstrom and Ball, 1985). Natural
waters acidified by mine drainage have killed enormous numbers
of fish and benthic organisms, harmed livestock, and destroyed
crops and have made many rivers, streams, and lakes turbid, col-
ored, and unfit for most beneficia purposes. In the United States,
107 fish were reported killed during 19611975 from the effects
of mining activities (Biernacki, 1978), and this number can safe-
ly be considered a gross underestimate. For example, the eighth
annual report of the Federal Water Pollution Control
Administration (1968) states that of the 11.59 x 10° fish reported
killed in 1967 from al types of pollution only 16,413 were report-
ed killed from the state of California. The California Department
of Fish and Game (Nordstrom et a., 1977), however, recorded

47,100 fish killed from mine drainage at one site during a 7-day
period in January of 1967. Many other mining-related fish kills
may not be adequately recorded in federal or state archives.

Kleinmann (1989) has estimated that about 19,300 km of rivers
and streams and more than 180,000 acres of |akes and reservoirs
in the continental U.S. have been seriously damaged by acid mine
drainage. Although a quantitative assessment of environmental
damage from mining activities may be difficult or impossible, the
volume of water bodies affected by acid mine drainage could be
comparableto that affected by acid rain or other industrial sources
of acidification.

It is important to note that pyrite oxidation also occurs in the
absence of mining and there are numerous localities world-wide
where naturally acidic waters containing high concentrations of
metals are known (Runnells et al., 1992). The geochemical
processes of weathering may be very similar in terms of mineral
oxidation and dissolution but the hydrologic regime, the rates of
reaction, and the environmental consequences can be quite differ-
ent. Geochemical reactionsin mined areas are more rapid because
of:

1) greater accessibility of air through mine workings, wastes, and
tailings,

2) greater surface areasfor sulfidesin mine workings, wastes, and
especialy tailings, and

3) different compositions of tailings as a result of minera pro-
cessing.

The presence of flues and flue dust piles (typically highin arsenic,

zinc, and cadmium), slag piles, and soils and rocks contaminated

by smelter fumes can be particularly detrimental to flora and

fauna. Erosion of these materials by both aeolian and fluvial trans-

port can contaminate drainage systems for very long distances

(Moore and Luoma, 1990). The slower weathering of unmined

mineral deposits occurs over longer time frames and tends to lead

to more stable and insoluble mineral phases than those at mined

deposits.

As an example of the extremes to which mine waters can
develop acidity and high metal concentrations, the analyses of
four of the most acidic mine waters ever reported are shown in
Table 6.1. These waters were found in the Richmond mine work-
ings at Iron Mountain, California (Nordstrom et al., 1991). Note
that al samples have negative pH values and metal concentrations
in grams per liter. These concentrations are some of the highest
recorded metal and sulfate concentrations and the lowest pH val-
ues known. A survey of the literature indicates that only one
known determination for copper, one for zinc, and one for arsenic
have been found to be higher than those from the Richmond mine
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waters (Table 6.1). Although these extreme values arerare, they do
indicate the dramatic changes in water quality caused by natural
processes and enhanced by mining activities.

TABLE 6.1—Comparison of four of the most acidic mine waters at Iron
Mountain, California with the most acidic and metal-rich mine waters
reported in the world (pH values in standard units, concentrations in
grams per liter, Nordstrom et al., 1991; Nordstrom and Alpers, 1999).

Iron Mountain Other References
sites

pH -07 -25 -26 -36 067 Golevaetad. (1970)
Cu 23 48 32 nd 48 Clarke (1916)
Zn 77 235 20 nd. 50 Braeuning (1977)
Cd 0048 021 017 nd. 0.041 Lindgren (1928)
As 015 034 022 nd. 040 Goleva (1977)
Fe(tota) 86.2 111 101 16.3 48 Blowes et a. (1991)
Fe(I1) 797 345 349 98 48 Blowes et al. (1991)
SO, 360 760 650 nd. 209 Lindgren (1928)

The chemical reaction responsible for the formation of acid
mine waters requires three basic ingredients: pyrite, oxygen, and
water. The overall reaction is often written as:

FeSz(aq)3 +15/4 Oyt 712 H,0() — Fe(OH)3(S) +2H,S0y5 [1]

where one mole of ferric hydroxide and 2 moles of sulfuric acid
are produced for every mole of pyrite oxidized. For each mole of
pyrite oxidized in equation [1], 1 electron is lost by oxidation of
iron, 14 electrons are lost by oxidation of disulfide, and 15 elec-
trons are gained by reduction of oxygen. Iron is aso hydrolyzed
and precipitated. All of these reactions cannot take place in asin-
gle step. Electron transfer reactions take place generally with only
one or two electrons at atime (Basolo and Pearson, 1967). Hence,
there could be 15 or more reactions with as many possible rate-
determining steps to consider. To further complicate matters, sev-
eral other oxidizing agents besides oxygen have been implicated
in pyrite oxidation, e.g., ferric iron. Fortunately, all the intermedi-
ate reactions need not be determined to delineate the rate-control-
ling mechanisms involved with pyrite oxidation.

This chapter reviews the abiotic and microbial rates and mech-
anisms for sulfide mineral oxidation, the secondary minerals
formed as a result of sulfide oxidation, and the major environ-
mental factors that control the quality and quantity of acid water
produced from mining activities.

HISTORICAL BACKGROUND

The history of mining and its environmental consequences, like
technology in general, goes back several thousands of years, well
before recorded history. Theophrastus (ca. 315 B.C.) mentions the
degradation of pyriteto acid and salts (see Agricola, 1556). By the
time of Pliny (23-79 A.D.), it was aready well known that oil of
vitriol (sulfuric acid), vitriol (ferrous sulfate), and aum (au-
minum sulfates) were produced by the natural lixiviation (leach-
ing) of pyritiferous rocks. Oil of vitriol was used to make other
acids and compounds, vitriol was primarily used to blacken
leather, and alum was used to tan hides. The acid waters and their
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associated efflorescent (or flowering) salts produced from pyrite
oxidation were aso known to be highly toxic. Georgius Agricola
(1546) wrote “When moisture corrodes cupriferous and friable
pyrite it produces an acid juice from which atramentum sutorium
forms and aso liquid alum.... Experiments show that when
porous, friable pyrite is attacked by moisture such an acid juice is
produced.” De Re Metallica (Agricola, 1556), considered to be the
first systematic book on mining and mineralogy, contains the fol-
lowing passage, “Since | have explained the nature of vitriol and
its relatives which are attained from cupriferous pyrites | will next
speak of an acrid solidified juice...; it is hard and white and so
acrid that it kills mice, crickets and every kind of animal.” The
“solidified juice” was later identified (by Herbert Hoover, tranda-
tor) as goslarite, a hydrated zinc sulfate that likely contained some
cadmium. With the dawn of the industrial revolution, acid mine
drainage became a mgjor source of water pollution on a large
scale.

In the United States, occasional effort was directed towards the
problem of acid mine drainage in the Appalachian coal mining
region before 1900 (Vranesh, 1979). The State of Indiana has had
aland reclamation act for coal-stripping since 1942 and a history
of concern with the adverse effects of strip mining that can be
traced back to 1917 (Wilber, 1969). Western mines were original-
ly exempt from regulations on mine drainage or other environ-
mental hazards because of the interest in attracting businesses and
people to the West. Mining and metallurgical engineers occasion-
aly investigated the problem (e.g., Burke and Downs, 1938), but
primarily with an aim to alleviate coal mine drainage problems.
From the 1920s through the 1940s, government agencies and the
mining industry investigated acid mine drainage produced in the
Appalachians from coal mines (Ash et a., 1951). Twenty years
later the Appalachian Regiona Commission reviewed the coal
mine drainage problems (Appaachian Regiona Commission,
1969). From the late 1960s through the late 1970s the National
Coal Association and Bituminous Coal Research, Inc. sponsored a
series of Coal Mine Drainage Research Symposia that resulted in
several useful publications on the problem. About the same time,
considerable research was supported by the Federal Water
Pollution Control Federation and, later, the Environmental
Protection Agency (EPA) on both the causes of acid mine drainage
and its remediation. Even more attention has been given to the
problem with the advent of the Comprehensive Environmental
Response, Compensation and Liability Act (CERCLA or
Superfund) in 1980. Several mining sites around the country were
put on EPA’'s National Priority List for Superfund investigation
and remediation.

FORMATION OF ACID MINE WATERS

The general description of the weathering of pyrite will now be
examined in more detail. Equation [1], the overall reaction for the
breakdown of pyrite to ferric hydroxide and sulfuric acid, is a
gross oversimplification. It gives the correct picturein that oxygen
isthe ultimate driving force for the oxidation of pyrite and the final
products are an insoluble form of oxidized iron and an agueous
sulfuric acid solution. Some problems with equation [1] are that it
does not explain geochemical mechanisms or rates, it does not
explain that ferric hydroxide is afictitious, idealized phase, and it
does not reflect the slow oxidation of agueous ferrousiron in acid
solutions that often results in high ferrous iron concentrations in
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acid mine waters. Furthermore, factors such as microbial cataly-
sis, neutralization reactions, sorption reactions, and climatic
effects have an important influence on pyrite weathering, but are
not considered explicitly in equation [1].

Mine operators as well as reclamation and remediation teams
would like to know the potential or actual production of acid
waters from a mine or from waste materials at a mine or aminer-
al processing facility. There is no simple, single test to assess
metal and acid mobility in these settings because of the numerous
variables that affect contaminant transport. The problem is multi-
faceted and we must emphasize that acid mine drainage forms
within a complex environmental system where severa factors
need to be considered within the five general categories as shown
in Table 6.2. These five categories are traditional scientific disci-
plines that must be integrated to characterize afield site.

TABLE 6.2—Environmental factors affecting acid mine water formation.

Traditional Scientific Disciplines
Inorganic  Organic  Geology/ Hydrology Micro-

chemistry chemistry mineralogy biology
SL;(Ilfli)de oxideaztlign 4 v (4 4 v
F —F v v v v
oH (aa) (aq) v v v v v
Temperature v v (4 v
Gangue dissolution v/ (4 4
Rock type/structure v/ v (4
Porosity (4 4
Permeability v v
Flow paths v (4 4
(recharge/discharge)
Climate v 4
Evapoconcentration/ v/ v v
efflorescent salt
formation
Efflorescent salt v v
dissolution
Photochemistry v v v v

Stoichiometry and kinetics of abiotic pyrite oxidation

The voluminous literature on pyrite oxidation has been
reviewed by Lowson (1982) with regard to abiotic chemical oxi-
dation and by Nordstrom (1982a) with regard to biotic and abiot-
ic geochemical oxidation. More recent contributions can be found
in Goldhaber (1983), McKibben and Barnes (1986), Moses et al.
(1987), Moses and Herman (1991), and Evangelou (1995). When
pyrite oxidizes there are two species that can oxidize, the ferrous
iron and the sulfidic sulfur. In studies on acid mine waters and
pyrite oxidation, it has long been recognized that iron easily
leaches out of pyrite but tends to stay in the ferrous state in acid
solutions. Ancient history records the production of vitriol and ail
of vitriol from washing pyritiferous ores and shales. During the
last two centuries this vitriol was determined to be a mixture of
ferrous sulfate and sulfuric acid. Hence, another common repre-
sentation of the pyrite oxidation reaction is:

Fes, . +7/20

+ 2- +
- 2 FH0 — Fe?t +250; t2H, (2

27(1) (20) (20)
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The sulfur moiety in pyrite oxidizes more quickly than the iron,
but it must transfer alarge number of electrons (14 times as many
as iron per mole of pyrite). Consequently, there are several possi-
ble side reactions and sulfur intermediates that may occur during
oxidation.

One side reaction is the formation of elemental sulfur during
oxidation (Stokes, 1901; Bergholm, 1955; Clark, 1966). The yield
is low and increases with higher temperatures, up to a maximum
at about 100-150°C (Lowson, 1982). The lowest yield is at ambi-
ent temperatures but increases with increasing acidity. Field obser-
vations without laboratory identification are not reliable sources of
information on elemental sulfur forming from pyrite oxidation
because other minerals such as copiapite and jarosite may com-
monly be misidentified as elemental sulfur. Positive identification
of elemental sulfur has been made at numerous inactive tailings
impoundments (Blowes, 1995, written commun.). When acid
waters react with minerals such as pyrrhotite and sphalerite they
will produce H,S, which readily oxidizes to elemental sulfur.
Elemental sulfur is found commonly in nature where sulfur-rich,
near-surface, hydrothermal solutions with temperatures around
100-150°C have oxidized or where H,S-rich spring waters have
oxidized on exposure to air.

Another side reaction, or group of reactions, is the formation of
intermediate sulfoxyanions of lower oxidation state than that
found in sulfate: i.e., thiosulfate (S,02), polythionates (S,02),
and sulfite (SOZ"). Steger and Desjardins (1978) reported a thio-
sulfate compound on the surface of oxidizing pyrite but their
method did not distinguish between thiosulfate, polythionate, and
sulfite. Goldhaber (1983) measured rates of reaction and reaction
products for the pH range 6-9 and found that polythionates, thio-
sulfate, sulfite, and sulfate formed but only at high stirring rates.
The proportions of intermediate sulfoxyanions were sensitive to
pH in Goldhaber’s (1983) experiments. Polythionates were found
to be dominant at low pH and thiosulfate was dominant at high
pH, with some sulfite formed at the highest pH values. Some
ambiguity existsin his determination of polythionates and thiosul-
fate. He used the colorimetric method of Nor and Tabatai (1976),
which assumes tetrathionate is the dominant polythionate and does
not completely distinguish between thiosulfate and polythionate.
The pyrite and sphalerite oxidation experiments of Moses et al.
(1987) included more direct determination of sulfate, sulfite, poly-
thionates, and thiosulfate by ion chromatography (Moses et a.,
1984). Their results were similar to those of Goldhaber (1983)
except that additional experiments carried out in the presence of
Fe3t | did not produce any detectable intermediate sulfoxyanions.
These results are also similar to those of agueous H.,S oxidation
with oxygen (Chen and Morris, 1971, 1972; Zhang and Millero,
1994; Vairavamurthy et al., 1994).

Experiments documenting the formation of intermediate sul-
foxyanions during pyrite oxidation should not be taken as evi-
dence that the same oxyanions are to be found in natural waters
during sulfide weathering. In experimental systems, these com-
pounds can only be detected in solution when the aqueous layer
next to the mineral surface is strongly sheared by high stirring
rates so that these metastable products can not back-react by fur-
ther electron exchange with the solid. Such strong shearing is not
found generally in ground-water systems and even rapidly-moving
surface waters rarely exhibit such shearing at the mineral surface.
Luther (1987, 1990) has pointed out that species such as thiosul-
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fate and sulfite would not be detected in solutions containing
Fé(" because they oxidize so rapidly; experiments by Williamson
andaq%ei mstidt (1993) and references therein confirmed that this
reaction is rapid. Furthermore, intermediate sulfoxyanions are an
excellent source of energy for chemoautotrophic bacteria of the
Thiobacillus genus and may be quickly biodegraded before
detectable concentrations can accumulate (Gould et al., 1994).

The experiments of Granger and Warren (1969) are often cited
as evidence for the formation of sulfoxyanions from pyrite oxida-
tion and the role of sulfoxyanions in the genesis of ore deposits.
However, these authors admitted that the thiosulfate they found in
their column experiments may have been formed by the oxidation
of residual agueous Na,S solution. They had first added H,0O,
solution in an effort to sterilize the column and then added Na,S
solution to reduce the iron oxide stains that had formed from the
peroxide treatment. After such a traumatic chemical treatment,
significant quantities of thiosulfate would have formed from the
aqueous sulfide solution and would have been difficult to remove
completely from the column. The thiosulfate thus formed may
have had nothing to do with pyrite oxidation.

It has long been known that ferric iron rapidly oxidizes pyrite
(Stokes, 1901). Experiments carried out by Garrels and Thompson
(1960) and McKibben and Barnes (1986) have confirmed the bal-
anced reaction stoichiometry:

FeSyq + 14Fe3;+8H,00 — 15Fez,+ 2502 +16H:,  [3]

for the oxidation of pyrite by agueous ferric ions. Thisreaction is
considerably faster than the reaction with oxygen as the oxidant,
but significant concentrations of oxidized iron only occur at low
pH values because of the low solubility of hydrolyzed ferric iron
at circumneutral pH values. Hence, it is thought that pyrite oxida-
tion isinitiated by oxygen at circumneutral pH (equation [2]) but
as pH values reduce to about 4, the rate of oxidation becomes gov-
erned by equation [3]. Oxygen is still required to replenish the
supply of ferric iron according to

+ + +
Fefay + ”402(9) + Hiyy — Feli + 12H0, (4]

but the oxygen does not have to diffuse al the way to the pyrite
surfaces. It is quite possible for pyrite to oxidize in the absence of
dissolved oxygen. Nevertheless, the overal rate of pyrite oxida
tion in atailings pile, in amine, or in awaste rock pile will large-
ly be determined by the overall rate of oxygen transport (advec-
tion and diffusion).

Considerable speculation can be found in the literature on the
question of the initiation and propagation of pyrite oxidation.
Undoubtedly, during the initiation of pyrite oxidation, there are
complex chemical and microbiological processes occurring in
microenvironments (Williams et al., 1982), i.e., within afew tens
of nanometers of the surface of a sulfide grain. These regions are
inaccessible to normal sampling techniques and are not represent-
ed by the bulk aqueous phase. For example, when oxygen initial-
ly adsorbs to a pyrite surface and transfers electrons, an accumu-
lation of protonswill form at or near the surface. Acidophilic iron-
oxidizing bacteriawill begin to colonize and afilm of acidic water
will cover the mineral grain without affecting the bulk agueous
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phase. Even before some acidic water develops, neutrophilic
Thiobacilli will catalyze the initial stage of pyrite oxidation
(Bloweset al., 1995; Gould et al., 1994). The extent to which these
microenvironmental gradients affect the bulk properties are
dependent on many factors, not the least of which is the pyrite
concentration in the rock, soil, or waste material. The existence
and importance of these microenvironments is well illustrated by
the formation of jarosite, a mineral that can only form under acid
conditions and has been found in soil waters of circumneutral pH
(Carson et al., 1982).

The oxidation of at least 18 different sulfide minerals has been
investigated (Table 6.3). Most of these have been studied with and
without microbial catalysis by Thiobacillus ferrooxidans. The
microbial oxidation rate is usually greater than the abiotic rate, all
other conditions being equal. Unfortunately, most of the microbial
studies were done without measurement of surface area and with-
out a consistent procedure for removing small particles or other-
wise cleaning the samples before the experiment. The lack of these
characteristics prevents any direct comparison of microbial oxida-
tion rates except in a qualitative manner. The results for abiotic
and biotic oxidation of pyrite, however, are of considerably better
quality than for other sulfide minerals and some quantitative com-
parisons are possible.

It should be noted that arsenic-rich minerals such as arsenopy-
rite and orpiment are also subject to bacterially catalyzed oxida-
tion (Ehrlich, 1963a, 1964). Indeed, the occurrence of arsenite-
oxidizing bacteriain acid mine waters has been reported by Wakao
et al. (1988) and one of the first reports of arsenite oxidation by
heterotrophic bacteria was that of Turner (1949).

There are now numerous reports on the oxidation rates of
pyrite and marcasite by oxygen (Bergholm, 1955; McKay and
Halpern, 1958; Smith and Shumate, 1970; Mathews and Rohins,
1974; Goldhaber, 1983; McKibben and Barnes, 1986; Moses et
al., 1987; Nicholson et al., 1988; Moses and Herman, 1991), by
ferric iron (Bergholm, 1955; Garrels and Thompson, 1960; Smith
and Shumate, 1970; Mathews and Robins, 1972; Wiersma and
Rimstidt, 1984; McKibben and Barnes, 1986; Moses et al., 1987,
Brown and Jurinak, 1989; Moses and Herman, 1991), and by
hydrogen peroxide (McKibben and Barnes, 1986). The oxidation
rates of pyrrhotite in the presence of oxygen (Nicholson and
Scharer, 1994) and marcasite, covellite, galena, sphalerite, chal-
copyrite, and arsenopyrite in the presence of ferric iron (Rimstidt
et a., 1994) have been measured. Pyrite oxidation rates from dif-
ferent studies are generally comparable, but differences in experi-
mental design, initial pH values, temperatures, grain size, mineral
preparation, method for data reduction and rate law expression
make a quantitative comparison difficult. For this paper, we use
the results of McKibben and Barnes (1986) on pyrite to compare
with the biotic rates in the next section. Table 6.4 summarizes the
reaction rates from several studies cited above for apH closeto 2,
Meginy = 103, temperatures close to 25°C, and oxygen in equilib-
rium with the atmosphere.

Therates in Table 6.4 show that the oxidation of pyrite by fer-
ric iron (according to the reaction stoichiometries given in equa-
tions[2] and [3]) can be about 2-3 orders of magnitude faster than
by oxygen, that some minerals oxidize more rapidly than pyrite
and some more slowly, and that oxidation rates can range over
three orders of magnitude. These rates are demonstrably faster
than the dissolution rates for aluminosilicate minerals (White and
Brantley, 1995) by one to severa orders of magnitude.
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TABLE 6.3—Sulfide oxidation studies (more references can be found in Nordstrom and Southam, 1997).

Minera Formula Oxidant pH Reference

Pyrite FeS, O,, Fe3*, H,0, 0-10 See references in next sections

Marcasite FeS, O,, Fe3t 2-3 Wiersma and Rimstidt (1984); Silverman et al. (1961)
Pyrrhotite Fe,,S O, 2-6 Nicholson and Scharer (1994)

Sphalerite (2Zn, Fe)S 0,, Fe** 2-7 Rimstidt et al. (1994); Tormaet al. (1972); Khalid and Ralph (1977)
Galena PbS 0,, Fe** 2 Rimstidt et al. (1994); Torma and Subramanian (1974)
Chalcopyrite CuFes, 0,, Fe** 1.2-25 Rimstidt et al. (1994); Tormaet al. (1976)
Arsenopyrite FeAsS 0,, Fe3t 2 Rimstidt et a. (1994); Ehrlich (1964)

Covellite Cus O,, Fe3t 2 Walsh and Rimstidt (1986); Rickard and Vanselow (1978)
Chalcocite Cu,S O, 2-4.8 Beck (1977); Sakaguchi et a. (1976)

Greenockite Cds o, 2.3 Tormaet al. (1974)

Millerite NiS 0, 23 Tormaet al. (1974)

Cobalt sulfide CoS 0, 2.3 Tormaet al. (1974)

Klockmannite CuSe 0, 23 Torma and Habashi (1972)

Cinnabar Hgs Fe3t 2 Burkstaller et al. (1975)

Enargite CugAsS, O, 3 Ehrlich (1964)

Orpiment As,S, o, Ehrlich (1963a)

Bornite CugFes, 0, Landesman et a. (1966)

Molybdenite MosS, 0, 25 Brierley and Murr (1973)

Tetrahedrite (Cu,Fe)1,Sh,S,, 0, Yakhontova et a. (1980)

Stibnite Sb,S; O, Tormaet al. (1974)

Pentlandite (Fe, Ni)gSq O, Brierley and Le Roux (1977)

TABLE 6.4—Abiotic reaction rates (mol m2 s1) for sulfide mineral oxidation.

Mineral/Oxidant MB86! BJ89Y? R9437 N944 NS94°
Pyrite/O, 3.1x1010 5.3x 1010 1.1x 1010
Pyrite/Fe3* 9.6 x 107 1.8x 108 1.9x 108

Pyrrhotite/O, 14x 108

Marcasite/Fe3* 1.5x 107

Arsenopyrite/Fe3* 1.7x 106

GalenalFe3* 1.6 x 106

Sphalerite/Fe3* 7.0x 108

Blau. covellite’/Fe3* 7.1x 108

Chalcopyrite/Fe3* 9.6 x 100

Covellite/Fe3* 9.1x10°

1 McKibben and Barnes (1986); because there appears to be an error in the stated value for pyrite oxidation by oxygen we have used the corrected value from Nicholson

(1994).

2Brown and Jurinak (1989); average from oxidation rates measured in different electrolytes.

SRimstidt et al. (1994).

4 Nicholson (1994); the value for pyrite is an average from four studies covering a pH range of 1-8.

5 Nicholson and Scharer (1994) and Tervari and Campbell (1976).

6“plau. covellite’ is blaubleibender or “blue-remaining” covellite having slightly different optical and X-ray properties than ordinary covellite.
7 The values listed for R94 are all given in terms of the amount of Fe(I11) reduced except for pyrite. All values for pyrite are given in the same units, per mole of pyrite oxi-

dized, for purposes of direct comparison.

Galvanic protection does occur during oxidative dissolution of
coexisting sulfide minerals. This phenomenon is the same as that
for galvanized iron. The more electroconductive metal sulfide (the
one with the higher standard electrode reduction potential, see
Sato, 1992) will oxidize at a slower rate and the less electrocon-
ductive sulfide will oxidize at a faster rate than either one would
when not in contact. Sveshnikov and Dobychin (1956) reported
that rates of metal release from different sulfides are related to

their electrode potentials and that a mixture of sulfide mineralsin
contact releases more metals into solution and decreases the pH
more than monomineralic samples. Sveshnikov and Ryss (1964)
postulated that these electronic properties of co-existing conduc-
tive sulfides are important during the weathering of sulfide min-
era deposits. Sato (1992) has used electrochemical data on metal
sulfides, typical of heavy metal sulfide deposits, to explain the
mineral assemblage that is found during supergene enrichment.
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Nicholson and Scharer (1994) mixed pyrrhotite and pyrite in dif-
ferent proportions to see if there was any evidence for galvanic
protection, but could not detect any such effect in their study.
Kwong (1995) has done laboratory experiments to show the effect
of galvanic protection during dissolution of multi-sulfide mineral
assemblages. The relative rates of minera dissolution follow the
sequence indicated by standard electrode potentials as outlined by
Sato (1992).

Because the oxidation rate for pyrite by Fe3", is faster than
that by oxygen, it isimportant to know the oxidation rate for fer-
rous to ferric iron according to equation [4]. Numerous studies on
the ferrous iron oxidation rate show that, under acid conditions,
the rate becomes very slow and independent of pH. Singer and
Stumm (1968) reported an abiotic rate of 2.7 x 1012 mol L2 s at
pH values below 4. Similar rates have been reported elsewhere.
Such rates are considerably slower than the rate of oxidation of
pyrite by Fe%;q); hence, equation [4] would be the rate-limiting
step were it not for the catalytic effect of bacteria.

Microbial oxidation: Historical perspective

Microorganisms are abundant in natural waters containing acid
mine drainage; indeed, they are often the only form of life under
such conditions. Powell and Parr (1919) and later Carpentor and
Herndon (1933) suggested that pyrite oxidation and the conse-
quent acid mine drainage from coal deposits may be catalyzed by
bacteria. Lackey (1938) observed flagellates, rhizopods, ciliates,
and green algae in 62 West Virginia streams. Joseph (1953) found
gram-positive and gram-negative bacilli and cocci, fungi, green
algae, diatoms, and actinomyces in acidified surface waters and
soilsin West Virginia and Pennsylvania. Acid mine waters from a
copper mine in the southwestern U.S. were found to contain
yeasts, flagellates, protozoa, and amoebae (Ehrlich, 1963b). “Acid
slime streamers’ have often been observed in acid mine waters
(Dugan et a., 1970; Dugan, 1972).

As long ago as 1888 it was recognized by S.N. Winogradsky
that certain microbes could oxidize reduced inorganic compounds,
such as sulfur, to gain energy for the reduction of carbon dioxide
for metabolism and growth (see Sokolova and Karavaiko, 1968).
Microorganisms that utilize reduced inorganic substances are
known as chemolithotrophic (see Mills, 1999). Nathansohn (1902)
first isolated a Thiobacillus species and the acidophilic bacterium,
Thiobacillus thiooxidans, was isolated and identified by Waksman
and Jaffe (1921, 1922) from soils containing free sulfur and phos-
phate. Colmer and Hinkle (1947), Colmer et a. (1950), Temple
and Colmer (1951), and Temple and Delchamps (1953) isolated a
new chemoautotrophic and acidophilic bacterium, Thiobacillus
ferrooxidans, and showed that microbial degradation of pyrite was
an important factor in the production of acid mine waters.

The nutritional requirements for T. ferrooxidans are ubiqui-
tous. Nitrogen and carbon dioxide are available in the atmosphere.
Sulfur is readily available in mined environments, and only small
amounts of phosphorous are needed. Thiobacilli have several
adaptive techniques that permit them to tolerate low pH and high
metal concentrations (Tuovinen et al., 1971; Kushner, 1978).
Some studies have shown that T. ferrooxidans can tolerate g/l con-
centrations of Zn, Ni, Cu, Co, Mn, and Al (Tuovinen et a., 1971).
Scala et d. (1982) found consistent and roughly equal concentra-
tions of T. thiooxidans and T. ferrooxidans in mine effluents of dif-
ferent compositions from quite different mines, in different geo-
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logical and climatological environments, in different parts of the
country (from California to Virginia). The diversity of microor-
ganisms and their populations in mineral deposit and mine waste
environments is complex and not well understood. Further inves-
tigations on the microbial ecology of mines and mine wastes are
certainly needed.

T. thiooxidans oxidizes elemental sulfur but not iron, T. fer-
rooxidans oxidizes both iron and sulfur compounds, and a third
species, Leptospirillum ferrooxidans, behaves metabolically like
T. ferrooxidans but has a helical-rod morphology first described
by Markosyan (1972). L. ferrooxidans is now thought to be equal-
ly important as the other two bacilli (Sand et al., 1992). Mixed
cultures oxidize reduced iron and sulfur compounds faster than
single-species cultures (Kelly et a., 1979; Wakao et a., 1982).
Apparently, bacteria are preconditioned by the medium in which
they are cultured and may have a synergistic association with
other species. For example, T. ferrooxidans grown in ferrous-con-
taining solutions exhibited different surface chemistry than those
grown on minerals such as pyrite, elemental sulfur, and chal copy-
rite (Devasia et al., 1993) as exhibited by hydrophobicity and
electrophoretic mobility measurements. The bacilli grown on
mineral sulfides developed a proteinaceous cell surface
appendage that adhered to the solid surface whereas the cells
grown in ferrous iron solutions contained no such characteristic.
The importance of these features bears on the mechanism of
microbial oxidation. Free-floating bacteria can catalyze the oxida-
tion of iron from ferrousto ferric in aqueous solution, and then the
ferric iron directly oxidizes the pyrite. Silverman (1967) calsthis
the indirect mechanism. The direct contact mechanism works by
direct adhesion of the bacteria to the pyrite surface. There has
been a long-standing debate over whether the direct or indirect
mechanism is dominant. We contend that the indirect mechanism
is the dominant one, but there is some evidence for enhancement
of the pyrite oxidation rate by direct microbial contact. Surface-
etch patterns may result from bacterial attachment (Bennett and
Tributsch, 1978), and direct microbial growth on pyrite surfaces
has been observed (Konishi et al., 1990).

Microbial oxidation: Kinetics

The catalytic effect of T. ferrooxidans on the aqueous oxida-
tion of ferrousto ferric iron iswell-established. Singer and Stumm
(1968, 19704, b) found that bacteriaincreased the ferrousiron oxi-
dation rate by 10° over the abiotic rate, from about 3 x 1012 mol
L1 st to about 3 x 107 mol L 1. Silverman and Lundgren
(1959), Lundgren et al. (1964), and Lacey and Lawson (1977)
grew T. ferrooxidans on culture media and typically measured
oxidation rates of 2.8-8.3 x 10”7 mol L1 s1. Wakao et a. (1977)
measured field oxidation rates of ferrous iron oxidation in acid
mine drainage and estimated 3 x 108 mol L1 s but the stream
velocity was not measured. Nordstrom (1985) measured stream
velocities and iron oxidation rates of 2to 8 x 107 mol L2 stina
mountai nous stream drainage containing acid mine waters, where
the range of values depended on climatic conditions. From these
studies we have chosen an average microbial oxidation rate for
ferrousiron of 5x 1077 mol L1 1 for the purpose of comparison
with the abiotic rates.

Table 6.5 summarizes abiotic and microbial rates of oxidation
for ferrous iron and pyrite under roughly comparable conditions
(except for the field rates cited here and discussed later). The
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microbial oxidation rate of pyrite by oxygenisvery similar to the
abiotic oxidation rates of pyrite by either oxygen or ferric iron.
Studies by Wakao et a. (1984) showed that adsorption of bacter-
ia cells on pyrite surfaces actually inhibited pyrite oxidation and
that it was the growth of free-floating ferrous-iron-oxidizing bac-
teria that contributed to pyrite oxidation. These results help to
clarify the reaction mechanism. Pyrite oxidation is primarily
accomplished by microbial catalysis by the indirect mechanism,
as defined earlier.

Estimates of field oxidation rates of pyritiferous waste rock or
tailings cover awide range of values, from three orders of magni-
tude less than the microbial rate to two orders of magnitude
greater (Table 6.5). The field rates are primarily based on flux
rates of oxygen depletion upon reaction with pyrite in waste rock
or tailings. There may be complications with the assumptions
made in translating temperature and oxygen profiles into flux
rates. The relation between flux rates and actua in situ rates of
pyrite oxidation may be more difficult to quantify than previous-
ly realized. The main problem is estimating the reactive surface
area of the sulfides. Other problems may include the consumption
of oxygen by processes other than pyrite oxidation, the depen-
dence of temperature profiles on the moisture content, the salini-
ty of the moisture, the temperature dependence of the oxygen con-
sumption rate, climatic variability in pressure and temperature,
site heterogeneities, and variations in thermal conductivities of
the various waste materials. Averaging hydrologic properties over
spatial and temporal intervals may cause inaccurate estimations of
flux rates and oxidation rates at some sites.

A direct comparison of the rates of microbial oxidation of
aqueous ferrous iron with rates of microbia oxidation of pyrite
would be helpful in discerning the rate-controlling step of these
processes, but it is difficult to accomplish. Aqueous iron oxidation
is expressed as amolar concentration change with respect to time
(mol L1 s1), whereas pyrite oxidation is a function of surface
area and the ratio of pyrite mass to solution volume or porosity
(mol m2 s1). Two investigations make such a comparison possi-
ble: Southham and Beveridge (1992) described bacterial cell den-
sities on pyrite surfaces and Olson (1991) conducted an interlab-
oratory comparison of pyrite bioleaching rates. Neither study
reported pyrite surface area but both reported grain size, so that
surface areas may be estimated from the relationship between sur-
face area and grain size for sulfide minerals.

Figure 6.1 depicts the dependence of surface area (in cm? g'h)
on grain size for pyrite and other sulfide minerals. The solid line

represents the diameter-to-surface-area relationship for an ideal
sphere or cube of pyrite with a density of 5.0 g cm™ (see Parks,
1990; Nicholson, 1994). The dashed line is a best fit for cleaned
quartz grains from Parks (1990). Two suggestions are evident from
Figure 6.1. More recent determinations demonstrate the effect of
more carefully sized and cleaned pyrite grains (compare museum
pyrite of Braley, 1954, with any of the more recent non-diagenetic
pyrite). Secondly, the diagenetic or framboidal pyrite has much
more surface area for a given mass than coarse-grained pyrite.
Severa of the data points on Figure 6.1 lie close to the best fit of
Parks (1990), which will be used as a lower limit and as an esti-
mate of the relationship of surface areato grain diameter.

Southam and Beveridge (1992) determined values of 107 to 10°
cells g1 for Thiobacilli on surfaces of Lemoine tailings at
Chibougamau, Quebec, Canada, by the most probable number
method. Their tailings samples were in the size range of 200 mesh
and higher, hence about 50 micrometers (um) in diameter or about
500 cm? g in surface area. A cell count of 108 cells g for a sur-
face area of 500 cm? gt works out to 2 x 10° cellscm? or 2 x 10°
cellsm2 on pyrite surfaces. For atailings aquifer with 30% poros-
ity and assuming only pure pyrite in the solids, the cell concentra-
tion in the slurry becomes (1 - porosity)(pyrite density)(cell count)
=(0.7) x (5g mi™h x (108 cells g1) = 3.5 x 108 cells ml', which
is the same concentration of cells in solution that would oxidize
agueous ferrous iron optimally at 5 x 107 mol Lt 1 (Silverman
and Lundgren, 1959). It is also in the same range of cell concen-
tration found in acid mine waters in the environment (Scala et a.,
1982). Therefore, it appears that the observed concentration of
Thiobacilli on pyrite surfaces would produce agueous Fe'' con-
centrations of the same order of magnitude as those formed by
microbial oxidation of ferrous iron in agueous solution by free-
floating bacteria.

A preferable method of estimating the microbia rate of pyrite
oxidation can be obtained from the interlaboratory comparison of
pyrite bioleaching rates coordinated by the National Institute of
Science and Technology (Olson, 1991). Eight laboratories partici-
pated in tests using a standardized method with 1 gram of pyrite
from the same source. The pyrite was cleaned and sterilized after
sizing to -165/+250 mesh (58 to 91 um). Then sample was inocu-
lated with a standard culture of Thiobacillus ferrooxidans. From
Figure 6.1, the surface area would have been about 350 cm? g2,
The reported oxidation rate (12.4 mg Fe L1 h'l or about 6 x 10°8
mol L1 s is about an order of magnitude lower than the micro-
bial oxidation rate of aqueous ferrous iron (Table 6.5). Olson

TABLE 6.5—Comparison of abiotic, microbial, and field oxidation rates (pH = 2, T = 25°C).

Reaction or Process

(references) Abiotic rate Microbial rate Field rate

Oxidation of agueous ferrousiron 3x 1012 5x 107 5x 107

(Singer and Stumm, 1968; Lacey and Lawson, mol L1s? mol L1t mol L1s?

1977; Nordstrom, 1985)

Oxidation of pyrite by ferric iron 1to2x 108

(McKibben and Barnes, 1986; Rimstidt et al., 1994) mol m2 st

Oxidation of pyrite by oxygen 0.3to 3x 10 8.8x 108

(McKibben and Barnes, 1986; Olson, 1991) mol m2s? mol m2s1

Oxidation of waste dump (Ritchie, 19943, b) 0.03x 108
mol m2 st

Oxidation of tailings (Elberling et al., 1993)

20to 60 x 108
mol m?s?
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FIGURE 6.1—Surface area versus grain size for pyrite and other sulfide
minerals.

(1991) used 1 g of pyritein 50 ml of solution, so we can calculate
the microbial oxidation rate of pyrite as

_ 124mgFeL™n? 50 ml
56 mg Fe mmol™ (1g) (350 cm’g™)

1lh
3,600 s

1mol 1L 10%*cn?
108mmol 10°ml  m?

=88x 108 mol m2st

(5]

Thisrate falls squarely between the abiotic oxidation of pyrite by
ferric iron and the microbial oxidation of ferrousiron, i.e., within
the uncertainty of the data, there is little difference between the
oxidation rate of pyrite by ferric iron and the oxidation rate of fer-
rous iron by T. ferrooxidans. The lower rate of microbia pyrite
oxidation compared to the oxidation rate of ferrousiron by T. fer-
rooxidans suggests that the heterogeneous reaction is the rate-
determining step. We would suggest, however, that the uncertain-
ties on the rates are large enough and the natural variation in the
ferrous iron oxidation rate is large enough that there is not a sig-
nificant difference. Hence, the rate of pyrite oxidation proceeds
about as fast as the aqueous ferric iron can be produced from fer-
rous iron through microbial catalysis.

Field oxidation rates

What are the actual oxidation rates of pyritic mine waste in the
field? What governs oxidation rates at field sites? Singer and
Stumm (1970a) conceived of rates in the conventional sense of
chemical kinetics. They described the abiotic oxidation of aque-
ous ferrous to ferric iron as the “rate-determining step” for the
production of acid mine drainage because it is orders of magni-
tude slower than the oxidation of pyrite by ferric iron. This abiot-
ic iron oxidation rate, however, has limited relevance because
iron- and sulfur-oxidizing bacteria are ubiquitous in ground and
surface waters, catalyzing aqueous iron and pyrite oxidation by
orders of magnitude. Singer and Stumm (1970a, b) recognized

that microbial catalysis greatly speeds up the oxidation of aqueous
ferrous iron and that either the complete elimination of oxygen or
the use of bactericides would be necessary to eliminate microbial
activity. The microbial oxidation of agueous ferrous iron, under
optimal conditions of temperature, oxygen supply, and nutrient
availability, is the fastest rate known in the system. This rate pro-
vides an upper limit to the pyrite oxidation rate. The lower limitis
zero (or negative if sulfate reduction is considered) in the absence
of oxygen and water. These extremes of rate cover a wide range
over which actual rates may occur in the field.

The effects of sulfide surface area, degree of crystallinity, and
purity cannot be overstated. One has only to compare the sponta-
neous oxidation of “framboidal,” “microcrystalline,” or “cryp-
tocrystalline” pyrite (see Pabst, 1940; Caruccio, 1970) with untar-
nished, large, euhedral pyrite cubes that have survived in muse-
ums for several centuries to notice the difference in oxidation
rates. The signatures of kings, queens, and other dignitaries over
the last century can still be seen clearly on an exposed surface of
massive chalcopyrite in the Falun mine in Sweden. Caruccio
(1970) and Caruccio et a. (1976) pointed out that the grain size
and surface area of pyritein coal deposits has aconsiderable influ-
ence on the production rate of acid mine drainage, with framboidal
pyrite being the most reactive. Normalizing reaction rates to unit
surface area is now routinely done when reporting dissolution
rates of minerals but differences in degree of crystalinity and
purity (solid solution substitutions) may also affect reaction rates.
Furthermore, the “reactive surface area’ may be significantly less
than the total measured surface area as measured by standard tech-
niques (Dzombak and Morel, 1990). Reactive surface area refers
to those sites on the surface that are actively available to adsorb
and chemically bond with aqueous species, and can be reduced by
intergranular contact or inclusion within other minerals. Another
complication in thefield is that not all exposed surface sitesarein
the flow path of the water, thereby reducing further the reactive
surface area.

Field oxidation rates for pyrite are complicated by air and
water transport processes, microbial growth kinetics, microbial
ecology, organic compounds, temperature gradients, secondary
minera formation, neutralization reactions, climatic patterns, and
the site-specific design of mine workings, waste dumps, and tail-
ings. The production rate of acid mine drainage is governed by
rates of transport and attenuation processes, which tend to be
slower than rates of pyrite oxidation. Some confusion existsin the
literature because the distinction between oxidation rates and
transport/attenuation rates has not been made clear. In this sense,
an obvious parallel or analogy can be made with silicate mineral
weathering rates and discrepancies between laboratory and field
studies (see Alpers and Nordstrom, 1999, and White and Brantley,
1995).

Ritchie (19944, b) has reviewed and analyzed the physical fac-
tors that pertain to the acid production rate from waste piles. He
has shown that the limiting factor is the transport and reaction of
oxygen in the waste. Three main processes are dominant in these
systems: convection of oxygen, diffusion of oxygen, and the
intrinsic oxidation rate which he has calculated for two sites and
compared with results compiled from other sites. Ritchie (1994 a,
b) described the “global oxidation rate” as the overall flux rate of
acid mine drainage from awaste dump and the “intrinsic oxidation
rate” as the oxygen consumption rate, measured from oxygen pro-
files in units of mol kg™ s or mol m3 s1, Several assumptions
are involved in making these computations, including a stoichio-
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metric relationship between oxygen consumed and pyrite oxi-
dized (i.e., that oxygen is consumed only by pyrite).

The oxidation of pyrite is ahighly exothermic reaction, which
can cause thermal air convection in waste dumps and underground
mines (Zverev et a., 1983). Air temperatures of 50 to 65°C are
commonly achieved in waste-rock piles and copper heap-leach
dumps (Cathles and Apps, 1975; Harries and Ritchie, 1981;
Cathles, 1994; Ritchie, 1994a) and a water temperature of 47°C
was reported from the Richmond Mine at Iron Mountain,
California (Alpers and Nordstrom, 1991). Temperature and densi-
ty gradients resulting from heat generation cause convective air
transport, which can be a significant oxygen-supply mechanism
(Ritchie, 1994a). Cathles (1994) indicated that convective gas
flux driven by thermal gradients was dominant in the well-instru-
mented Midas Test Dump and other larger dumps at Kennecott's
Bingham Canyon Mine (Cathles and Apps, 1975). However,
Ritchie (1994a) asserted that the convective flux in alarge dump
generally applies over amuch smaller areathan the diffusive oxy-
gen flux.

The relative importance of diffusion vs. convection depends
primarily upon the range of air permeability. Ritchie (1994a) sug-
gested a cutoff permeability value of 10° m2. Above this value,
convection should dominate and below this value, diffusion
should dominate. Ritchie (1994a) also pointed out that he has
found the global oxidation rate to be insensitive to changes in the
intrinsic oxidation rate. Hence, for unsaturated waste rock, the
dominant rate-limiting process should be oxygen diffusion, espe-
cialy in anewly built waste-rock dump (Ritchie, 19944). Parts of
waste rock piles, usualy located near the center, are typically
dominated by diffusion whereas the outer edges may be dominat-
ed by convection. With time, convective gas transport will pene-
trate further into the dump as it ages (Ritchie 1994a).

Other factors that affect the ultimate release of acid drainage
include the climate, hydrologic variables, mineralogy of the waste
materials, physical structure of the waste and geological structure
and setting of the mine site, historical evolution of mineral-pro-
cessing practices, materials used and discarded in mineral pro-
cessing, geomorphology of the terrain, and vegetation. Discussion
of these subjects is beyond the scope of this chapter and can be
found in other chapters of this volume or in other review papers.
For example, Moore and Luoma (1990) have outlined the sources,
transport mechanisms, and sinks for mining and mineral-process-
ing wastes. They use the categories “primary,” “secondary,” and
“tertiary” according to how many times the mining waste has been
retransported. A comprehensive overview of tailings problems
and their management has been published by Ritcey (1989).

REDOX CHEMISTRY AND MINERAL SOLUBILITIES
Eh-pH diagrams and redox chemistry

The traditional graphical method of delineating the stabilities
of reduction-oxidation (or redox) species in geochemical systems
(and in corrosion systems) has been through the use of Eh-pH (or
pe-pH) diagrams. These are a type of master variable diagram
where the independent or master variable is pH. Originally devel-
oped by Pourbaix (1945, 1966; aso see Pourbaix and Pourbaix,
1992; Sato, 1992) to portray equilibrium relationships in metal
corrosion systems, they were introduced and championed in the
geochemical literature by Krumbein and Garrels (1952), Garrels
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(1954) and Garrels and Christ (1965). Hem (1961, 1985),
Krauskopf (1967), Krauskopf and Bird (1995) and many others
have used the concepts of Eh and pH as a convenient means of
representing redox relationships for ions and minerals. The read-
er isreferred to these sources as well as discussions by Stumm and

Morgan (1981) and Nordstrom and Munoz (1994) for an intro-

duction to the construction of these diagrams from thermodynam-

ic data.

A pe-pH diagram for the Fe-S-K-0O,-H,O system is shown on
Figure 6.2 with the thermodynamic stability fields of severa
major ions and minerals of iron. The formation and occurrence of
jarosite, goethite, and other secondary iron minerals are discussed
in the next section. The stability boundary between goethite and
jarosite can vary over severa units of pH depending on the crys-
tallinity and particle size of these minerals. Metastable phases
such as ferrihydrite may form more readily than the thermody-
namically stable phase in some conditions, and thus can play an
important role in controlling agqueous metal concentrations.

Figure 6.2 indicates that goethite is stable under mildly acidic
to basic oxidizing conditions, jarosite is stable under acidic oxi-
dizing conditions, and pyrite is stable under a large range of
strongly reducing conditions. Acidity tends to promote dissol ution
of minerals under a range of redox conditions. Additional iron
minerals can be shown on diagrams similar to Figure 6.2, if addi-
tional components such as carbonate, silica, phosphate, and urani-
um are included, but such multi-component diagrams can become
very cluttered and most of these additional minerals are not par-
ticularly relevant to acid mine waters.

These pe-pH diagrams can be very useful in showing the gen-
eral stability relations among redox-sensitive ions and minerals
but their limitations must be clearly understood:

1) Theredox chemistry of asolution or anatural water cannot be
measured by a simple “Eh” parameter. There is no such thing
as a single representative redox potential or an Eh of a water.
A measurement of electromotive force (EMF) with a platinum
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electrode (converted to Eh by subtracting the reference elec-
trode half-cell potential) for a water sample may or may not
reflect an equilibrium potential for a single redox couple but
there is no single Eh that represents the water (Thorstenson,
1984; Hostetler, 1984). Hence, Eh measurements may be quan-
titatively correlated to a specific redox couple such as Fe(l1/111)
but otherwise they are of little use.
Redox couples of different elementsrarely, if ever, reach equi-
librium at temperatures below 100°C. This fact is one of the
reasons why asingle Eh cannot be assigned to a water sample.
Redox disequilibrium is the rule, not the exception. Lindberg
and Runnells (1984) showed that when different redox couples
are measured in the same water sample, none of them appear
to be in equilibrium. The reasons for this are largely kinetic.
Electrons transfer much more readily between redox-sensitive
ions and surfaces such as electroconductive minerals (most
sulfides) and bacteria than with other ions in solution.
Redox potential measurements respond to electroactive aque-
ous ions. To be electroactive an ion must have a sufficiently
high exchange current density (Bricker, 1982) so that there is
no kinetic hindrance to the transfer of electrons. This criterion
requires both sufficiently high concentrations of the redox-sen-
sitive ions as well as the lack of kinetic barriers to electron
transfer. Only two common elements clearly meet this require-
ment: iron (11/111) and sulfur (sulfide). All other elements and
ions found in natural waters (with the possible exception of
uranium and cobalt under unusual circumstances) do not.

4) The redox conditions of awater sample are best characterized
analytically by determining the concentrations of multiple
redox species for each redox-active element in the sample.
Acid mine waters are easily analyzed for Fe(ll) and Fe(total)
(with Fe(l11) computed by difference or by direct determina-
tion, To et al., 1999) by visible spectrophotometry using a fer-
roin reagent such as bipyridine, orthophenanthroline, or fer-
rozine. The more precise and sensitive nature of methods using
a colorimetric reagent such as ferrozine make them preferable
to atomic absorption or inductively-coupled plasma atomic-
emission spectroscopy (Ball and Nordstrom, 1994). Once the
concentrations of redox species have been determined then the
classification of Berner (1981) can be used to describe the
redox chemistry. Berner suggests a practical lower limit of
detection as 10" molar for oxygen, iron, sulfide, and methane.
The presence of oxygen classifies a water as “oxic,” the
absence of oxygen and presence of ferrous iron classifies it as
“post-oxic,” the presence of sulfide classifies it as “sulfidic,”
and the presence of methane classifies it as “methanic.” This
genera classification works well for the typical ground water
evolving into more reducing conditions with time and depth,
but not for acid mine waters. Acid mine waters and other types
of surface waters are usually of a mixed redox chemistry and
only be determining relevant redox species can you interpret
the redox chemistry of the water.

Nordstrom et a. (1979) showed that acid mine waters typical-
ly have sufficient iron concentrations to give an equilibrium
potential at the platinum electrode for the Fe (11/111) redox couple
but that the O,/H,O redox couple was far from equilibrium with
respect to the iron couple. Careful analyses of acid mine waters
from the Leviathan/Bryant Creek system demonstrate the limits of
redox measurements for mine waters even more clearly (Ball and
Nordstrom, 1989, 1994). Figures 6.3a and 6.3b compare platinum
electrode Eh measurements with Eh values calculated from Fe
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(1/111) determinations and speciated with the WATEQ4F code
(Ball and Nordstrom, 1991; see Alpers and Nordstrom, 1999). The
comparison of measured and calculated Eh on Figures 6.3a and
6.3b shows an excellent correlation for samples with total iron
concentrations greater than 10° m. Most of the deviations are
found at the lowest Eh values where the iron concentrations are so
low (less than 10® m) that iron is no longer electroactive.
Furthermore, these waters are saturated with atmospheric oxygen
so that a mixed potential results from the oxygen competing with
the low concentrations of iron. Poor comparisons of calculated
and measured Eh are occasionally found at very high iron con-
centrations and low pH values because of inherent problems with
the chemica model under these conditions (see Alpers and
Nordstrom, 1999).

Iron photoreduction

Iron (I1) concentrations in oxygenated surface waters have not
only been detected but have been found to vary from night to day.
The concentrations of Fe (1) reach a peak during midday, at the
peak of insolation. The solar radiation reduces both dissolved Fe
(I1) and colloidal ferric hydroxide in natural waters (Waite and
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centrations in mola units. Data from Leviathan/Bryant Creek watershed,
California and Nevada (Ball and Nordstrom, 1989; 1994).
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Morel, 1984). The same effect has been found for acid mine
waters that have dissolved iron <5 mg/l (McKnight et al., 1988;
McKnight and Bencala, 1988). McKnight et al. (1988) found the
daytime production of Fe(ll) to be nearly 4 times faster than the
nighttime oxidation of Fe(ll). These results might also be
enhanced by light inhibition of iron- and sulfur-oxidizing bacteria
(Le Roux and Marshall, 1977). The continual exposure of acid
mine waters to the sun promotes recycling of the iron between
dissolved and particulate phases and may have important conse-
guences on the sorption of metals. Solar radiation could lead to
Ostwald ripening of iron colloids which would increase the iron
hydroxide particle size and decrease the reactive surface area
Alternatively, recycling of iron hydroxides and recreation of fresh
colloidal surfaces would promote surface area and the opportuni-
ty for increased adsorption of metals (McKnight and Bencala,
1989). These effects, however, may only be detectable in streams
with relatively small concentrations of iron. Acid mine waters
with more typical iron concentrations of 20-1000 mg/l may not
show this effect. In wetlands, an opposite effect has been
observed, where Fe (I1) concentrations reach a minimum during
daylight hours; this effect has been attributed to daytime oxy-
genation by algae (Wieder, 1994).

Saturation indices (SI) and mineral solubilities

When complete water analyses for the major ions are avail-
able, a speciation computation can be done to determine the state
of saturation with respect to any particular minerals for which
thermodynamic data are available (see Alpers and Nordstrom,
1999). Numerous acid mine waters and tailings pore waters have
been subject to these calculations to achieve more quantitative
interpretations on the control of metal concentrations by mineral
solubilities. Some brief examples of the usefulness of this
approach are shown here.

Acid mine waters are characterized by low pH, high iron and
auminum concentrations, high metal concentrations, and high
sulfate concentrations. Minerals that might be stable under these
conditions should be hydrolyzed iron- and aluminum-sulfate min-
erals and insoluble metal-sulfate minerals. Prime candidates
include jarosite, alunite, barite, anglesite, gypsum, and a suite of
ferric- and aluminum-hydroxysulfate compounds. Figures 6.4a-d
show two examples of Sl values for barite, one for aunite, and
one for anglesite. If equilibrium solubility is achieved and if it
exerts the dominant control on the concentration of one or more
elements, then the Sl values should show a linear and horizontal
trend close to zero. Such a pattern signifies that the water chem-
istry reflects the stoichiometry of the given mineral and may have
reached equilibrium saturation. As expected, the values tend to
plateau with the appropriate stoichiometry of the mineral but gen-
erally in the region of supersaturation. This effect might be
explained by the particle size effect on solubility because the sol-
ubility product constant usually refers to a coarse-grained, well-
crystallized material and it might also be due to solid solution
substitution of trace components. Some of the apparent supersat-
uration could also be due to inadequacies in the chemical model,
especialy in the activity coefficient and stability constant expres-
sions.

The behavior of aluminum and iron as reflected in saturation
indices can be seen on Figures 6.5a-d. On Figure 6.5a, a plateau
inthe Sl values for Al(OH), is seen at pH values above about 4.5.
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At pH vaues above 4.5, solubility equilibrium is apparently
reached with respect to microcrystalline or amorphous Al(OH),
and seems to be maintained at all higher pH values. This phe-
nomenon was pointed out by Nordstrom and Ball (1986) and can
be more clearly seen on Figure 6.5b in which the activity of the
free duminum ion is plotted against pH. The rate of aluminum
leaching from common minerals at low pH is not generaly fast
enough relative to the flow rate of surface and ground waters to
reach equilibrium with gibbsite. Furthermore, gibbsite solubility
isso high at very low pH that it becomes an unstable or metastable
phase with respect to other aluminous minerals, especialy in the
presence of high sulfate concentrations (Nordstrom, 1982b).

When acid mine drainage is diluted by neutral surface waters,
the pH and aluminum concentrations eventually reach the gibbsite
solubility curve and aluminum concentrations become controlled
by one of 3 possibilities: (1) solubility of a solid phase (such as
gibbsite), (2) a surface coating control with a stoichiometry simi-
lar to gibbsite, or (3) a common auminosilicate mineral with an
exchange ratio of Al3* to H* of 1:3. A pH of 5isaso equal to the
pK;, the negative logarithm of the first hydrolysis constant for
auminum, and without hydrolysis the precipitation of hydrolyzed
auminum would not be possible. Hem and Roberson (1990) have
shown that the rate of aluminum hydrolysis increases as pH val-
uesriseto about 5 so that the hydrolysiskinetics for dissolved alu-
minum favors the tendency toward equilibrium. Nordstrom et al.
(1984) have shown that, when rapid mixing causes precipitation
of aluminum in acid mine waters, the solid produced is an amor-
phous aluminum-hydroxysulfate material that might best be
described as an amorphous basaluminite.

Comparable diagrams for iron are shown on Figures 6.5c-d.
Apparent supersaturation with respect to ferric hydroxide or ferri-
hydrite occurs at pH values above about 4. The supersaturation
might be explained by substitution of sulfate for hydroxideionsin
the ferrihydrite and the formation of a schwertmannite-like phase.
Schwertmannite [FegOg(OH)4(SO,)] was described by Bigham et
a. (1990) and Bigham (1994) and is discussed in more detail in a
later section of this chapter. The apparent supersaturation with
respect to ferric hydroxide might also be explained by the forma-
tion of colloidal iron particles that cannot be filtered out by 0.1
micrometer pore size membranes. This apparent supersaturation
behavior for ferric hydroxide is commonly seen for both surface
waters and ground waters.

In general, the stoichiometry of a phase controlling the solu-
bility of an aqueous constituent can be derived from an appropri-
ately-selected ion-activity plot. For example, if pure ferric
hydroxide were controlling the solubility of ferric iron, the reac-
tion

Fe(OH); + 3H" == Fe** +3H,0 [6a]
and its log equilibrium constant expression
log K = logags+ - 3 loga,+ + 3 IogaH20 [6b]

would indicate that a plot of Fe3* activity versus pH (= -log ay,)
should have a slope of -3.

The observed slope of -2.4 on Figure 6.5d is clearly inconsis-
tent with solubility control by pure ferric hydroxide having a
molar Fe:OH ratio of 1:3 (Nordstrom, 1991). Similar results (a



D. KirRk NorDSTROM AND C.N. ALPERS

144

(066T) SOMO0|g WoJ} eep uo paseq sbuljel suiw Joj Hd jo uonouny se peno|d a1se|Bue 10} saoipul uoieInes (p) (Z66T e 1 WOJISPION) 815 aulw IWNsiN NWeSQ
8y} woJjerep Joj Hd Jo uonounye se peyjojd aliunfe Joj SevIpuUl UoTRINES (9) (#66T ‘686T ‘WOLISPION PUe [[eg) 81IS Uil Ueyel1ns ay) wodjerep Joj Hd jo uonounye se panojd alieq
10} s301pul uoireINies (g) (Z66T e 1 WOSPION) 81IS sUIW IWNSIN NWESO 8y} WOoJ} eep J0) UOIIRAUSDUOD 8124Ns JO Uofouny e se peno|d a11keq Joj sedipul uoieinikes (e)—y'9 34N9 14

Hd Hd
oL 8 9 v 4 0 oL 8 9 14 4 0 _
T T T [ T T T [ T T T T [ T T T T [ T T 11 V- I I I I €
B ° S de _ o 1z
oo&wmvoo . o
B OOOOO u 2
L 00 ] - 2]
i % 2 o %o =
i nmmbo ° o lo @ o . 2
5 o%@%o e} @w 5 ] ﬁ ~ o © -1 “lla_
o (o)
i o OO %Ow o o | ﬂ @ P
- T (@)
- — O O
- -{¢ g NN oS N N — 0
L - o o OOO
- 8 g0 ©°o o
i P ] 0 0" o @00 g
I T R [N T T T T T A N T T M N M N M £ I % l _o I ]
Hd _\mEEOm
8 L 9 ] 14 [ Z mo_\ No_\ oL L
T T 0 T T T T T T T T [TIT T T T T 7T [T T T T TT 11 0'v-
o) i ]
400 - i
- - 0¢
80° - © i
o o g | RS
O Q I o 1as-
OOO Oo Io.mls | O 0 ION x@
=k . W
(e} L
© oo i W - 10 %
z —01- A
O (@] o 5 - _
A 00O 00 m B o % 1
60 o 0©° C 7
e]e} 5 A
fe) o 1 00
s ° o o IP e ]
9 log F @00 e
Q o'l




145

GEOCHEMISTRY OF AciD MINE WATERS

‘aseyd o1} Buirelidioa.d ay) Ul apIXoJpAY J0) 81 NS JO UOINIASONS J11IBWOIYDI0IS-UoU SIsabbns aul|
pani 8y wolyadoss YLy By L “(TEET ‘WOASPION) 8Ul| paUsep & Se UMOUS / 01 G'€ Jo afles Hd 83 ul'efep 10y 113 1530 83 pue 8Ul| P1(0S  Se UMOLS D,Gz 1 d1lpAy ey pereiidioaid Ajusaiy
1o} Aujignios wnuqiinbs sy yim Hd sutee panoid uol oLy 8y Jo Aiande ays Jo wiyebo (p) (F66T ‘686T ‘WOJISPION pUe |[ed) 9} SUlW UeyIeIAST 8U} wolj emep Joj Hd Jo uoniouny
e se (E(HO)eH =) a1lpAy 1B} 10) S0IpUI UoIRINES (9) *(D.52 10)) uMmoys 8115qqIB auljesAI00IW pue E(HO)|V snoydiowe 1o) saul| A1jignjos wnigijnbe ay) yiim Hd sumkebe penojd uol
wnujwne ays jo Anange ays Jo wyieho (q) (¥66T ‘686T ‘WOASPION pue |eg) d)1S SUIW Ueyr1AsT 8y} wo.jemep Joj Hd Jo uonounje se a1isqqif 1oy seolpul uoeinies (8)—6'9 34N 14

Hd
0 0] 8 9 14 4 0
T T T T _ T T T T _ T T T T _ T T T T _ T T T T w_\uc—\
_{91-0}
— ONI
_ -0t
—z,-0l
—GL- _ — ¢l —
k] 8
O o _ —— 311sqqIb suljersAioosoiw —o1-01 NM
(¢ —
_do- 8% {(HO)IV &7
Ok~ & — snoydiowe —» — g0l
_ {01
— G-
p _ 8@ o, [ w0
1 1 1 1 1 1 1 1 _ 1 1 1 1 _ 1 1 1 1 _ 1 1 1 1
0
Hd o
Hd o 8 9 v 4 0
(0]% 8 9 14 4 0 0lL-
T T T [ o
o° 8
o ocP
o o -
- o) o -4 ¢ ﬂ 2
o 9 5 % 0)
© o) < ® @
oy O | o] 2]
55 o o 0O 0 X o © o (wAs) =y1sqqio auijjeiskio ﬂ
Qu& (e} OO (e%) ﬂ o @ 5 5 RS 0
Q ODu (e} [e) o 211sqqI9 aulj|e}SAI00I0IW
&g © & o 0%
@]
o L e ¢(HO) Iv snoydiowe |
n ® 1z
o 0]
1 I I I e
S




146

slope of -2.35) in other surface-water environments and in labora-
tory experiments were interpreted by Fox (1988) to represent afer-
ric hydroxide in which nitrate has partially substituted for hydrox-
ide, i.e., Fe(OH),45(NOy),es Kimball et a. (1994) found a
regressed slope of -2.23 from iron data on the acid mine waters of
St. Kevin Gulch, Colorado during a neutralization experiment.

The relation on Figure 6.5d could be caused by a reaction
involving a hypothetical sulfate-substituted ferric hydroxide such
as

Fe(OH), 4(SO)q3*24H" == Fe**+0.3S07 +2.4H,0 [74]
with its log equilibrium constant expression

logK =loga3+ - 2.4loga,++0.3 Iogasoz- +24 IogaHZO [7b]

The data on Figure 6.5d do not indicate solubility with schw-
ertmannite of the composition reported by Bigham (1994). The
expected slope on a plot of a-,, vs. pH showing schwertmannite
solubility equilibrium would be -2.75, based on the reaction

FeO(OH)g 75(SO4)g 125 *+ 2.75H" <=

Fe** +0.125 SOZ- + .75 H,0 [84]

and its log equilibrium constant expression
logK =loga3+-2.75loga,+ +0.125 Iogasoz_ +1.75 IogaHZO [8b]

Bigham (1994) reported that schwertmannite is associated with
mine drainage ranging in pH from about 2.5 to 6, and is most com-
monly associated with “typical” mine effluents with pH from 3 to
4. Bigham (1994) also noted that ferrihydrite is associated with
mine drainage in the pH range of about 5 to 8. The data on Figure
6.5d with slope of -2.4 span from pH of about 4 to about 7. This
suggests that the apparent stoichiometry is more likely to represent
asulfate-substituted ferrihydrite, schwertmannite, or other hydrous
ferric oxide with a molar Fe:OH ratio of 1:2.4. It is also possible
that mixtures of different iron mineral phases are precipitating
from these waters over this pH range and the slope is not clearly
resolvableinto a particular reaction. This complex chemistry needs
more detailed work to quantitatively relate water chemistry to iron
colloids and other precipitates.

In his thesis work (Blowes, 1990) and in subsequent papers
(Blowes and Jambor, 1990; Blowes et al., 1991; Blowes and
Ptacek, 1994; Ptacek and Blowes, 1994), Dr. Blowes and his col-
leagues have mapped the saturation indices for siderite, calcite,
goethite, ferrihydrite, gypsum, melanterite, and anglesite with
depth in tailings piles at Heath Steele, New Brunswick, and Waite
Amulet, Quebec. Similar detailed hydrogeochemical studies are
being completed at Kidd Creek and Copper Cliff, Ontario. In some
of these studies, two agueous models are compared: the ion asso-
ciation model and the specific ion interaction (Pitzer) model. For
some minerals, the comparisons of saturation indices computed by
both models are nearly identical, but for others the Pitzer model
gives Sl values that are more consistently at equilibrium. The min-
eralogy at these sites has also been studied in detail and it fully sup-
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ports the interpretations based on the Pitzer model saturation
index computations, which are more appropriate for solutions of
high ionic strength. The strengths and limitations of these aqueous
models as applied to acid mine waters are discussed by Alpers and
Nordstrom (1999).

SECONDARY MINERALS

Acid mine waters are highly reactive solutions that can dis-
solve most primary minerals and form awide variety of secondary
minerals. The understanding of secondary mineral formation has
important conseguences for environmental management of min-
ing wastes. Insoluble secondary minerals with large surface areas
can effectively immobilize many of the major contaminants in
acid mine waters, providing an important attenuation and detoxi-
fying mechanism. Soluble secondary minerals also slow down
toxic metal mobility but only temporarily until the next rainstorm
or snowmelt event. Hence, the occurrence and properties of these
minerals are equal in importance to the water chemistry and pyrite
oxidation rates for the interpretation of chemical processes occur-
ring in mine waste environments.

For the purpose of this discussion, secondary minerals are
defined as those that form during weathering. A further distinction
can be made between secondary minerals formed by natural
processes prior to human disturbance and those formed after the
commencement of mining, exploration, or other human activity.
In this chapter we refer to these effects as pre-mining and post-
mining.

There are clear similarities in the geochemistry of pre- and
post-mining weathering processes, as well as in the nature of the
associated aqueous solutions and secondary minerals; however,
there are also some important differences. Mining tends to cause
a dramatic increase in the rate of sulfide oxidation reactions
because of rapid exposure of large volumes of reactive material to
atmospheric oxygen. Blasting and crushing of ores and waste
material leads to a considerable increase in the available surface
area of reactive minerals. Hydrologic changes caused by mine
dewatering in both underground and open-pit mines may expose
large volumes of rock to atmospheric oxygen.

The type of secondary mineral formed depends on the compo-
sition of the water, the type and composition of the primary min-
eras, the temperature, and the moisture content. The initial min-
erals that precipitate in certain environments tend to be poorly
crystalline, metastable phases that may transform to more stable
phases over time. Therefore, those secondary minerals that are
preserved in the geologic record in leached cappings, gossans, and
zones of secondary enrichment may be quite different in their
mineralogy compared with the secondary minerals that form over
shorter time frames in mine drainage settings.

Four important processes lead to the formation of secondary
minerals from acid mine waters: (1) iron oxidation and hydroly-
sis, (2) reaction of acid solutions with sulfides, gangue minerals,
and country rock, (3) mixing of acid mine waters with more dilute
waters, and (4) evaporation of acid mine waters.

A suite of Fe(Ill) minerals can form from iron oxidation and
hydrolysis. Many of these phases have very low solubility, fall in
the colloidal sizerange (lessthan 1.0 micrometer), and can adsorb
or coprecipitate significant quantities of trace elements. Reaction
of acid mine waters with country rock and some gangue minerals,
such as calcite and dolomite, will cause neutralization and precip-
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itation of metals. Evaporation concentrates the acid, sulfate, and
metals found in acid mine waters until they reach mineral satura-
tion, forming efflorescent sulfate salts, a common feature associ-
ated with oxidizing sulfide-bearing mine wastes.

This section describes five categories of secondary minerals:

(1) metal oxides, hydroxides, and hydroxysulfates, (2) soluble
sulfates, (3) less-soluble sulfates, (4) carbonates, and (5) sec-
ondary sulfides. For each category, one or more lists of mineral
formulas are provided (Tables 6.6-6.13). These lists are intended
to include the more common secondary minerals in each catego-
ry, but it should not be inferred that all minerals on the lists have
been demonstrated to control metal concentrations in acid mine
waters on a large scale. A discussion of the secondary minerals
that are likely to control metal concentrationsin acid mine waters
isincluded as the final part of this section.

Metal oxides, hydroxides, and hydroxysulfates

Most divalent and trivalent metals exhibit amphoterism, i.e.,
they produce a solubility minimum at circum-neutral pH values
with enhanced solubilities under both acidic and basic conditions.
Figure 6.6 shows both the amphoteric solubilities of ferrihydrite,
gibbsite, and the hydroxides of Cu, Zn, Fe(ll), and Cd at 25°C, as
well as the importance of pH in controlling the dissolved concen-
tration of these metals. Different metals reach their minimum sol-
ubility at different pH values. This phenomenon providesthe basis
for the removal of metals during rapid neutralization of acid mine
drainage by akaline treatment (lime, limestone, or sodium
hydroxide). The pH-specific solubility minimum varies for each
metal, causing a different efficiency of metal removal for neutral-
ization to a given pH (Barton, 1978). At metal concentrations
greater than 10°6 molar, metal hydroxides should precipitate in the
following sequence with increasing pH: Fe(ll1), Pb, Al, Cu, Zn,
Fe(ll), and Cd. This sequenceis also very closely followed by the
pH-dependent sequence of adsorption of metals on hydrated fer-
ric oxide surfaces (Dzombak and Morel, 1990).

Iron—The minerals discussed in this section are ferrous (Fe'')
and ferric (F¢'") oxides, hydroxides, and hydroxysulfates. The list
of minerals in Table 6.6 includes some that are not observed to
form readily during weathering, but are included for completeness
and for analogy with other metals, especialy aluminum (Table
6.7; discussed in alater subsection).

Ferrous hydroxide is considerably more soluble than its ferric
equivalent at a given pH (Fig. 6.6) and the former appears only
rarely in nature. Fe(OH),, when slightly oxidized, takes on agreen
appearance and is also known as “ green rust.” It occurs when Fe'l-
rich solutions are mixed with a highly alkaline solution and
alowed to oxidize slightly. This material has been prepared in the
laboratory and Ponnamperuma et al. (1967) have argued effec-
tively for its occurrence in nature, but it is not credited as a min-
eral because it is unstable and poorly characterized.

Ferrihydrite is a poorly crystaline form of hydrous ferric
oxide/hydroxide that seemsto be the first phase to form upon neu-
tralization of Fe(ll1)-bearing solutions at low temperature, surfi-
cia conditions. For many years, this phase was considered to be
*amorphous Fe'!'(OH),.” However, careful examination by X-ray
diffraction (XRD) and Madosshbauer spectroscopy (e.g.,
Schwertmann, 1985a) has revealed that this material is common-
ly a poorly crystalline substance with a range of structural order,
yielding an XRD pattern with two to six peaks (Carlson and

Schwertmann, 1981). Ferrihydrite formed in mining environ-
ments tends to have two to four XRD peaks, and is associated with
waters having pH values of 5to 8 (Bigham, 1994). The “two-ling”
ferrihydriteisalso referred to as“ proto-ferrihydrite” (Chukhrov et
al., 1973), although thisis not an approved mineral name. At least
two formulas for ferrihydrite have been reported: Fe;HOg4H,0
(Towe and Bradley, 1967) and Fe,04-2FeO(OH)-2.6H,0, astruc-
tural formula based on infrared spectroscopy (Russell, 1979). The
latter formula can also be expressed as Fe,05-1.8H,0.

Hematite (Fe,O,) and goethite [FeO(OH)] are the most com-
mon and most stable forms of ferric oxide and oxyhydroxide,
respectively. The solubility and stability of hematite and goethite
are sufficiently close that grain size and surface Gibbs free ener-
gy have important influence on the phase relations. With regard to
coarse-grained minerals, goethite appears to be stable relative to
hematite at temperatures below about 80°C (Langmuir, 19609,
1971, 1972). However, fresh goethite nearly always occurs in a
particle size less than 0.1 micrometers in soils and sediments, so
it is unstable relative to coarser-grained hematite under the geo-
logic conditions that form sedimentary rocks. This conclusion is
supported by both laboratory (Berner, 1969, 1971) and field evi-
dence (Walker, 1967, 1974, 1976). Both goethite and hematite
have slow growth kinetics at surficial temperatures, so the initial
solid products from the hydrolysis of Fe3;q) are poorly crystalline,
metastable phases such as microcrystalline goethite or ferrihy-
drite. Thus, kinetic factors play an important role in determining
the nature of the ferric precipitate(s) that may form as a result of
ferrous iron oxidation and hydrolysis. Some progress has been
made in understanding these factors and how they influence the
distribution of hematite and goethite in soil profiles (Kampf and
Schwertmann, 1982; Schwertmann, 1985a, b). Ferrihydrite is
known to convert to hematite if conditions are maintained
between pH 5 and 9. Outside of thisrange, most of the ferrihydrite
dissolves and repreci pitates as goethite (Schwertmann and Murad,
1983). Other factors may influence the formation of these phases,
such as humidity, Al-content (Tardy and Nahon, 1985), grain size,
and the presence of trace elements (Torrent and Guzman, 1982;
Thornber, 1975). The preparation and characterization of iron
oxides has been reviewed by Schwertmann and Cornell (1991).

Relatively little work has been done to understand the factors
that influence the distribution of hematite and goethite in the
weathered zone of mineral deposits. Leached cappings and gos-
sans represent the in situ oxidized equivalents of porphyry copper
and massive sulfide deposits, respectively. The mineralogy of iron
in the oxidized zones of these deposits is dominated by hematite,
goethite, and jarosite [(K,NaH0)Fe!'5(SO,),(OH)4]. The early
literature (e.g., Locke, 1926; Tunell, 1930) documented the obser-
vation that “deep maroon to seal brown” hematitic iron oxide
tends to remain in rocks after oxidation of supergene chalcocite-
bearing ores, which form as the enrichment product of copper-
iron sulfide protores. Increasing amounts of goethite and jarosite
relative to hematite correlate with progressively higher ratios of
pyrite to chalcocite at depth (Loghry, 1972; Alpers and Brimhall,
1989). The texture of the iron oxides (or “limonites”) also reflects
a systematic change from indigenous (in original sulfide cavities)
to transported (outside sulfide cavities and in fractures) with
increasing relative pyrite content prior to oxidation (Blanchard,
1968; Loghry, 1972).

Aluminum has been observed to substitute into goethite and
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TABLE 6.6—Iron oxide, hydroxide, and hydroxysulfate minerals.

TABLE 6.8—Some other oxide and hydroxide minerals and native metals.

Mineral Formula Mineral Formula
Hematite o-Fe,0q Pyrolusite MnO,
Maghemite v-Fe,05 Hausmannite Mn;O,
Magnetite FeO-Fe,0O;4 Manganite Y-MnO(OH)
Goethite o-FeO(OH) Pyrochroite Mn(OH),
Akaganéite B-FeO(OH,CI) Todorokite (Mn",cCaMg)Mn'V,0,H,0
Lepidocrocite y-FeO(OH) Takanelite (Mn",caMn'V,04H,0
Feroxyhyte &'-FeO(OH) Rancieite (CaMn')Mn'V,04-3H,0
Ferrihydrite Fe;HOg-4H,0 Native copper Cu
or ;
Fe,052FeO(0OH)-2.6H,0 l??:;tee EEOO
Schwertmannite Fel'l,04(SO,)(OH), deafosdte o
Fibroferrite Fe''(SO,)(OH)-5H,0 Bunsenite NIO 2
Amarantite Fe''(S0,)(OH)-3H,0 Theophrasite Ni(OH)
Jarosite KF14(S0,),(OH)s Jambzrite (Nil il Fe)(OH)2(OH,SH,0)
Natrojarosite NaFe'!'(SO,),(OH), Native Silver Ag U 2
Hydronium Jarosite (H;0)Fe"4(SO,),(OH)g Native gold AU
Ammonium Jarosite (NH,Fe",(SO,),(OH), Native mercury Hg
Argentojarosite AgFe!';(SO,),(OH)g Montroydite HO
Plumbojarosite Pby sFe'!!5(S0,),(OH)g Massicot litharge PO
Beaverite PbCuFe'!!(SO,),(OH)4 _
Plattnerite PbO,

Chromate jarosite

KFe!',(Cro,),(OH)q

TABLE 6.7—Aluminum oxide, hydroxide, and hydroxysulfate minerals.

TABLE 6.9—Selected soluble iron-sulfate minerals.

Mineral Formula Mineral Formula

Corundum a-Al, 04 Melanterite Fe'sO, 7H,0
[y-Alumina]* ¥-AlL,Oq Siderotil Fe'sO,-5H,0

Diaspore o-AlO(OH) Rozenite Fe'sO,4H,0

Boehmite Y-AlO(OH) Szomolnokite Fe/'so,H,0

Gibbsite ¥-Al(OH); Halotrichite Fe/'Al(SO,),22H,0
Bayerite 0-Al(OH), Roemerite Fe'Fe'!'(SO,) ,14H,0
Doyleite Al(OH), Coquimbite Fe'',(SO,)59H,0
Nordstrandite Al(OH)4 Kornelite Fe''(SO,)47H,0

Alunite KAI4(SO,),(OH)g Rhomboclase (H0)Fe"(SO,),3H,0
Natroalunite NaAl;(SO,),(OH)g Ferricopiapite Fe'';(SO,)¢O(OH)-20H,0
[Hydronium Alunite]? (H;0)Al4(SO,),(OH), Copiapite Fe'Fe'!! ,(SO,)g(OH),-20H,0
Ammonium Alunite (NHAI5(SO,),(OH)g Voltaite K, Fe' el (SO,),,-18H,0

Osarizawaite PbCuAl,(SO,),(OH),
Jurbanite Al(SO,)(OH)-5H,0
Basaluminite Al,(SO,)(0OH),y5H,0

Hydro-basaluminite

Al (SO,)(OH),12-36H,0

1y-Aluminais a synthetic compound, used as a catalyst in industry. Surface proper-
ties are reviewed by Goldberg et al. (1995).

2 Hydronium alunite has not been found in nature and therefore is not considered a
mineral.
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TABLE 6.10—Some other soluble sulfate minerals.

TABLE 6.12—Some carbonate minerals.

149

Mineral Formula Mineral Formula
) Rhombohedral

Ep&)mlte' MgSO, 7H,0 Cdlcite CaCO,

Hexahydrite MgSO,-6H,0 Magnesite MgCO,

Goslarite ZnSO,7H,0 Siderite FellCO,4

" ) Rhodochrosite MnCO,4

Blanc.hlt(.a ZnS0,6H;0 Smithsonite ZnCO,

Gunningite ZnS0O,H,0 Otavite CdCO,

Zincosite Znso, Gaspéite _ NiCO,4

Gypsum Cas0, 2H,0 Sphaerocobaltite CoCO,

Anhydrite Caso, Orthorhombic

. . Aragonite CaCo.

Morenosite NiSO,7H,0 Str?%ti anite SrCO33

Retgersite NiSO,6H,0 Witherite BaCO,

Boothite CusO, 7H,0 Cerrusite PbCO,

Chalcanthite CuSO,-5H,0 Double

Chalcocyanite Cuso, E‘)' Oamr: te (C::(Nl\l/l g((ﬁﬂos))(zcog

utnahorite nMg 5

Alunogen Al3(S0,)317H;0 Ankerite Ca(Fe' MgMn)(CO,),

Mirabilite Na,SO, 10H,0 Minrecordite CazZn(CO,),

Thenardite Na,SO, Hydroxy!
Malachite Cu,(CO,)(OH),
Azurite Cu,(CO;),(0OH),
Hydrocerussite Pb;(CO,),(0OH),
Hydrozincite Zn5(CO,),(OH)4
Aurichalcite (Zn,Cu)5(CO,),(OH)4

TABLE 6.11—Some less-soluble sulfate and hydroxysulfate minerals.

TABLE 6.13—Supergene and diagenetic sulfide minerals.

Minera Formula Minera Formula
Celestite S0, St Supergene sulfide minerals cos
. cocite U,

Angles«te PpSO, Djurleite-1 Cuy 555

Barite BasSO, Djurleite-ll Cuy g3y

Radium sulfate RasO, I/ilgﬁ?lte (CCUge)gss

. nilite u,S,

Antlerlte. Cuy4(SO,)(OH), Geerite Cu.S,

Brochantite Cu,(SO,)(OH)g Spionkopite ClzeSy

Langite, Wroewolfeite Cu,(SO,)(OH)g2H,0 E?WOW'te, _ it gugsg <

. ue-remaining covellite u

Posnjakite Cu,(SO,)(OH)gH,0 Covallto U
Violarite Ni,FeS,
Millerite NiS

Diagenetic sulfide minerals
Amorphous FeS FeS with coprecipitated Zn,
Cd, Mn, Cu, Ni, As)

Mackinawite (FeNi)gSg
Smythite (Fe,Ni)?S]_,L
Greigite FelFS,

Pyrite, marcasite

FeS,
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FIGURE 6.6—Solubility curvesfor gibbsite, ferrihydrite, and the hydrox-
ides of Cu, Zn, Fe (I1), and Cd shown as a function of pH.

hematite in certain soils, to maximum concentrations of 33 mole
% AIO(OH) and 14 mole % Al,O,, respectively (Yapp, 1983;
Tardy and Nahon, 1985; Schwertmann, 1985a). Although both
iron and aluminum are highly soluble in acid mine waters, we are
unaware of any data showing significant aluminum substitution in
iron oxide minerals formed in mine drainage settings. Adsorption
and precipitation of hydrolyzable metal ions tends to take place at
pH values near the first hydrolysis pK for that metal. The first pK
of hydrolysis for Fe'!l is 2.2, and for Al is 5.0, so the coprecipita-
tion of Al in hydrous Fe'!' oxides formed at pH values less than
about 4.5 is unlikely. This fundamenta difference between iron
and aluminum chemistry leads to spatial and temporal separation
of precipitating phases of hydrolyzed iron and aluminum in oxi-
dizing mineral deposits and mine waters.

Schwertmannite is a poorly crystalline iron-hydroxysulfate
mineral that has recently been discovered to be a fairly common
phase in ochres formed in mine drainage environments (Bigham
et al., 1990; Bigham, 1994; Murad et al., 1994). The structure of
schwertmannite appears to be related to that of akaganéite, aniron
oxyhydroxide with essential chloride (Bigham, 1994; Murad et
al., 1994). A combination of powder XRD and Md&ssbauer spec-
troscopy is necessary for definitive identification of schwertman-
nite (Murad et a., 1994). Schwertmannite or other sulfate-substi-
tuted, hydrous ferric oxides are most likely to control ferric iron
solubility in acid mine drainage, as discussed previously (Fig.
6.5d).

Jarosite-alunite—The jarosite-alunite group of minerals
shares a common crystal structure and stoichiometry, with many
possible compositional substitutions. The genera jarosite-alunite
formula is AB4(SO,),(OH), where the B sites are occupied by
Fe!l to form jarosites and by Al to form alunites. Endmember for-
mulas for some of the more common jarosite group minerals are
given in Table 6.6, and the more common alunite endmember for-
mulasin Table 6.7. The A site is occupied either by a monovalent
cation or by a divalent cation aternating with a vacancy to main-
tain charge balance. The most common occupants of the A sitein
order of abundance in natural alunites and jarosites are K* > Na*
> H,0" (Kubisz, 1960, 1961, 1964; Brophy and Sheridan, 1965;
Scott, 1987). The pure potassium-iron endmember is jarosite and
the pure potassium-aluminum endmember is aunite. Pure end-

members are rare; jarosites and alunites formed during weathering

and those synthesized at temperatures below 100°C tend to con-

tain considerable hydronium ion in the A site (Dutrizac and

Kaiman, 1976; Dutrizac, 1983; Alpers et al., 1989, 1992;

Stoffregen and Alpers, 1992). Hydronium jarosite has been report-

ed as a naturally occurring mineral (Kubisz, 1970), whereas

hydronium alunite has not yet been found in nature. The hydroni-

um endmembers can be synthesized readily (Ripmeester et a.,

1986). Solid solutions between alunite and jarosite have also been

synthesized (Parker, 1962; Brophy et al., 1962), but thermody-

namic relations for iron-aluminum substitution have not been
established and mineral compositions intermediate to aunite and
jarosite are not commonly observed. This effect is probably
caused by the different first hydrolysis constants for Fe/!' (pK, =

2.2) and Al (pK; = 5.0), as discussed earlier regarding hematite

and goethite. Further summaries on substitutional properties of

the aunite-jarosite group were presented by Scott (1987),

Stoffregen and Alpers (1987, 1992), and Alpers et a. (1989).

Information on the relation between the crystallographic, chemi-

cal, and isotopic properties of alunite and jarosite was reported by

Alperset a. (1992) and by Stoffregen and Alpers (1992).
Aluminum—A list of some aluminum oxide, hydroxide, and

hydroxysulfate minerals and their formulas is provided in Table

6.7. Thermodynamic properties of aluminous minerals have been

reviewed, evaluated, and tabulated by Hemingway and Sposito

(1996). Properties of aqueous aluminum ions and polymers have

been reviewed and evaluated by Nordstrom and May (1996) and

Bertsch and Parker (1996), respectively.

Solubility and stability relations among gibbsite, alunite, basa-
luminite, jurbanite, and alunogen were delineated by Nordstrom
(1982b). In acid mine waters, aluminum-sulfate and -hydroxysul-
fate minerals become more stable than common soil minerals such
as gibbsite and kaolinite. At pH values less than about 5.5
(depending on sulfate and potassium activities) gibbsite becomes
unstable relative to alunite (Nordstrom, 1982b). Below pH values
of about 4, jurbanite becomes most stable. Alunogen becomes sta-
ble only at pH values below 0 (i.e., hydrogen ion activities greater
than 1.0). Some of these stability relationships need to be revised
in light of the work by Reardon (1988), who applied the Pitzer
approach to aluminum-sulfate solutions, and the recent revisions
on thermodynamic properties of aluminum minerals and aqueous
species (Hemingway and Sposito, 1996; Nordstrom and May,
1996). Despite its apparent thermodynamic stability, jurbanite
tends to occur only rarely as a post-mining efflorescence
(Anthony and MacL ean, 1976), and has not been found common-
ly asaminera precipitate from acid mine waters. We suspect that
jurbanite has little significance as a solubility control in spite of
the near-zero Sl values commonly found, for three reasons:

1) recalculation of the solubility field is needed, based on revised
thermodynamic properties for auxiliary species that may show
the stability field of jurbanite to be at lower pH values,

2) jurbanite appears to be an efflorescent salt and most efflores-
cent salts in mine wastes form at pH values much less than 4,

3) other factors seem to govern aluminum and sulfate concentra-
tions in acid mine waters (Nordstrom and Ball, 1986).

The behavior of aluminum in acid mine waters (and stream
waters affected by acid rain) has been described by Nordstrom and
Ball (1986). For waters with pH values less than 4.5 to 5.0, dis-
solved aluminum tends to behave as a conservative ion in surface
waters, whereas for waters with pH values above 5.0, solubility
control of dissolved aluminum by microcrystalline to amorphous
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AIl(OH), is apparent, as described previously (Figs. 6.5a and
6.5b). Such control may be caused by equilibrium solubility or by
a surface reaction involving the exchange of Al3* for 3H* on an
auminous surface. May and Nordstrom (1991) showed that a
characteristic change of behavior for aluminum from conservative
to non-conservative is common for awide variety of sulfate-acid-
ified waters. When the pH in an acid mine water increasesto 5 or
higher because of rapid mixing with circumneutral, dilute water,
an aluminum-hydroxysulfate compound precipitates immediately.
This precipitate is usually white, and is most commonly amor-
phous to XRD, electron diffraction, transmission electron
microscopy, and scanning electron microscopy (Nordstrom et al.,
1984). It seemsto be of fairly constant composition, similar to the
amorphous basaluminite reported by Adams and Rawajfih (1977).
It has been observed many times by people working on acid mine
waters and mine wastes. The occurrence of the white, aluminous
precipitate at pH values of 5 or aboveis so consistent that one can
frequently use its presence to predict the pH of the water when a
pH electrode and meter are unavailable. A classic example is the
caved portal at the Gem Mine (often called the Paradise portal), in
the San Juan Mountains of southwestern Colorado, which has
been discharging mine water continuously with a pH of 5.5 + 0.3
for more than 30 years. This site has a striking white precipitate,
affectionately known as “white death,” that consists primarily of
auminum, sulfate, and water (Nordstrom et al., 1984); anomalous
concentrations of lanthani de elements have been found in this pre-
cipitate (Carlson-Foscz, 1991; Nordstrom et al., 1995).

As with the iron minerals, thermodynamic stability relations
among the aluminum minerals and their kinetic rates of formation
can vary greatly, depending upon sulfate concentration, salinity,
pH, particle size, and temperature. Precipitation rates for some of
these aluminous minerals may be sluggish so that the equilibrium
conditions are not often reached in surface waters. In soil and
ground waters, longer residence times favor solubility control by
mineral-solution equilibria.

Other metals—Native metals, oxides, and hydroxides of sev-
eral other metals such as copper, nickel, manganese, silver, gold,
and mercury may occur from the weathering and oxidation of pri-
mary sulfide minerals (Table 6.8). These mineralstend to occur as
residual products in oxidized zones (gossans and leached cap-
pings), where many pore volumes of water have reacted with the
formerly mineralized rocks. It is unlikely that these phases exert
solubility control on large volumes of water, but rather they are
likely to form during dry periods when isolated microenviron-
ments may reach saturation with a given native metal, oxide or
hydroxide. The absence of discrete trace-metal-bearing oxides
and hydroxides in most oxidized mine wastes suggests that other
mechanisms, such as adsorption or coprecipitation with hydrous
iron oxides, limit the concentrations of dissolved trace metals in
mining environments (see Smith, 1999).

The behavior of nickel in tailings impoundments and acid-
mine-drainage precipitates illustrates that the fate of trace metals
in mine drainage settingsis generally tied to that of the major ele-
ments, particularly iron. Mineralogical analysis and microanalysis
by Jambor and co-workers as part of a study on the Copper Cliff
tailings area at Sudbury, Ontario, hasindicated that nickel tendsto
occur dispersed in hydrous iron oxides forming alteration rims on
pentlandite and nickeliferous pyrrhotite, rather than as discreet
nickel oxide or hydroxide phases (Alpers et a., 1994b). Overall,
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the bulk of the nickel liberated by oxidation of these sulfides ends
up in goethite, apart of the nickel remainsin solution and istrans-
ported from the site of oxidation, a small amount is taken up by
vermiculite and associated mixed-layer silicates that replace
biotite, and some may occur as secondary violarite (see Supergene
and Diagenetic Sulfides section, below), which is expected to
occur but has not yet been found in the Copper Cliff tailings
(Alperset a., 1994b).

Copper oxides, particularly tenorite and cuprite, are known to
form in the oxidized zone of sulfide deposits and are indicative of
low pyrite content and(or) a high wallrock neutralization capacity
(Loghry, 1972; Anderson, 1982). The behavior of copper in tail-
ings impoundments and waste-rock pilesis similar to that of nick-
e in that discrete secondary copper oxides are rarely formed;
rather the copper is either transported away from the oxidized
zone in solution, is fixed in other secondary phases such as sul-
fates, carbonates, or silicates, or is coprecipitated and(or) adsorbed
to hydrous iron oxides.

Manganese oxides and hydroxides are known to form from
acid mine drainage, often at considerable distance from the
source(s) of sulfide oxidation and acid formation. Krauskopf
(1957) pointed out that the redox and hydrolysis properties of iron
and manganese are such that they sometimes behave differently
under changing conditions of oxidation and reduction. Hem
(1978, 1980) considered the effects of manganese oxidation and
disproportionation on the coprecipitation of other trace metals
with manganese oxides. He demonstrated the effect of manganese
on the coprecipitation of CoO(OH) (Hem et a., 1985) and on the
precipitation of zinc as hetaerolite, ZnMn,O,, at 25°C (Hemet al.,
1987). He further discussed the possibility that low-temperature
“ferrite” compounds may be responsible for the low concentra-
tions of trace metals found in uncontaminated natural waters. Hem
also made many other significant contributions to our understand-
ing of the hydrolysis and precipitation of trace metals (Hem,
1985).

Manganese oxides are actively precipitating at Pinal Creek,
Arizona, in the Globe-Miami mining district, and so provide an
opportunity for study of geochemical processes controlling man-
ganese solubility in a mine drainage setting. At Pinal Creek, an
alluvial ground-water aquifer was contaminated by acidic
recharge (pH about 2.7) from copper mining and smelting activi-
ties (Eychaner, 1991). After neutralization by interaction with the
dluvial material, the contaminated ground-water emerges at near-
neutral pH in aperennial reach of Pinal Creek, about 15 km down-
gradient from the acid source, at which point manganese-rich
crusts have developed in the streambed. Chemical and XRD
analyses (Lind, 1991) suggest that the manganese occurs as a mix-
ture of two related hydrous oxides, takanelite and rancieite (see
Table 6.8), plus an Mn-bearing carbonate, probably kutnohorite
(see Table 6.12). The overal oxidation state of the manganese in
the less-than-75 micrometer size fraction of the Pinal Creek pre-
cipitates was 3.65 (Lind, 1991). To test the hypothesis that neu-
tralization of acidic Mn-bearing water would lead to formation of
similar Mn-bearing minerals, titrations were made of Mn-rich
ground waters from the Pinal Creek area with a 0.1 molar NaOH
solution with and without CO,, present; these experiments yielded
hausmannite (which aged to manganite), kutnohorite, and a mixed
Ca-Mn species similar to todorokite (Hem and Lind, 1993).
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Soluble sulfates

Soluble sulfate minerals, often occurring as efflorescent salts,
are common in mines, on mine tailings and waste rock, and on sul-
fide mineralization exposed to the air. These phases store metals
and sulfate during dry periods and dissolve readily during flushing
events, a process that has an important influence on temporal vari-
ations of metals in surface waters affected by mine wastes.

Iron sulfates—The most common efflorescent minerals are
hydrated iron sulfate salts (Table 6.9). Based both on laboratory
experiments of evaporating acid mine waters as well as field
observations, the hydrated iron sulfate minerals seem to follow a
paragenetic sequence as shown below (Buurman, 1975;
Nordstrom, 1982a; C. Maenz, written commun., 1995).

melanterite (rozenite, szomolnokite)

v
copiapite
AV
roemerite, coquimbite, kornelite
\
rhomboclase

N

voltaite, halotrichite

The formation of melanterite as the first phase to precipitate from
the evaporation of many acid mine waters is consistent with the
preponderance of agueous ferrous iron in these waters. Reactions
(2) and (3) indicate that aqueous ferrous iron and sulfate are the
initial products of pyrite oxidation, and it is these ions that com-
bine to form melanterite. The remaining iron sulfates in the gener-
alized paragenetic sequence form as the solutions evaporate and
the ferrous iron oxidizes to ferric; however, a simple progression
from ferrous to ferric salts is not observed because of differences
in solubility among the various salts and the influence of other
major elements which substitute to a variable degree for divalent
and trivalent iron, such as copper and zinc for ferrousiron and alu-
minum for ferric iron.

Copper tends to partition into melanterite in preference to zinc
(Alperset a., 1994a). The result of this partitioning is a tendency
toward higher ratios of zinc/copper in residual solutions as
melanterite and related phases form in the dry season, and then
lower ratios of zinc/copper as the salts are flushed in the wet sea-
son (Alperset a., 1994a).

Another important role of the soluble iron sulfates is to store
acidity and oxidation potential in the form of hydronium and fer-
ric ions. The mineral rhomboclase is essentially a solid form of
sulfuric acid plus ferric sulfate. Although generally considered
rare, large quantities of rhomboclase and other iron sulfate salts
were found at Iron Mountain, California, in inactive underground
mine workings within a volcanogenic massive sulfide deposit
(Alpers and Nordstrom, 1991). The salts were observed to be
actively forming from waters with pH values from 1 to less than -3
(Nordstrom et al., 1991; Alpers et a., 1991; Nordstrom and
Alpers, 1999). Rhomboclase may be present in trace amounts in
other settings where acid waters evaporate to dryness, providing a
storage mechanism for hydronium ions. Other ferric-sulfate and
mixed ferrous-ferric-sulfate salts have been found associated with
mine wastes and spoils in numerous localities including coal and
metal mines (e.g., Zodrov and McCandlish, 1978a, b; Zodrov et
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a., 1979; Cravotta, 1994; Plumlee et a., 1995).

Dissolution of these salts can create large quantities of very
acid mine waters. Flooding of underground mines and mine
wastes as a remedial measure may not result in short-term
improvements in water quality because the ferric salts will dis-
solve and the ferric iron will hydrolyze (if pH is above 2.2), pro-
viding an oxidant that will cause continued sulfide oxidation (e.g.,
Cravotta, 1994).

Other metal sulfates—There are alarge number of addition-
a metal sulfates that occur as efflorescent minerals in weathered
minera deposits and mining environments. Some of the more
common ones are listed in Table 6.10. One of the important
aspects of these salts is that they are a solid form of acid mine
drainage that is stored until the next rainstorm event when the
salts can quickly dissolve and be transported to a drainage system.
Dagenhart (1980) demonstrated that the concentrations of copper,
zinc, iron, and aluminum increase sharply during the rising limb
of the discharge as rain dissolves and flushes efflorescent salts
from oxidizing tailings into a receiving stream. This phenomenon
is probably common at mined sites and may be an important fac-
tor in the association of fish kills during periods of high runoff,
especiadly after a significant dry period.

L ess-soluble sulfates

Although there are a great many metal sulfate minerals of low
solubility known to occur, the most common ones are barite,
celestite, and anglesite (Table 6.11). These are likely to provide
solubility controls for the concentrations of barium, strontium,
and lead (see previous section on mineral solubilities, Fig. 6.4).
Their low solubilities tend to immobilize these elements in the
environment and make them less bioavailable than many of the
other hazardous metals at mine sites. In particular, lead concen-
trations in acid mine drainage and tailings pore waters appear to
be controlled at relatively low levels by anglesite solubility (e.g.,
Blowes and Jambor, 1990).

Carbonates

Many carbonate minerals occur as either primary or secondary
minerals in mine wastes. Examples are given in Table 6.12.
Carbonates may originate as an accessory gangue minera that
accompanies the mineral deposit and mine waste (mine working
residuum, waste piles, tailings), as an amended material for neu-
tralization, or as a secondary product from weathering of wastes
or amendments. Carbonate minerals are important as neutralizers
of acid in mine drainage (Blowes and Ptacek, 1994). Siderite
forms as a secondary phase in tailings impoundments where cal-
cite reacts with Fe(l1)-rich solutions (Ptacek and Blowes, 1994).
The hydroxyl-bearing carbonates in Table 6.13 form as secondary
minerals in the oxidation of Zn-Cu-Pb ores and related mine
wastes.

Super gene and diagenetic sulfides

The supergene enrichment process that affects primary sulfide
ores may also be afactor in redistribution of metalsin mine waste
environments, particularly tailings impoundments. Supergene
ateration of copper- and nickel-sulfide deposits has resulted in
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enrichment of ore grades by oxidation and leaching of metals in
the unsaturated zone above the water table followed by transport
of metalsto a zone of more reducing conditions where secondary
sulfide minerals are formed (Anderson, 1982; Alpers and
Brimhall, 1989). A list of some supergene copper and nickel min-
eralsisgivenin Table 6.13. The two compositionsfor djurleite are
based on the investigation by Potter (1977). An example of active
supergene enrichment in a tailings impoundment is the presence
of secondary covellite near the depth of active oxidation at Waite
Amulet, Ontario (Blowes and Jambor, 1990).

Diagenetic processes affect mine drainage geochemistry in
areas where reducing conditions can lead to sulfate reduction and
the formation of secondary sulfides. The sulfides are generally
insoluble, so this represents a plausible geochemical mechanism
for metal fixation in mine workings, anoxic wetlands, and lake
bottoms, if reducing conditions are maintained. Iron is commonly
the most abundant transition metal and therefore is the most like-
ly metal to combine with H,S to produce secondary sulfides in
environments affected by mine drainage. Other divalent metals
present will aso tend to form secondary sulfides, as indicated in
Table 6.13. The relative solubility of metal sulfides, starting from
the most soluble, is: MnS>FeS> NiS~ZnS> CdS~ PhS > CuS
> HgS (DiToro et a., 1991).

A summary of mineralogic controls on metal concentrations

As a guide to the agueous geochemistry for acid mine waters,
we have compiled a list of minerals in Table 6.14 that might be
important in governing metal concentrations. This list is drawn
from our experience in modeling and interpreting mine water
chemistry and is meant as aguide rather than a strict protocol. The
two columns in Table 6.14 show those minerals most likely to
have a solubility control and those less likely but possible.

SUMMARY

Physical, chemical, and biological processesall play important
roles in the production, release, mobility, and attenuation of cont-
aminants in acid mine waters. Physical aspects include the geolo-
gy (geomorphology, structure, petrology, geophysical features),
the hydrology (water budget, porosity, permeability, flow direc-
tion, flow rate, dispersion, mixing, surface transport characteris-
tics), and the effects of mining and mineral processing. The spe-
cific processes that have been studied and found to contribute to
the overall phenomenon of acid mine water geochemistry are:

1) pyrite oxidation
2) oxidation of other sulfides
3) oxidation and hydrolysis of agueous iron and other ele-
ments
4) neutralizing capacity of gangue minerals and country rock
5) neutralizing capacity of bicarbonate-buffered waters
6) oxygen transport
7) fluid transport of water and water vapor
8) form and location of permeable zonesrelative to flow paths
9) climatic variations (diel, storm events, seasonal)
10) evaporation, efflorescence, redissolution
11) heating by conduction and radiation (due to a variety of
exothermic reactions including pyrite oxidation, dissolu-
tion of soluble salts, and dilution of concentrated acid)
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12) temperature

13) microbial catalysis of reaction rates

14) microbia sorption and uptake of metals

15) mineral precipitation and dissolution during transport

16) adsorption and desorption of metals during transport

17) photoreduction of iron

18) organic complexing

19) microenvironmental processes (surface films, microbial
films, mineral coatings)

TABLE 6.14—Minerals whose solubilities might control metal concen-
trations in mine waters.

Solubility equilibrium likely Solubility equilibrium difficult

but possible
alunogen alunite
anglesite ankerite
barite antlerite
basaluminite (amorphous) atacamite, paratacamite
calcite azurite
cerussite bronchantite
chalcanthite chrysocolla
epsomite goethite
ferrihydrite hemimorphite
gibbsite (amorphous to microcrystalline) hematite
goslarite hydrozincite
gypsum jarosite
hal otrichite-pickeringite kaolinite
manganese oxides kutnohorite
melanterite malachite
otavite natroaunite
rhodochrosite natrojarosite
schwertmannite plumbojarosite
scorodite
siderite
silica (microcrystalline)
smithsonite
witherite

Many of these processes are represented schematically on
Figure 6.7. Perhaps the most important factors affecting the pro-
duction of acid mine waters are the amount, concentration, grain
size, and distribution of pyrite present in amine, tailings, or waste
pile. The rate of oxidation can vary depending on the accessibili-
ty of air, moisture, and microbesto the pyrite surfaces and the neu-
tralizing capacity of available buffering materials. These complex
geochemical processes can be modeled with either equilibrium or
kinetic principles to estimate the result of pyrite oxidation, car-
bonate buffering, and silicate hydrolysis (see Chapter 14 on geo-
chemical modeling). Modeling calculations of this type have been
done for pyritic rocks and waters of different initial compositions
(e.g., Lichtner, 1994). Modeling calculations, however, are well-
educated guesses. There will aways be inadequate data and con-
tentious ambiguities in the conclusions. The advantage of model-
ing is that it can take into account some of the complex interac-
tions between hydrology, geochemistry, geology, and other site
characteristics as well as performing database management. This
advantage is a major step beyond various acid-base accounting,
static, and kinetic tests for which comparison, evauation, and
agreement is lacking (White and Jeffers, 1994).

The geochemistry of acid mine watersisacomplex subject that
draws upon many technical disciplines. Although considerable
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FIGURE 6.7—Schematic diagram depicting a hypothetical tailings or waste pile or mineralized site, showing the various materials and processes

involving reaction and flow.

research has been accomplished on this subject, surprises and new
challenges continue to appear. Inadequate recognition of the
importance of the multi-disciplinary nature of the subject can
result in inappropriate or even dangerous remediation measures.
In this arena, as with many other environmental problems, the
quick fixes are rare; complexity and heterogeneity of this environ-
ment along with high-cost, high-risk options are the rule. A cau-
tious, phased, and iterative approach to both site characterization
and remediation would seem most warranted.
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Chapter 7

METAL SORPTION ON MINERAL SURFACES. AN OVERVIEW WITH
ExAMPLES RELATING TO MINERAL DEPOSITS

Kathleen S. Smith
U.S Geological Survey, Box 25046, MS 973, Federal Center, Denver, CO 80225-0046

INTRODUCTION

Sorption reactions, involving both inorganic and organic par-
ticulates, are an important control on the transport and fate of
many trace elements in natural systems. Understanding the con-
trols on trace-element concentrations in waters is critical for a
number of applications including the transport of contaminants
and nutrients, geochemical prospecting, agriculture, municipal
and industrial water treatment, and bioavailability to name a few.
This chapter provides an overview of metal sorption on mineral
surfaces and gives examples of predictive modeling of metal-
sorption reactions in mine-drainage systems.

The word “sorption” is a general term that describes removal
of a solute from solution to a contiguous solid phase and is used
when the specific removal mechanism is not known. “ Sorbate” or
“adsorbate” refers to the solute that sorbs on the solid phase.
“Sorbent” or “adsorbent” is the solid phase or substrate onto
which the sorbate sorbs. “Adsorption” refers to the two-dimen-
sional accumulation of an adsorbate at a solid surface. In the case
of “surface precipitation,” there is a three-dimensional accumula-
tion of sorbate at the solid surface. The term “absorption” is used
when there is diffusion of the sorbate into the solid phase.
Absorption processes usually show a significant time dependency.
Sposito (1986) and Jenne (1998) provide a more detailed descrip-
tion of these terms. In this chapter, the term adsorption is used
when describing laboratory studies with simple, well-character-
ized systems, and when discussing models that have been devel-
oped to describe adsorption phenomena.

PRINCIPLES OF SORPTION REACTIONS

Trace elements partition between dissolved and particulate
phases and this partitioning can influence their transport and
bioavailability (Luoma and Davis, 1983; Jenne and Zachara,
1987). Sorption processes probably limit metal mobility in most
natural aqueous systems (Jenne, 1968; Hem, 1985). Partitioning
of ametal between solid and solution phases is influenced by sev-
eral factors. Generaly, low-pH conditions, reducing conditions,
low particulate loads, and(or) high dissolved concentrations of a
strong complexing agent cause metals to be present in the solution
phase. Typically, pH is the most important control of metal parti-
tioning. In general, sorption reactions depend on solution pH, sor-
bate identity and concentration, presence of competing sorbates,
formation of solution complexes, sorbent composition, and the
concentration of surface-binding sites on the sorbent.

Properties of important sorbent materials

Often, the most effective sorbent materials are secondary min-
erals that form from the weathering of primary minerals. Jenne
(1968) noted that hydrous oxides of manganese and iron, as well
as reactive particulate carbon, appear to be the principal controls
on metal sorption in soils and fresh-water sediments. In addition,
hydrous oxides of aluminum and silicon, and clay and zeolite min-
erals may contribute to the sorption potential of a soil or sediment
(Jenne, 1977). Hydrous metal oxides and organic matter are ubig-
uitous in most natural systems and often exist as coatings on clay-
size minerals in soils and sediments. These coatings likely give
rise to the high metal sorption potential commonly observed for
clay-size fractions. Consequently, because clay-size minerals
often are coated in natural systems, it is difficult to assess their
actual contribution to the metal-sorption potential of soils and sed-
iments. Surface areais another consideration that will be discussed
later.

The process of sorption involves interactions between a sorbate
and a sorbent at the surface-water interface. Hence, surface prop-
erties of the sorbent(s) play an important role in the sorption
process. Some earth materials are much better sorbents than oth-
ers. Thisis related both to their capacity to bind metals and to the
intensity with which they bind metals. A sorbent’s capacity to bind
metal s depends both on the number of metal-binding sites present,
“binding-site density,” and on the amount of metal-accessible sur-
face, “ specific surface area.” The metal-binding intensity is relat-
ed to the strength of interaction between the sorbate and sorbent,
and can be expressed as a binding constant. The relative impor-
tance of various earth materialsin sorption reactionsis a so depen-
dent on their abundance.

Surface functional groups

Functional groups on minera surfaces are the binding sites for
sorption reactions. A surface functional group is “a chemically
reactive molecular unit bound into the structure of a solid at its
periphery such that the reactive components of the unit can be
bathed by a fluid” (Sposito, 1989). Figure 7.1 illustrates the sur-
face layer of a metal-oxide mineral. Metal-oxide minerals com-
prise some of the most important sorbent minerals in natural sys-
tems. Surface molecules have fewer nearest neighbors than bulk
molecules and are not fully coordinated. When a metal-oxide min-
eral comes into contact with water, hydroxyl functional groups
(OH") form on the surface. This is due to the chemisorption (Fig.
7.1b) and subsequent hydrolysis (Fig. 7.1c) of water molecules at
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FIGURE 7.1—Cross section of the surface layer of a metal-oxide miner-
al. Filled circles are structural metal ions, open circles are oxide ions. (a)
Unhydrated surface. (b) Surface metal ions coordinated with H,O mole-
cules. (c) Hydroxylated surface formed from the dissociation of protons
from sorbed H,O molecules. (d) Water sorption on the hydroxylated sur-
face. Modified from Schindler (1981) and Dzombak and Morel (1990).

the mineral surface. Additional water can sorb on the hydroxylat-
ed surface. Figure 7.1d shows a hypothetical mechanism to form
structured water at the oxide-water interface (McCafferty and
Zettlemoyer, 1971). A variety of functional groups may be present
on organic compounds including carboxyl (-COO’), amine
(NH;"), and sulfhydryl (-SH) groups (Macalady and Ranville,
1998).

Surface-char ge development

Interfacial regions between different phases have unique prop-
erties. Forces acting at solid-solution interfaces are extensions of
forceswithin theindividual phases. Solid surfaces acquire an elec-
trical charge when in contact with an agueous phase. This surface
charge produces a microenvironment of electrical potential imbal-
ance at the solid-solution interface that influences the distribution
of neighboring ions. The charged surface attracts ions of opposite
charge, “counterions,” and repels ions of like charge, “coions.”
Macroscopically, there must be charge balance between the total
net charge of the solid surface and solution to preserve elec-
troneutrality.

Stumm and Morgan (1996) describe three principal origins of
surface charge including: (1) chemical reactions at the surface of
the particle; (2) crystalline imperfections, broken bonds, and iso-
morphous replacements within the crystal |attice; and, (3) sorption
of a surface-active ion. There are two idealized end members for
the origins of surface charge: (1) “variable surface charge’ (e.g.,
hydrous metal oxides, organic matter, edges of clay minerals),
where the surface charge is dependent on the composition of the
surrounding solution, but the magnitude of the surface potential is
not affected by the presence of indifferent electrolytes; and, (2)

KATHLEEN S. SMITH

“constant surface charge,” which is approached by layer clay min-
erals such as smectite, where the surface charge is independent of
the surrounding solution composition (van Olphen, 1977; Stumm
and Morgan, 1996; Langmuir, 1997). Many minerals exhibit com-
binations of these idealized end-member types of charge distribu-
tion. The type of particulate surface (i.e., variable charge or con-
stant charge) affects the environmental behavior of the particu-
lates. For example, the cation exchange capacity (CEC) of a soil
containing variable-charge surfaces increases with increasing pH.
Consequently, liming the soil will increase both pH and CEC.
However, it is difficult to raise the pH of a variable charge soil
above 6.5 because H* ions are released from the hydroxylated soil
surfaces, which in turn will neutralize OH" (Singh and Uehara,
1986). The type of surface also influences the stability of suspend-
ed particulates (flocculation status). See Ranville and
Schmiermund (1999) for discussion of particle stability.

Variable surface charge—Many hydrous metal oxides and
organic materials contain ionizable functional groups at their sur-
faces. Surface charge can develop as aresult of the dissociation of
these functional groups. The charge on particles is usualy
expressed as a surface density (units of charge per unit area).
Proton exchange reactions for surface functional groups of metal-
oxide minerals are expressed as.

=XOH," = =XOHOC + H*
=XOH® = =XO +H*

where =XOHO is a surface-binding site, and =XOH," and =XOr
are proton-exchange surface complexes.

The charge at the surface is dependent on the pH of the sur-
rounding water. Neutral or alkaline pH conditions generally will
result in anet negatively charged surface. Conversely, under acidic
conditions, excess protons generally are retained at the surface
yielding a net positively charged surface as illustrated below:

=XOH," > =XOHOC «> =XO°
(low pH) (high pH)

(Parks, 1990). It isimportant to keep in mind that at almost any pH
there is a distribution of positively, negatively, and neutraly
charged species at minera surfaces. At some intermediate pH,
termed the “point of zero charge (PZC),” the net surface charge
will be equal to zero such that:

[=XOH,"] = [=XO]

(Lewis-Russ, 1991; Sverjensky, 1994). Table 7.1 lists the PZC for
several minerals. The surface charge may have an effect on the dis-
tribution of neighboring solutes in that decreasing the pH (more
acidic) of the surrounding water will attract anionic species from
solution. Conversely, increasing pH (less acidic) will attract
cationic species from solution.

Constant surface charge—The constant surface charge or
permanent charge case is most applicable to clay minerals that
have lattice imperfections and(or) nonstoichiometric isomorphous
substitution of cationswithin their lattice. These clay minerals pos-
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sess a net-negative charge deficiency. Sorption of interlayer
cations may compensate for this deficiency. Owing to the fact that
oneion may be replaced by another ion to compensate for charge
imbalances, the term “cation exchange” often is used instead of
sorption when speaking of constant surface charge situations.

TABLE 7.1—Point of zero charge (PZC) for avariety of minerals.

Mineral pHp, D
F€,03°H,0 (amorphous (f 8.1
(hydrousferrlc oxide)

o, - FeEOOH (goethite) 6-7

o - Fe,04 (hematite) 4.2-6.9
0. - Al(OH), (gibbsite) 10

8 - MnO, (birnessite) 1528
SiO, (amorphous) 35
Kaolinite 4.6
Montmorillonite 25

(DThese values were determined by different researchers often using different
methods and electrolyte solutions.

Physicochemical properties

Knowledge of sorbent properties such as particle size and
shape, particle-size distribution, crystallinity, chemical composi-
tion, surface area, porosity, and numbers and types of surface
functional groups is necessary for the interpretation and mecha-
nistic modeling of sorption data. James and Parks (1982) review
experimental methods and data for the physicochemical charac-
terization of minerals. It is important to keep in mind that the
chemical and physical properties of a bulk material are different
from the chemical and physical properties of its surface
(Hochella, 1990).

Composition and crystallinity—X-ray diffraction, micro-
scopi ¢, and spectroscopic techniques commonly are used to exam-
ine the composition and crystallinity of sorbent materials.
Generadly, the more crystalline a sorbent material, the less sorp-
tion capacity it has for metals. Recent advances in several spec-
troscopic techniques provide opportunities to gain a better under-
standing of surface composition and microtopography of sorbent
materials (Hochella, 1990).

Surface area—Metal sorption by soils and sediments general-
ly increases with decreasing grain size; this relationship is due to
increasing surface area with decreasing grain size (Sposito, 1984;
Ranville and Schmiermund, 1999). Horowitz and Elrick (1987)
report a correlation between sediment surface area and trace-ele-
ment content indicating that trace element incorporation into sed-
iments may be primarily due to sorption.

Specific surface area is the amount of reactive surface area
available for sorbing solutes per unit weight of the sorbent (Davis
and Kent, 1990). Knowledge of the specific surface areais neces-
sary for calculation of layer charges and potentials in many sur-
face-complexation models. It can be determined by a number of
techniques including gas adsorption, negative adsorption, adsorp-
tion from solution, and theoretical calculations (Gregg and Sing,
1982). Surface area measurements frequently are used to estimate
adsorption binding site densities of minerals, but there are several
potential limitations to this approach (White and Peterson, 1990;
Chiou and Rutherford, 1993).

Influence of solution composition

The solution composition can influence sorption reactions on
adjacent solid surfaces. For example, dissolved constituents can
compete with the solid surface for sorbate ions, compete with sor-
bate ions for surface-binding sites, and bind to different surface
sites and alter the surface properties. Consequently, it is essential
to perform thorough chemical analyses to characterize the system
and determine the presence and concentration of sorbate solutes
and potential complexing species.

pH

For surface-binding reactions of metals on oxide minerals,
solution pH is a master variable. Typically, cation adsorption
increases with increasing pH from near zero to nearly 100% over
a pH range of 1 to 2 units (James and Healy, 1972c; Kinniburgh
and Jackson, 1981; Davis and Hayes, 1986). This pH region is
termed the “adsorption edge” and its placement seems to be char-
acteristic of the particular adsorbate and, to a lesser extent, to the
particular adsorbent as well as to the concentrations of surface
binding sites and adsorbate (Spark et a., 1995). The adsorption
edge isillustrated on Figure 7.2. Anion adsorption is the mirror
image of cation adsorption in that anion adsorption tends to
decrease with increasing pH. For a given adsorbate concentration,
increasing the amount of adsorbent material will shift down the
pH of the adsorption edge for cations and shift up the pH of the
adsorption edge for anions (see Fig. 7.2). Conversely, increasing
the concentration of a cationic adsorbate for a given amount of
adsorbent will shift the adsorption edge to higher pH values. This
phenomenon is termed the “loading effect.” The loading effect
may be an artifact of diffusion processes and disequilibrium (Axe
and Anderson, 1998).
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FIGURE 7.2—Generalized adsorption edge for cation (solid curve) and
anion (dashed curve) adsorption on a metal-oxide mineral. For a given
solute concentration, the adsorption edge will shift in the direction of the
arrows with increasing adsorbent content.
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Solute speciation

Complexation of metals by dissolved ligands can either
enhance or inhibit sorption reactions (Davis and Leckie, 1978a).
Generaly, metal complexation with inorganic ligands tends to
inhibit metal sorption. Zachara et a. (1989) report that surfaces
and aqueous carbonate compete for Cr(VI) in soils. Smith and
Langmuir (1987) and Smith (1986) observed similar competition
between goethite surfaces and aqueous carbonate complexes for
Cu and Pb, and Hsi and Langmuir (1985) for uranyl ion. Metal
complexation by organic ligands with more than one functional
group or by some inorganic ligands (such as SCN~ and S,0,%)
often enhances metal sorption due to bonding of the other func-
tional groups to the solid surface (Benjamin and Leckie, 1982).

Competition effects for surface-binding sites can be important
in sorption reactions. Often, competition effects are not observed
until one of the sorbatesisin large excess (Benjamin et al., 1982).
Hence, competition effects are most often noted when the surface-
binding sites are nearly saturated.

Different redox states of ametal have different sorption affini-
ties (e.g., As(Il1) versus As(V) and Se(1V) versus Se(V1)). For
example, Bowell (1994) notes that reduction of As(V) to As(l11) in
mine tailings can lead to greater leaching of As due to areduction
in sorption on iron-oxide minerals. Balistrieri and Chao (1990)
report stronger sorption of Se(IV) than Se(V1) on amorphousiron
oxyhydroxide and manganese dioxide. Consequently, Se(VI) gen-
eraly is more mobile in natural systems. Davis et a. (1993) dis-
cuss redox states and sorption affinities of metalsin ground water.

Temperature

Most sorption studies are conducted at room temperature or
carefully regulated at 20 or 25°C. Therefore, few studies address
the temperature dependence of sorption reactions. Severa factors
can affect the temperature-dependence of sorption reactions. First,
aqueous speciation of the sorbate solutes is temperature depen-
dent, which will in turn affect sorption reactions. Also, the surface
charge of the sorbent material is temperature dependent and the
point of zero charge of metal-oxide minerals appears to increase
as temperature decreases (Machesky, 1990). This has the effect of
alowing more positively charged surface-binding sites to be pre-
sent at a given pH. The degree of hydration of sorbent minerals
may change with temperature (Avotins, 1975; Harter, 1991).
Observations show that specific sorption of anions tends to
increase and that of cations tends to decrease with decreasing tem-
perature (Machesky, 1990). Based on this information, seasonal
temperature fluctuations could impact sorption reactions in natur-
a systems. Therefore, sorption studies should be performed over
the temperature range of interest.

Sor ption on oxide minerals

In addition to surface ionization reactions described previous-
ly for variable surface charge systems, there can also be complex-
ation reactions between ions in solution and the ionized surface
functional groups. Sorption of cations and anions on oxide miner-
asisstrongly pH dependent. Cations and anions sorb with oppo-
site pH dependence in that sorption of cations increases with
increasing pH whereas sorption of anions decreases with increas-

KATHLEEN S. SMITH

ing pH. An example of predicted relative placements of severa
metal-adsorption edges on hydrous ferric oxide is given on Figure
7.3a for conditions at a stream that receives mine drainage. In-
depth discussions of the sorption of ions on oxide minerals are pro-
vided by Hem (1977), Kinniburgh and Jackson (1981), Sposito
(1984), Dzombak and Morel (1987), Schindler and Stumm (1987),
Parks (1990), and Davis and Kent (1990).

Severa generalizations can be made about metal-cation sorp-
tion on oxide surfaces:

1) Sorption is strongly pH-dependent, increases with increasing
pH, and usually occurs over a narrow pH range.

2) The pH region of the adsorption edge is usually more charac-
teristic of the sorbing cation than of the sorbent material.

3) Therelative placement of the adsorption edge for different met-
alsissimilar to that for formation of hydrolysis species.

4) Protons are released (or OH™ consumed) as a result of sorption
reactions.

The mechanism of metal sorption on hydrous ferric oxide has
been demonstrated by Gadde and Laitinen (1974) and Hildebrand
and Blum (1974) from the example of Pb?* interactions under a
variety of conditions. Dzombak and Morel (1990) present some
generalizations about cation sorption on hydrous ferric oxide.
They state that the larger the cation charge, the more strongly the
cation is sorbed. Also, the stronger the tendency of the cation to
hydrolyze, the more strongly it is sorbed. Leckie and coworkers
have studied metal sorption on hydrous ferric oxide (Davis, 1977,
Davis and Leckie, 1978b; Benjamin, 1979; Leckie et a., 1980;
Benjamin and Leckie, 1981a, 1981c, 1982; Benjamin et a., 1982;
Benjamin, 1983). Benjamin and Leckie (1981c) report that oxide
surfaces consist of sites of varying energy and that metals prefer-
entially bind to high-energy sites. Also, Benjamin and Leckie
(19814, b) found that there is little competition among metals for
binding sites on hydrous ferric oxide. This indicates that many of
the high-energy metal-binding sites on hydrous ferric oxide may
be metal specific.

Reviews covering anion sorption include Parfitt (1978),
Hingston (1981), Mott (1981), and Barrow (1985). Generaly,
maximum sorption of anions occurs at pH values near their acidi-
ty constants (pK,) (Hingston et al., 1967). An example of place-
ments of several anion-adsorption edges is given on Figure 7.3b.
Smith and Huyck (1999, Table 2.13) list the tendency for various
metals to be cationic, anionic, and redox-sensitive in agueous sys-
tems.

Specific and non-specific sorption

Sorption of ions on oxide minerals can involve predominantly
electrostatic (non-specific) or predominantly chemical (specific)
interactions with the oxide surface. These two types of interactions
result in very different sorption behaviors about which some gen-
eralizations can be made.

Non-specific sorption:

1) Sorption takes place on surfaces of opposite charge, but little
sorption takes place on surfaces of neutral or similar charge.

2) Sorption density decreases with increasing ionic strength.
Specific sorption:

1) Sorption isinsensitive to surface charge.

2) Sorption isinsensitive to ionic strength.

In the case of non-specific sorption, the surface charge of the
mineral controls the sorption process and the identity of the sor-
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FIGURE 7.3a—Model sorption curves showing relative placement of
adsorption edges of selected metals and sulfate on hydrous ferric oxide.
Model input was for geochemical conditions from a stream receiving acid-
mine drainage. Modified from Smith and Macalady (1991).

bate is relatively unimportant. Non-specific sorption takes place
through coulombic attraction between the charged surface and the
oppositely charged sorbate ion. Non-specific sorption is also
referred to as physical adsorption, and the sorbates form outer-
sphere complexes with the mineral surface.

Specific sorption involves chemical bonding of a particular
sorbate to the mineral surface and the identity of the sorbate is
often very important. Specific sorption can result in a reversal of
surface charge, which implies that specifically sorbed ions are
able to overcome electrostatic repulsion. Specific sorption is also
referred to as chemical adsorption, and the sorbates form inner-
sphere complexes with the mineral surface.

Sorption selectivity

Many studies have demonstrated that pH is a master variable
for metal sorption reactions on oxides (Kinniburgh and Jackson,
1981, and references therein). Selectivity is ameasure of therela-
tive affinity of a particular ion for a given sorbent. The lower the
pH that a cation sorbs on a sorbent, the higher the selectivity.
Because sorption of monovalent ions (not including H*) is usual-
ly non-specific, selectivity differences between monovalent ions
isusually small, and monovalent-ion selectivity is generally much
lower than that for multivalent ions. Divalent transition-metal
cations typically have much higher selectivities than do alkaline-
earth cations. It has been noted that there appears to be a broad
relationship between selectivity of metal cations and the onset of
hydrolysis (James and Healy, 1972c). For alkali and alkaline earth
cations, the sorption selectivity increases with the ionic radius of
the ion:

Cs*>Rb*>K*>Na">Li*
Ba?* > Sr2t > Ca?t > Mg?*

Table 7.2 lists sorption selectivity sequences determined by
various researchers for divalent metal cations on a variety of
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FIGURE 7.3b—Sorption curves showing relative placement of adsorp-
tion edges of selected oxyanions on hydrous ferric oxide. Modified from
Davis and Kent (1990).

metal-oxide minerals and organic matter. There is general agree-
ment for selectivity sequences of a given metal oxide, although
some differences between phases exist. Several of the sequences
are similar between different metal-oxide minerals, but there are
some distinct differences (such as the preference of MnO, for Co).
With few exceptions, the sorption selectivity on most metal-oxide
minerals follows the sequence Cr > Pb > Cu > Co > Zn and Ni >
Cd (Schultz et al., 1987).

The pH at which metal sorption becomes significant varies
with the particular metal cation, the particular sorbent, the
solid:solution ratio, the specific surface area of the sorbent, the
total metal-cation concentration, and the concentration of other
competing or interacting species. Consequently, it is very difficult
to make generalizations about metal sorption on different oxide
minerals. However, based on synthesis of results from numerous
studies reported in the literature, there appears to be specific pH
ranges in which adsorption edges occur for metal-cation sorption
on oxide minerals. This is discussed in detail in Kinniburgh and
Jackson (1981).

Table 7.3 lists the pH ranges that usually approximate
observed adsorption edges for divalent metal sorption oniron- and
aluminum-oxide minerals. Adsorption edges for metal sorption on
silicatend to be at higher pH values than those listed, and edges
for sorption on manganese-oxide minerals tend to be at lower pH
values (Kinniburgh and Jackson, 1981). Therefore, manganese-
oxide minerals generally have higher selectivities, and silica has
lower selectivities than do aluminum- and iron-oxide minerals for
divalent metal cations. A comparison of metal-binding constants
for sorption on iron- and manganese-oxide minerals is given in
Smith and Jenne (1991) in the context of a sorption model. In a
study by Kinniburgh et al. (1976), it appears that metal cations are
more strongly sorbed by iron gel than by aluminum gel.

Sorption rates

The importance of sorption reactions in controlling trace-ele-
ment concentrations in natural systems is partly due to the initial
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TABLE 7.2—Sorption selectivity sequences for divalent metal cations on a variety of metal-oxide minerals and organic matter. (Some data in this

table are from Sparks, 1995.)

Cu>Pb>Zn>Ni>Co>Cd
Cu>Zn>Co>Cd
Pb >>Cu>Mn>Zn, Cd

Al gel
o-alumina

natural Al/Fe precipitate

Kinniburgh et d., 1976
Spark et al., 1995
Paulson, 1997

Pb>Cu>Zn>Ni>Cd>Co Fe gel Kinniburgh et d., 1976

Zn > Cd > Hg Fe gel Brunnix, 1975

Pb>Zn>Cd Fe gel Gadde and Laitinen, 1974
Pb>Cu>2Zn>Cd amorphous Fe oxyhydroxide Benjamin, 1979
Pb>Cu>Zn>Cd~ Ni natural Fe precipitate Smith, 1991

Cu>Zn>Mn natural Fe-rich sediment Daviset a., 1991

Pb > Cu > Zn, Cd natural Fe-rich sediment” Sanden, 1991
Cu>Pb>Zn>Co>Cd o-FeOOH Forbes et al., 1976
Cu>Zn>Co>Mn>Cd o-FeOOH Grimme, 1968
Cu>Zn>Cd>Co o-FeOOH Spark et al., 1995
Cu>Zn>Ni>Mn Fe;0, Venkataramani et al., 1978
Co>Mn>Zn>Ni MnO, Murray, 1975b
Pb>2Zn>Cd MnO, Gadde and Laitinen, 1974
Co>Cu>Ni MnO, Murray et a., 1968
Cu>Co>Zn> Ni MnO, Kozawa, 1959
Co>Cu>Mn MnO, Traina and Doner, 1985
Co>Zn 6-MnO, Loganathan and Burau, 1973
Co>Cu>Zn>Ni o-MnO, McKenzie, 1972
Cu>Zn>Co>Ni 3-MnOOH McKenzie, 1972
Pb>Cu>Mn>Zn>Ni natural MnO, Eley and Nicholson, 1994
Pb>Cu>2Zn natural MnO, Catts and Langmuir, 1986
Zn>Cu>Ni>Co>Mn Si gel Taniguechi et d., 1970
Zn>Cu>Co>Mn> Ni Si gel Vydra and Galba, 1969
Cu>Zn>Cd>Co silica Spark et al., 1995
Cu>2Zn>Co>Fe>Ni>Mn Sno, Donaldson and Fuller, 1968
Ni > Co>Pb>Cu>Zn Sail fulvic acid Schnitzer and Hanson, 1970
Cu>Fe?*>Ni>Pb>Co>2Zn>Mnat pH 35 Soil fulvic acid Schnitzer and Skinner, 1966, 1967
Cu>Pb>Fe* >Ni>Mn~Co>Znat pH 5.0 Sail fulvic acid Schnitzer and Skinner, 1966, 1967
Fe3* > Al > Cu>Zn> Ni > Co>Mn Soil humic acid Khan, 1969

rapid equilibration of most sorption reactions (Ahmed and
Maksimov, 1968) in contrast to the often longer periods of time
required for precipitation reactions. Mechanisms that control the
rate of sorption reactions are poorly understood. Sorption appears
to be a two-step process. In the first step, metals sorb to external
surface sites and rapidly equilibrate with the surrounding solution.
With sufficient mixing, the rates of this reaction are quite fast
(generaly seconds to minutes, Hachiya et al., 1984; Hayes and
Leckie, 1986). In the second step, the metal slowly diffuses to
interior sites (e.g., Coughlin and Stone, 1995; Papelis et al., 1995;
Axe and Anderson, 1998). This fraction can become isolated from
the bulk solution. It is important to recognize that sorption
processes may be limited by mass transfer in natural systems (e.g.,
Stollenwerk and Kipp, 1990; Weber et a., 1991).

TABLE 7.3—Critical pH ranges for sorption of divalent metal cations
on hydrous iron and aluminum oxides (after Kinniburgh and Jackson,
1981). Generally, the critical pH range is higher for silicaand lower for
manganese oxides.

Cation Critical pH Range
Cu, Pb, Hg 3-5
Zn, Co, Ni, Cd 5-6.5
Mn 6.5-75
Mg, Ca, Sr 65-9

Desor ption

Desorption processes can be extremely important in under-
standing the mobility, bioavailability, and fate of metals in natur-
al systems. The sorbent mineral acts as a sink for sorbed metals.
When the metals desorb, the sorbent mineral can act as a constant
source of metals to the surrounding solution (e.g., Wanty et a.,
1999; Axe and Anderson, 1998). There are relatively few studies
of metal desorption from natural materials. It is often observed
that sorbed metals are not readily or completely desorbed (i.e.,
sorption reactions are partialy irreversible; e.g., McKenzie, 1967;
Gadde and Laitinen, 1974; McLaren et al., 1983, 1986;
Padmanabham, 1983; Schultz et al., 1987; Backes et a., 1995).
However, completely reversible sorption also has been observed
(e.g., Gadde and Laitinen, 1974). Desorption aso can be induced
by dissolved species.

Barrow (1986) and Hogg et al. (1993) observed that increasing
the contact time between soil and sorbed trace metals decreases
the desorption of the metals. This may be due to diffusion of the
metals into interior sites of the sorbent minera (Axe and
Anderson, 1998).

The reversibility of metal sorption in iron-rich systems can be
influenced by the transformation or aging of metastable sorbent
phases to more thermodynamically stable phases. Upon aging of
metastable sorbent phases, some sorbed metals may be incorpo-
rated into the structure and other metals may be excluded from the
structure (e.g., Ford et a., 1997).
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DESCRIPTION OF SORPTION REACTIONS

Several empirical, semi-empirical, and mechanistic approach-
es are used to describe sorption reactions. The following brief dis-
cussion of several approaches is intended to provide an overview
of how sorption reactions are described. More detailed discussions
can be found in Sposito (1984), Stumm and Morgan (1996), and
Jenne (1998).

Partition coefficients

The partition coefficient or distibution coefficient, K, is the
ratio of the amount of adsorbate adsorbed per mass of adsorbent
solid to the amount of the adsorbate remaining in solution per
solution volume. The K can be expressed as:

Kq= q/C

where C is the adsorbate concentration remaining in solution and
g is the amount of adsorbate adsorbed on the adsorbent solid. Itis
generaly assumed that available adsorption sites are in ample
excess compared with C.

The K is valid only under the conditions it is measured and
cannot be extrapolated to other adsorbents, adsorbates, or agqueous
conditions (e.g., pH, €electrolyte concentrations, etc.; Reardon,
1981). Some researchers have normalized K values for variables
such as surface area (Bdlistrieri and Murray, 1984) and aqueous
speciation (Tessier et al., 1989).

Tabulations of K values have been made for use in contami-
nant transport models. For example, Thibault et al. (1990) tabulate
K vaues for soils based on soil texture.

Particle concentration effect

Itis commonly observed that K decreases with increasing total
suspended solids. This effect, termed the particle concentration
effect (PCE) or solids concentration effect, can have a substantial
influence on solid-solution partitioning (O’ Connor and Connally,
1980; DiToro, 1985; Honeyman and Santschi, 1988). There is
some controversy about what causes the PCE. Some possible
explanations of the PCE include kinetics, irreversible adsorption,
incomplete desorption, variations in surface chemistry, filtration
artifacts, particle-particle interactions, and the presence of colloids
in the filtrate. Morel and Gschwend (1987) and Benoit (1995) pre-
sent data indicating that the PCE is due to metals associated with
colloidal particles included in the “dissolved” fraction. McKinley
and Jenne (1991) found that the PCE could often be attributed to
experimental or data interpretation artifacts.

lon exchange reactions

There are several meanings of ion exchange. The most general
meaning is any replacement of an ion in a solid phase in contact
with aliquid by another ion. In soil science the term ion exchange
often means the replacement of one readily exchangeable ion by
another ion. This implies surface phenomena involving outer-
sphere complexes or ions in the diffuse layer (Sposito, 1984,
1989).

An ion-exchange reaction on a clay between cations A and B
with valences of m and n, respectively, can be expressed as

nAX + mBn+(aq) = mBX . + nA™*

m(s) n(s) (aq)

me and BX . represent
the exchanger surface with exchangeablée cation A of valence m
and exchangeable cation B of valence n, respectively, and B”* a0)
and Am+( are agueous cations.

As previously mentioned, most clay minerals have a perma-
nently negative charge. This negative charge is compensated for
by interlayer cations or accumulation of counterions. Clay miner-
als generally favor polyvalent cations over monovalent cations.
Among the monovalent cations, they prefer the larger, less hydrat-
ed cations such as Cs*. Usually, clay minerals do not show much
selectivity among multivalent cations of the same charge.

Thomas (1977) gives a good overview of historical develop-
ments concerning ion exchange in soil chemistry and Dzombak
and Hudson (1995) and Mahoney and Langmuir (1991) provide a
detailed discussion of electrostatic contributions to ion exchange.
The understanding of exchange reactions is a starting point for
understanding soil sorption phenomenain general.

where X is the exchanger surface, AX ﬁ

Power exchange function
For the exchange reaction
AX +B=BX +A

the general power-exchange function can be written as

_ [A] (BX

Ke= [BI
where the ratio of sorbed cation mole fractions is raised to the nth
power (Langmuir, 1981, 1997). Whenn# 1 and K, # 1, the power

exchange function can model trace element adsorption behavior
on variable-charge surfaces.

Adsor ption isotherms
Adsorption reactions are often described in terms of isotherms
that relate the amount of an adsorbate in solution to the amount of
adsorbate adsorbed at constant temperature. Adsorption isotherms
are empirical and can be used to describe data but cannot be used
to define adsorption mechanisms (Veith and Sposito, 1977).

Langmuir isotherm

The Langmuir isotherm can be written as:
g = kCb/(1+kC)

where q is the amount of adsorbate adsorbed per unit mass of
adsorbent, C is the adsorbate concentration remaining in solution
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at equilibrium, b isthe maximum adsorption capacity of the adsor-
bent (monolayer coverage), and k is a constant related to the bind-
ing strength. The Langmuir isotherm assumes (1) a finite number
of surface sites, (2) no electrostatic or chemical interactions, (3)
constant binding energy for all surface sites, (4) that binding ener-
gy isindependent of the adsorption density, and (5) that maximum
amount of adsorption is limited to a monolayer coverage of the
surface sites (Adamson, 1990).

When the above equation is rearranged, aplot of C/qagainst C
resultsin alinear representation of adsorption data with a slope of
1/b and an intercept of 1/kb. In many cases, sorption in natural sys-
tems deviates from this linear representation.

Freundlich isotherm

The Freundlich isotherm can be written as:
q=KCcn

where g and C are previously defined, and K and n are positive
empirical constants. The value of nisgeneraly > 1; in dilute solu-
tions n = 1 but as the adsorption density increasesn > 1.

When the above equation is rearranged to the linear form, a
plot of log q against 1/n logC + logK resultsin a slope of 1/n and
an intercept of logK. One drawback of the Freundlich isotherm is
that it does not predict an adsorption maximum (Sposito, 1980).

Affinity distributions

Affinity spectrum and log-K models are semi-empirical models
to describe metal partitioning reactions in complex systems. For
each sitei for a one-dimensional case:

[C] [Xi] Ky = [Cxi]

Ty = [X] +[CX]

where [C] is the dissolved metal concentration, [X;] is the concen-
tration of free binding sites of typei, [CX|] is the concentration of
the bound metal, K, is the stability constant, and T is the total
analytical concentration of binding sites of type i. Constants for
the model are determined by setting values of K,,,; equal to inte-
gral values that span the range of [C] in solution, and then calcu-
lating corresponding values for Ty, using anonlinear least squares
optimization procedure (Westall, 1994). A binding curve can be
simulated by a distribution of values and thought of as a linear
superposition of Langmuir isotherms (Borkovec et a., 1996).

Using empirically derived affinity distribution models, it is
possible to quantitatively describe metal-partitioning reactions.
This type of an approach may represent a preferred alternative to
mechanistic sorption modeling in some heterogeneous natural sys-
tems (Westall et al., 1995). These models have interpol ative abili-
ties and may have some extrapolative abilities (Westall, 1994;
Westall et al., 1995; Cernik et al., 1995, 1996; Borkovec et a.,
1996).
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Surface-complexation models

A surface complex can be defined as the stable molecular unit
formed out of the reaction between a chemical speciesin aqueous
solution and a functional group exposed at the surface of a solid
(Sposito, 1995). Table 7.4 illustrates some types of surface com-
plexes that can form on metal-oxide mineral surfaces. In the sur-
face-complexation approach (Stumm et al., 1970, 1976; Schindler
and Gamsjager, 1972; Schindler et a., 1976) sorption of ions on
surfaces of oxide mineralsistreated as analogous to the formation
of agueous complexes. Hence, these surface-complexation reac-
tions can be described by mass-law equations. Surface-complexa-
tion reactions have an additional coulombic-correction term incor-
porated into their mass-law equations that takes into account elec-
trostatic effects due to variable surface charge.

Several surface-complexation models (SCM) exist and have
been reviewed and evaluated by Westall and Hohl (1980), Morel
et al. (1981), Westall (1986), Davis and Kent (1990), Dzombak
and Morel (1990), and Goldberg (1992). Table 7.5 lists some SCM
and gives the main references for each model. The models differ
in their description of the structure of the electrical double layer,
specifically in the number of planes within the interface, the rela-
tionships between charge and potential, and the location of surface
complexes relative to the surface. These models require knowl-
edge of concentrations of various adsorbing species, intrinsic con-
stants that define the interaction between surface sites and each
adsorbing species, and characteristics of the adsorbent surface
such as capacitances, specific surface areas, and surface hydroxyl
Site densities.

The following criteria characterize al surface complexation
models (Dzombak and Morel, 1990; Langmuir, 1997):

1) Sorption takes place at specific surface coordination sites.
2) Sorption reactions can be described by mass law equations.

TABLE 7.4—Surface complexes between metal-oxide functional groups
and solutes. X represents a binding site on an oxide-mineral surface, M
represents a cationic metal solute, and L represents an anionic solute.

Proton Exchange: H
o/

XOH,* = XOH + H* N
Fo—H

XOH = XO- + H* Fo-

Cation Complexes:

XOH + M 2* = XOM* + H* Fo—wm*

0

2XOH + M 2* = (XO),M + 2H* ‘: o> M

Anion Complexes:

XOH + L% + H* = XL"+ H,0 FL-

2- - water

XOH + L% + 2H* = XHL + H,0 LH m;l/ecules

Outer-Sphere Complexes: _ .‘ ‘.2"'

XOH + M 2* + H,0 = XO(H,0)M2* + H* o .,M’.
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TABLE 7.5—Some types of surface-complexation models with brief descriptions and references. Information from Davis and Kent (1990); Goldberg

(1992); and Sposito (1995).

Model

Comments

References

Diffuse Double-Layer
Model (DDLM)

Two interfacia planes; surface plane contains H*, OH", and inner-
sphere complexes; diffuse-layer plane contains outer-sphere complexes

Stumm et a., 1970;
Huang and Stumm, 1973

Constant Capacitance
Model (CCM)

Specia case of DDLM; all surface complexes are inner sphere;
linear relationship between surface charge and surface potential

Schindler and Gamsjager, 1972;
Hohl and Stumm, 1976

Generalized Two-Layer
Model (GTLM)

Based on DDLM with additional features; two binding-site types for
cations; all surface complexes are inner sphere

Dzombak and Morel, 1990

Triple-Layer Model (TLM)

Two capacitance layers and a diffuse layer; three layers relate potential
to charge; H* and OH" are inner sphere; metals and ligands are

Davis and Leckie, 1978b, 1980

outer-sphere
Modified Triple-Layer Enhancement of original TLM; allows metals and ligands to be Hayes and Leckie, 1986, 1987
Model (TLM) inner-sphere

Four-Layer Model (FLM)
(ak.a. Stern Variable Surface

Combines CCM and TLM; H*, OH", and strongly sorbed ions are
inner-sphere; weakly sorbed ions are outer-sphere

Bowden et al., 1977, 1980; Barrow
et a., 1980, 1981
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Charge-Variable Surface
Potential Model (VSC-VSP))

One-pK Stern Model

H* and OH" are inner-sphere; metals and ligands are outer-sphere

Bolt and van Riemsdijk, 1982;
van Riemsdijk et al., 1986, 1987;
Hiemstraet al., 1987

3) Surface charge results from the sorption reaction itself.

4) The effect of surface charge on sorption can be taken into
account by applying a correction factor derived from electric
double-layer theory to the mass law constants for surface reac-
tions.

SCM can describe data over a broad range of conditions such as

varying pH, ionic strength, adsorbate concentrations, adsorbent

concentrations, and solution conditions.

Electrical double-layer theory

The distribution of electrical potential at the solid-solution
interface has been envisioned as adouble layer of charge, the elec-
trical double layer (EDL), in which one layer of charge is local-
ized next to the surface and the other layer is developed in a dif-
fuse region extending out into the solution (Adamson, 1990;
Stumm and Morgan, 1996). Many of the SCM that describe sorp-
tion behavior are based on EDL theory developed by Gouy (1910)
and Chapman (1913) who mathematically describe the diffuse dis-
tribution of ions adjacent to a charged surface. Stern later modi-
fied the Gouy-Chapman model to include a layer of counterions
(ions of opposite charge to the surface charge) nearest the charged
surface. James and Healy (1972a, b), Adamson (1990), Shaw
(2980), Stumm and Morgan (1996), and Singh and Uehara (1986)
provide a detailed discussion of EDL theory.

Figure 7.4 shows the Gouy-Chapman model of the diffuse
double layer (DDL), which illustrates a negatively charged sur-
face and the distribution of cations and anions with distance from
the surface. The counterions are most concentrated nearest the sur-
face and decrease exponentially with distance away from the sur-
face. The coions (ions having the same charge as the surface) are
depleted nearest the charged surface. Calculations show that for a
counterion concentration of 1 mmol/dm3, the thickness of the dou-
ble layer will be 10 nm for monovalent counterions and 5 nm for
divalent counterions (van Olphen, 1977).
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FIGURE 7.4—Cartoon of the diffuse double layer adjacent to a negative-
ly charged surface. Positively charged counterions are most concentrated
near the surface with decreasing concentration away from the surface.
Modified from van Olphen (1977).
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Inner-sphere and outer-sphere complexes

SCM refer to specific and non-specific ion binding on an oxide
surface as inner-sphere and outer-sphere complexes, respectively.
In the formation of inner-sphere complexes, a largely covalent
bond between the surface and the ion is formed. Inner-sphere
complexes can affect the reactivity of a surface (Sposito, 1984,
Stumm, 1992, 1995, 1998). In the case of an outer-sphere com-
plex, anion of opposite charge approaches the surface, and theion
and the surface are separated by one or more water molecules (see
Table 7.4). These types of bonds are largely electrostatic. Outer-
sphere complexation is usually arapid, reversible process. In con-
trast, inner-sphere complexation tends to be somewhat slower, and
not completely reversible. Adsorption of inner-sphere complexes
can occur on a surface regardless of surface charge. The distinc-
tion between inner- and outer-sphere is important because the
bound species have different chemical properties depending upon
how they are bound to the surface.

The presence of inner-sphere complexes has been confirmed
by the use of spectroscopy (Hayes et a., 1987; Chisholm-Brause
etal., 1990; Roeet a., 1991). Brown (1990) provides an overview
of spectroscopic studies. Another method used to distinguish
inner-sphere and outer-sphere complexes is to assess the effect of
ionic strength on the surface complex. Outer-sphere complexes
typically have a strong dependence on ionic strength (Hayes and
Leckie, 1987; Hayes et al., 1988).

Ligand exchange: Strongly binding anions sorb on metal-
oxide minerals by a ligand exchange mechanism (Stumm et al.,
1980; Harrison and Berkheiser, 1982). This mechanism involves
the exchange of an anion for a surface hydroxyl group:

=XOHO + L2 + 2H* = =XHLO + H,0

=XOHO + LZ + H* = =XL"+ H,O

where =XOHO is a surface binding site, L2 is a divalent anion,
and =XHLO and=XL" are surface complexes. This results in the
formation of an inner-sphere complex. In contrast, weaker binding
anions sorb through electrostatic interactions with the oxide sur-
face and a water molecule remains between the surface site and
the sorbed anion (Hayes et al., 1987):

=XOHO + L2 + H* = =XOH,*L?

which results in an outer-sphere complex.

Model parameters

Different surface complexation models require different para-
meters. The following tabulation lists parameters required for
three of the models (Sparks, 1995; Langmuir, 1997).

Diffuse Constant Capacitance Triple Layer

Double-L ayer
Specific surface area  Specific surffacearea Specific surface area
Total site concentration Total site concentration Total site concentration
pK for proton gain pK for proton gain pK for proton gain
pK for proton loss pK for proton loss pK for proton loss
pK for metal binding  pK for metal binding  pK for metal binding

1 capacitance pK for electrolyte

2 capacitances

KATHLEEN S. SMITH

These parameters represent fitted or separately determined values.
Generally, fitted parameters are determined with the use of numer-
ical optimization techniques. Each of the models contain different
parameters or different parameter val ues because each of the mod-
el's assumes different geometric features of the oxide-water inter-
face. Westall and Hohl (1980) demonstrated that five different
SCM could fit proton adsorption data on Al,O5 equally well
despite their mutually contradictory underlying molecular
hypotheses. This is because of the adjustable parameters that can
be employed to fit the data (Dzombak and Morel, 1987).

Literature sorption data have been interpreted with avariety of
SCM . Because the parameters for these SCM are different, litera-
ture sorption parameter values and surface-complexation con-
stants are not consistent. Parameter values and sorption constants
are not interchangeable between SCM.

MODELING METAL-SORPTION REACTIONS
IN NATURAL SYSTEMS

Knowing the distribution of metals between dissolved and par-
ticulate phases is important in understanding their ecological
impact, transport and fate, and infiltration into ground-water sys-
tems. Particulates in natural systems consist of mixtures of differ-
ent organic and inorganic materials, which makes predictive sorp-
tion modeling a formidable task. Some attempts have been made
to characterize the metal-binding properties of naturally occurring
particulates (Vuceta and Morgan, 1978; Balistrieri et al., 1981;
Luomaand Bryan, 1981; Lion et al., 1982; Balistrieri and Murray,
1983, 1984; Mouvet and Bourg, 1983; Tessier et al., 1985; Muller
and Sigg, 1990; Ali and Dzombak, 1996; Tessier et a., 1996;
Wang et a., 1997; Payne et ., 1998; Smith et al., 1998; and Wen
et a., 1998).

Although many of the empirical approaches to sorption reac-
tions (e.g., isotherms) are descriptive, they are not predictive,
especialy beyond the conditions measured. This discussion will
emphasize surface-complexation models (SCM) because they
have predictive capabilities beyond the measured conditions.
Surface complexation reactions and other descriptions of sorption
reactions (such as K) have been incorporated into several specia-
tion and transport modeling codes.

Modeling difficulties

When modeling sorption reactions in natural systems, an
assumption often is made that most of the reactive metal-binding
surfaces are natural organic matter, and hydrous oxides of iron,
manganese, aluminum, and silica. Crystalline minerals and clay
minerals generally are of lesser importance. In natural systems
low in organic matter, metal sorption is commonly thought to be
controlled by iron- and aluminum-oxide coatings on particle sur-
faces (Davis and Kent, 1990). Metal sorption by pure oxide phas-
es can be successfully predicted by SCM (e.g., Dzombak and
Morel, 1990). Application of SCM to natural systems necessitates
detailed characterization of the solid phases and their surface
composition. Many of the experimental techniques that are used to
characterize sorption and EDL propertiesin simple mineral-water
systems cannot be applied in a straightforward manner to soilsand
sediments. The real trick is determining the types and concentra-
tions of important surface functional groups and their reactive sur-
face areas.
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Incorporation of metal binding on natural organic matter
(NOM) into predictive sorption models presents amajor challenge
(Kinniburgh et al., 1998). Binding site concentrations and con-
stants are not easily determined for NOM. Discussion of metal
binding on NOM is beyond the scope of this paper. However,
NOM may play an important role in many cases and there are
some NOM meta-binding models and approaches that look
promising (e.g., Wilson and Kinney, 1977; Cabaniss et al., 1984;
Ephraim et al., 1986; de Wit et al., 1991; Bartschat et al., 1992;
Tipping and Hurley, 1992; Benedetti et al., 1995; Tipping et &l.,
1995; and Westall et al., 1995). Future developments may allow
incorporation of NOM into predictive sorption models. Metal
sorption onto biological surfaces also has been considered (e.g.,
Beveridge and Murray, 1976; Hudson and Morel, 1990; Sigg,
1994; and Fein et al., 1997). Sorption of dissolved organic carbon
onto oxide minerals can be an important mechanism in some sys-
tems (e.g., McKnight et al., 1992). Westall et al. (1995) suggest the
use of semi-empirical models, instead of mechanistic models, for
complex systems. This approach offers an aternative for many
applications including the incorporation of metal-partitioning
capabilities into transport models.

Langmuir (1997, p. 392-393) suggests severa questions be
asked when applying adsorption models to natural systems.
Among those questions are: (1) when multiple sorbent phases are
present, which are most likely to interact with the sorbate species
of interest?; (2) when multiple sorbent phases are present, can we
simplify the problem and limit our analysis to adsorption by asin-
gle sorbent?; (3) what are the absolute and relative abundances of
important sorbent phases and what fraction of their surface areas
is exposed to flowing water?; and (4) what is the chemical com-
position of the water?

Additivity and interactive effects between phases

Thereis an ongoing controversy about whether or not the sorp-
tive properties of minerals are the same in mixtures as they are
individually. Honeyman (1984) found differences in sorptive
properties when certain minerals were present in mixtures.
Anderson and Benjamin (1990) showed than aluminum hydroxide
in a binary system altered the surface chemical properties of the
other mineral phase. Meng and Letterman (1993) also noted
atered sorptive properties due to interference by aluminum
hydroxide. Davis (1984) reported that dissolved organic carbon
was able to coat metal-oxide minerals in many natural systems.
This organic coating interacted strongly with some metals, such as
Cu, and did not seem to affect other metals, such as Cd.

On the other side of the sorption additivity controversy,
Davies-Colley et al. (1984) found little difference in sorptive prop-
erties of avariety of mineralsin mixtures. Siegel et a. (1992) suc-
cessfully modeled sorption in a mixture of goethite and montmo-
rillonite. The compilation of Vandergraaf et al. (1993) assumes
additivity of the sorptive properties of minerals. Tessier et a.
(1996) modeled sorption reactions in a natural system assuming
additivity of sorptive properties.

It appears that some amorphous minerals and dissolved organ-
ic carbon are able to ater the sorptive properties of minerals in
some mixed systems. Consequently, the assumption of sorptive
additivity in natural systems should be made with caution. When
possible, empirical observations of sorption reactions on natural
materials should be made for the mixture as a whole.

Surface functional groups

As mentioned, one of the most difficult tasks in modeling is
the identification and quantification of surface functional groups
in heterogeneous mixtures of mineral phases. In many cases the
surface chemical properties of natural materials are dominated by
secondary minerals and coatings, which usually constitute only a
minor fraction of the whole sample (e.g., Davis, 1984).
Techniques to measure these parameters must be chosen with
care. Balistrieri and Murray (1983) used tritium exchange to esti-
mate the total density of surface sites on marine sediments and
noted that these data compared well with those from simpler
cation exchange measurements (Balistrieri and Murray, 1984).
Zachara et a. (1989) estimated site densities from sorption data
by applying the Langmuir isotherm. If a particular mineral phase
is thought to dominate sorption processes, site densities can be
estimated from the abundance of the mineral phase in the bulk
materia (e.g., Smith, 1991).

For coatings, abundance can be estimated by partial chemical
extractions (e.g., Chao and Zhou, 1983; Chao, 1984; Tessier et .,
1989). For example, Fuller et a. (1996) used partial chemical
extractions combined with surface area measurements to estimate
metal sorption in a sand and gravel aquifer. Jenne and Crecelius
(1988) used partial chemical extractions to estimate the quantities
of amorphous iron- and manganese-oxide sorbents, reactive par-
ticulate organic carbon, and associated sorbed metals in fine-
grained sediments.

Iron oxide minerals are generally the primary adsorbent for
transition metals in oxic environments unless unusual amounts of
other adsorbents exist (Jenne, 1998). In the absence of evidence
of sorptive dominance by a particular component, the bulk can be
modeled. Davis and Kent (1990) recommend that the reactive sur-
face area be multiplied by an average value for site density of sur-
face hydroxyl groups per unit surface area. They suggest a single
value for total surface-site density of 2.31 sitessnm? (or 3.84
umoles/m?; Dzombak and Morel, 1990). In this way a uniform
value can be accepted for modeling site density and metal adsorp-
tion density.

Several spectroscopic and microscopic techniques, such as
scanning Auger microscopy, show promise for the examination
and determination of surface functional groups. For example,
Hayes et a. (1987) examined surface complexes of SeO32' on
goethite. Hochella (1990) and Sposito (1995) discuss several of
these techniques.

Reactive surface area

One of the most difficult parameters to estimate for model
input is the reactive surface area of the various sorbent materials.
Surface-area estimates are dependent on the analysis used to
determine them. Warren and Zimmerman (1994) found that, in the
case of mixed coatings on particulates, the exposed surface area
for a given geochemical phase is not well represented by surface
areas estimated from single component sediments or by calculat-
ed estimates using total surface area measurements and concen-
tration data for suspended particulate matter. Wanty et al. (1991)
suggest a method that involves calculating the minimum surface
area of amodel sorbent required to reduce the sorbate concentra-
tion to a value of the difference between the dissolved concentra-
tion in equilibrium with saturation indices and the observed value
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in natural water. Davis and Kent (1990) state that gas adsorption
techniques yield the most useful information, including estimates
of external surface area and an evaluation of the extent of micro-
porosity. Gas absorption techniques can be problematic for porous
sorbents (White and Peterson, 1990; Chiou and Rutherford, 1993).

Surface-complex data sets

A drawback of SCM is the lack of complete internally consis-
tent data sets of surface complexes. Determining such complexes
is cumbersome. Data for severa different types of sorption mod-
els are in the literature, but surface complexation data are not
interchangeable between models. Therefore, it is extremely
important to stick with one type of surface complexation model
when compiling a data set. Dzombak and Morel (1990) and Smith
and Jenne (1991) have published internally consistent data sets for
the GTLM and TLM, respectively, and Turner (1995) compiled a
data set for radionuclide sorption using the TLM.

MODELING METAL-SORPTION REACTIONSIN
MINE-DRAINAGE SYSTEMS

Mine-drainage systems offer a rather unique situation for
metal-sorption modeling. Due to the often high levels of iron in
these systems, they represent a case in which metal-sorption reac-
tions usually are dominated by a single component, hydrous ferric
oxide (HFO). Therefore, the types of functional groups are known,
and the quantity of functional groups can be estimated from the
bulk iron content.

Role of iron-oxide minerals

Iron-oxide minerals are ubiquitousin the near-surface environ-
ment and are common components of natural gossans, soils, and
mine waste. Several different iron-oxide minerals have been iden-
tified in nature. Hydrous ferric oxide (a.k.a. amorphous ferric
hydroxide, amorphous iron oxyhydroxide, and ferrihydrite) is the
solid formed upon rapid hydrolysis of ferric Fe solutions at
20-30°C (Dzombak and Morel, 1990). HFO is usually amorphous
or nearly amorphous as determined by X-ray diffraction. The
stoichiometry is uncertain and is represented by the genera for-
mula Fe,O; » nH,O. Measurements and cal culations of associated
surface areas vary widely. Upon aging, HFO gradually transforms
to acrystaline oxide, usualy goethite (a-FeOOH).

Dzombak and Morel (1990) defined properties of HFO in
order to extract surface-complexation constants from experimen-
tal datausing the GTLM. Table 7.6 lists some of those HFO prop-
erties. Dzombak and Morel (1990) developed an internally con-
sistent database for metal sorption on HFO for the GTLM.
Although the iron-rich precipitates in mine-drainage systems con-
sist of a variety of iron-oxide minerals, it is possible to consider
them in bulk and lump them under the “HFO definition.”

Previous studies of metal partitioning in
mine-drainage systems

Downstream decreases in dissolved metal concentrations will
occur due to oxidation, precipitation, sorption, and dilution
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processes. Severa researchers have studied metal dispersion and
attenuation in acidic, metal-rich drainages. The following discus-
sion covers some representative studies from the literature. There
isawide variety of data in the literature, but no clear-cut picture
exists as to how to anticipate metal mobility in mine-drainage sys-
tems. Additional studies include Theobald et a. (1963), Collins
(1973), Foster et al. (1978), Filipek et al. (1981), Robinson (1981,
1983), Kuwabara et al. (1984), Johnson (1986), Jones (1986),
Andrews (1987), Bencala et a. (1987), Karlsson et al. (1987,
1988a, 1988b), Fuller and Davis (1989), Rampe and Runnells
(1989), Axtmann and Luoma (1991), Sanden (1991), Winland et
al. (1991), Bowell (1994), Kimball et al. (1994, 1995), Webster et
a. (1994), Benner et al. (1995), Broshears et a. (1996), Levy et
a. (1997), and Paulson (1997).

TABLE 7.6—Properties of hydrous ferric oxide used in the extraction of
surface-complexation constants from experimental data using the
Generalized Two-Layer surface-complexation model (data from Dzombak
and Morel, 1990).

600 m?/g
0.005 moles sites/ mole Fe
0.2 moles sites/ mole Fe

Specific Surface Area
High-Affinity Site Density
Low-Affinity Site Density

Stoichiometry Fe,05 ¢ H,0
Molecular Weight 89 g HFO/mole Fe
Pristine Point of Zero Charge 8.1

Chapman et a. (1983) found that a combination of sorption,
precipitation, and dilution processes accounts for the decrease in
concentration of dissolved elements in two streams (pH 2.7-3.2
and pH 3.1-6.8) in New South Wales, Austraia In the lower-pH
stream, they report that Al, As, Fe, SIO,, and SO, are reactive
constituents resulting from the precipitation of Fe as amorphous
ferric hydroxide and the subsequent sorption of Al, As, SIO,, and
SO,%. They attribute diminished concentrations of Cd, Cu, and Zn
to dilution effects. In the higher-pH stream, Chapman and others
found that Al, Cu, Fe, and Pb are reactive elements, and that Al,
Cu and Fe probably precipitate. They attribute decreased Pb con-
centrations to sorption reactions and decreased concentrations of
Cd, Mn, and Zn to dilution effects.

Filipek et al. (1987) studied confluences of acidic metal-rich
waters with West Squaw Creek, California. They found that the
ratios of sorbed Cu, Mn, and Zn concentrations to dissolved con-
centrations are afunction of pH with the least amount of sorption
taking place at lower pH. They observed that Asis quickly scav-
enged from solution near its source. They calculate that both fer-
ric hydroxides and jarosite are at saturation in these waters.

Davis et a. (1991) examined factors that affect element parti-
tioning between water and suspended sediment in North Clear
Creek (pH 5.8-7.4), Colorado. Based on mass balance calcula-
tions, they found that Al, Ca, Cl, F, and Zn (and perhaps Cd, K,
Mg, and Na) behave conservatively whereas Cu, Fe, Mn, and
8042' are reactive. They observed that Al, Cu, and Fe are mainly
associated with the suspended sediment, and Cd, Mn, and Zn are
present predominantly as dissolved species. They concluded that
Al and Fe soluhilities are controlled by precipitation and that dis-
solved Cu is controlled by sorption reactions. Based on batch |ab-
oratory desorption studies using sediment collected from North
Clear Creek, Davis and others found the affinity sequence of met-
als for the sediment to be Al > Cu > Zn > Mn.
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Webster et al. (1998) studied sorption of metals onto a natural
iron(l11) oxy hydroxy sulfate minera precipitated in a mine-
drainage system and compared those results with sorption studies
using synthetic schwertmannite and pure hydrous iron(l11) oxide.
They found that Cu and Zn sorption onto the natural precipitate
was greater than that onto synthetic schwertmannite, which wasin
turn greater than that onto hydrous iron oxide. Cadmium sorption
was also enhanced onto the natural precipitate. Sorption modeling
generally underestimated the degree of metal sorption onto the
natural precipitate.

Predictive modeling of metal mobility in
mine-drainage systems

Smith and colleagues (Smith et al., 1989, 1991, 1998; Smith
and Macalady, 1991; Smith, 1991, 1996) studied metal-sorption
reactions between stream water and streambed sediment from St.
Kevin Gulch, Colorado, a subalpine stream impacted by mine
drainage. They performed batch pH-dependent metal-partitioning
experiments (see Smith, 1991 for details) using the natural stream
water and streambed sediment, and observed that the metal-parti-
tioning reactions follow previously observed trends (Kinniburgh
et al., 1976; Benjamin, 1979) for sorption of metals by synthetic
HFO. They successfully used the GTLM surface-complexation
model to predictively model metal sorption reactions on natural
iron-rich streambed sediment. This work demonstrates that pre-
dictive SCM can be used for modeling mine-drainage systems and
provides a field validation for the GTLM coupled with the
MINTEQA2 computer program (Allison et al., 1991).

The previous studies lay the groundwork for additional metal-
sorption studies and predictive modeling in a variety of mine-
drainage systems (Smith et al., 1992, 1993, 1994, 1998; Webster
et a., 1994). The genera approach is briefly outlined below.

General sorption-modeling approach

Computer simulations of sorption reactions employ the equi-
librium speciation program MINTEQA2 (Allison et a., 1991)
coupled with the GTLM and accompanying database of surface-
complexation constants for HFO (Dzombak and Morel, 1990).
MINTEQA2 computes sorption reactions and solution equilibria
simultaneously in a self-consistent manner. The GTLM evokes a
two-site model for cation sorption that includes a subset of high-
affinity cation-binding sites. It is assumed that M2* is the only
metal species that sorbs on HFO. Table 7.7 lists some of the sur-
face-complexation constants for metal sorption on HFO using the
GTLM. It is important to note that the parameters and surface-
complexation constants listed in Tables 7.6 and 7.7 are specific for
HFO and for the GTLM. Consequently, use of these parameters
and constants with other sorption models or for other sorbent sur-
facesis not valid.

Complete analytical data for water composition are input to
MINTEQAZ2. The pH is fixed at desired values with the water in
equilibrium with atmospheric carbon dioxide. Neither trace-metal
hydroxide phases nor anglesite (PbSO,) exceed saturation in the
computer simulations. Only two solid phases, ferrihydrite and
amorphous aluminum hydroxide, are allowed to precipitate in the
simulations because they are the most likely solids to control Fe
and Al solubilities during the 6-hour time frame of the batch
experiments (6 hours were determined to be adeguate from sorp-

tion-rate experiments; see Smith, 1991; Smith et a., 1998).

TABLE 7.7—Derived and estimated surface-complexation constants for
metal-cation sorption on hydrous ferric oxide from the Generalized Two-
Layer sorption model (data from Dzombak and Morel, 1990).

Cation log KMt log K,
Agt -0.72 5.3

Ba?* 5.46 7.2

Be?* 5.7 33

Cd?* 0.47 -2.90
Co?* -0.46 -3.01
Ccu?* 2.89 0.6

Hg?* 7.76 6.45
Mn2* -0.4 -35

Ni2* 0.37 -25

Pb2* 4.65 0.3

Sn?t 8.0 5.9

uo,* 5.2 2.8

zn%* 0.99 -1.99
=FeOHC + Ag* = =FeOAg® + H* K,

=Fe"OH° + Ag" = =FeYOAg® + H* K,

=FeOH° + M?* = =FeOM* + H* K,

=Fe"OH° + M2Z* = =Fe"OM* + H* K

HFO is the sole sorbent material in the model simulations. All
of the Fein the sediment is assumed to be present as HFO and cal-
culations of binding-site concentrations and total amorphous Fe
are based on this assumption. As suggested by Dzombak and
Morel (1990), for conversions from g/l HFO to mole/l Fe, the
stoichiometry Fe,O,.¢ H,O (89 g HFO/mole Fe) was assumed. In

the case of suspended sediment, the difference between filtered

and unfiltered Fe values in water is assumed to be the concentra-

tion of Fe in the suspended sediment. All of that Fe is assumed to

be present as HFO.

All of the model input is derived either from chemical analy-
ses or from information and parameters provided by Dzombak
and Morel (1990). None of the model parameters were modified
and no fitting of parameters is involved in these model simula-

tions. A similar modeling approach has been used by Loux et al.

(1989) and Stollenwerk (1994).

Importance of suspended sediment in sorption reactions

Smith et a. (1992) compared field data with computer-model
predictions for metal sorption at ten diverse mine-drainage sites.
In the mine-drainage streams they observed that metal sorption on
iron-rich suspended sediment appears to regul ate dissolved metal
concentrations, with bed sediment playing a decidedly lesser role.
They achieved good agreement between computer-model predic-

tions and field measurements in mine-drainage streams when they

assumed that all metal sorption takes place only on suspended
sediment (i.e., no sorption on bed sediment). Therefore, it appears

that a limited amount of sorbent material is available for metal-

sorption reactions in mine-drainage streams. Figure 7.5 illustrates

the consequences of having alimited amount of sorbent available.
When there is abundant sorbent materia present (Fig. 7.5A), well-

defined adsorption edges result. However, when the sorbent mate-
rial becomes limited and competition for binding sites with major
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cations becomes more important (Fig. 7.5B), asis usualy the case
with metal sorption on suspended sediment in mine-drainage sys-
tems, less-defined adsorption edges result, and Zn, Cd, and Ni
tend not to sorb at all. Consequently, Zn, Cd, and Ni would be
expected to be mobile in many mining areas, which is observed by
Plumlee et a. (1999).

SELF-MITIGATING CAPACITY OF MINE WATERS

The self-mitigating capacity of a mine water is the inherent
ability of the water to clean itself up by removing dissolved met-
asfrom solution. It isrelated to the amount of dissolved Fein the
water that can precipitate and consequently attenuate dissolved
metals by sorption reactions. Dissolved Fe commonly precipitates
in response to oxidation or neutralization of mine waters. Self-
mitigating capacity depends on the amount of dissolved Fe, the
concentration and identity of dissolved metals, and the ratio of
precipitated Fe (available surface-binding sites) to dissolved met-
asat agiven pH.

The self-mitigating capacity of a mine water is useful for pre-
dicting metal mobility, providing guidance in remediation and
planning, estimating pH and optimal conditions for removal of a
particular metal, and predicting metal-removal efficiency.
Dissolved or particulate Fe in a metal-contaminated watershed can
have a positive influence on the attenuation of metals. However,
Smith et al. (1992, 1993) observed that it isimportant to maximize
contact between the particulate Fe and dissolved metals.

Method to predict self-mitigating capacity

Computer-model simulations can predict the self-mitigating
capacity of a mine water. Smith et al. (1993, 1998) discuss this
approach, which is summarized here. The simulations employ the

A. Model Predictions
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equilibrium speciation program MINTEQAZ2 (Allison et ., 1991)
coupled with the GTLM as described previously.

To determine the amount of sorbent for the computer simula-
tions, the dissolved Fe is assumed to precipitate and the concen-
tration is converted to HFO. Two site densities are used, 0.005
moles sites per mole Fe for the high-affinity site densities and 0.2
moles sites per mole Fe for the low-affinity site densities as
described previously. HFO is the sole sorbent material in the sim-
ulations and sorption on HFO is the sole mechanism for removal
of trace metals in the simulations.

Examples

We now look at some examples of the use of computer-model
simulations to predict the self-mitigating capacity of mine waters.
These examples use data from actual mine waters and illustrate
severa concepts that are important in the self-mitigating capacity
of mine waters.

Example 1—Oxygen-deficient mine water from a collapsed
adit

Water containing ferrous Fe at pH 5.8 emanates from the col-
lapsed Rawley-12 adit near Bonanza, Colorado. Table 7.8 liststhe
composition of the mine water. Figure 7.6 shows results from a
computer simulation in which the dissolved Fe in the water pre-
cipitates and is alowed to sorb metals in the mine water. HFO
sorbs most of the As, Cu, and Pb between pH 6 and about 7.5.
HFO sorbs little Zn, Cd, or Ni at any pH between 6 and 8.
Removal efficiency of Cu and Pb decreases above pH 7.5 due to
competition by dissolved hydroxo and carbonato species.
Cadmium and Ni concentrations were too low to show on the fig-
ure.

B. Model Predictions
HF0=0.01 g/l

pH

FIGURE 7.5—Model predictions of metal sorption on hydrous ferric oxide (HFO) as a function of pH for two different sorbent concentrations (A and

B). After Smith et al. (1992).
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This exampleillustrates that some oxygen-deficient waters can
have arelatively good self-mitigating capacity once the Feis oxi-
dized and precipitated. Also, the computer simulation shows the
importance of knowing an optimal pH range in order to maximize
the removal efficiency of Cu.

TABLE 7.8—Chemical composition of filtered water from the Rawley-
12 adit near Bonanza, Missionary East Seep at Summitville, and Tip Top
adit adjacent to Gamble Gulch, Colorado. Samples were filtered through
a0.1 pm filter.

Rawley-12 Missionary East Tip Top
Adit Seep Adit
As (ug/l) 85 200 —
Pb (ug/l) 120 210 13
Cu (ugll) 4,900 58,000 100
Zn (ug/l) 58,000 6,800 2,500
Cd (ugll) 280 50 11
Ni (ug/l) 36 350 38
Fe (mg/l) 42 150 47
SO,Z (mg/l) 700 1,540 300
pH (field) 5.7 3.8 3.8

Example 2—L ow pH, high Fe and metals

The Missionary East Seep at Summitville, Colorado, dis-
charges pH 3.8 water containing 150 mg/l of Fe and extremely
high concentrations of some metals (see Table 7.8). Figure 7.7
shows computer-simulation results when this 150 mg/I dissolved
Fe precipitates as HFO and sorbs dissolved trace metals over the
pH range 4 to 8. Sorption of Ni over the pH range 4 to 8 was <1%,
and sorption of Cd was <2% (curves not shown on Fig. 7.7). HFO
sorbs most of the As and little of the Zn between pH 4 and 8.
Removal efficiency of Cu never reaches values above about 40%.

This example illustrates that, even if it contains high Fe con-
centrations, awater may not have a particularly good self-mitigat-

Rawley-12 Adit, Bonanza, Colorado
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FIGURE 7.6—Computer simulation of metal sorption on hydrous ferric
oxide (HFO) as a function of pH for drainage from the Rawley-12 adit,
near Bonanza, Colorado. HFO concentration was derived from the precip-
itation of dissolved Fe originaly present in the drainage.
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FIGURE 7.7—Computer simulation of metal sorption on hydrous ferric
oxide (HFO) as a function of pH for drainage from the Missionary East
Seep at Summitville, Colorado. HFO concentration was derived from the
precipitation of dissolved Fe originally present in the drainage.

ing capacity. In this case, the extremely high concentration of Cu
cannot be self-mitigated by more than about 40%. Dissolved Cu,
Zn, Cd, and Ni can remain largely mobile in waters discharging
from this site.

Example 3—Low pH, moder ate Fe and metals

The Tip Top adit adjacent to Gamble Gulch, Colorado, dis-
charges pH 3.8 water containing 4.7 mg/l of Fe and moderate con-
centrations of some metals (see Table 7.8). Figure 7.8 shows com-
puter-simulation results when this 4.7 mg/| dissolved Fe precipi-
tates as HFO and sorbs dissolved trace metals over the pH range
410 8. Sorption of Ni over the pH range 4 to 8 was <1%, and sorp-
tion of Cd was <2% (curves not shown in Fig. 7.8). HFO sorbs
most of the Pb between pH 5.5 and 8 and little of the Zn between
pH 4 and 8. Removal efficiency of Cu peaks at about 80% at pH
values near 7. Removal efficiency of Cu decreases above pH 7.5
due to competition by dissolved hydroxo and carbonato species.

This example illustrates that, even though it contains only
moderate Fe concentrations, a water may have a relatively good
self-mitigating capacity at some pH values. In this case, HFO
sorbs most of the Pb and Cu at around pH 7. However, dissolved
Zn, Cd, and Ni can remain mobile in waters discharging from this
site.

Applications

Some mine waters have the inherent ability to clean them-
selves up when discharged into the environment. Computer-
model simulations can predict this self-mitigating capacity of
mine waters. This approach could provide guidance in mine-
drainage remediation and planning efforts.

Zinc, Cd, and Ni are difficult to self-mitigate in mine waters
due to their relatively weak sorption on hydrous iron oxides.
Consequently, these metals tend to remain mobile in waters dis-
charging from mined lands. Elevated levels of Zn have been doc-
umented in numerous mine waters (e.g., Plumlee et al., 1999).
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FIGURE 7.8—Computer simulation of metal sorption on hydrous ferric
oxide (HFO) as a function of pH for drainage from the Tip Top adit adja-
cent to Gamble Gulch, Colorado. HFO concentration was derived from the
precipitation of dissolved Fe originally present in the drainage.

The concept of self-mitigating capacity can be exploited in
remediation activities. Addition of dissolved Fe to mine waters
can enhance the eventual attenuation of dissolved metals.
Computer simulations can predict the amount of additional Fe
necessary to achieve the desired results. Iron and auminum floc-
culants often are used in industry to clean up inorganic contami-
nants (e.g., Clifford et al., 1986).

Animportant factor to keep in mind with Fe-treatment systems
isthat, although the oxidation of Fe consumes acid, the precipita-
tion of Fe generates acid asillustrated in the following equations:

oxidation: Fe?* +0.250, + H* = 0.5H,0 + Fe®*
precipitation: Fe?* + 3H,0 = Fe(OH)gg + 3H*

When planning for pH adjustment, it is important to add enough
base to counteract acidification by hydrolysis and precipitation
reactions (not only for Fe but for all metals in the mine water).
Another important factor is that of desorption. Metal sorption
may be transitory if conditions change to favor desorption.
Change in factors such as pH, dissolved species, and temperature
may trigger desorption reactions. Aging of sorbent material may
also result in desorption of some metals.
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