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GEOENVIRONMENTAL MODELS OF MINERAL DEPOSITS--
FUNDAMENTALS AND APPLICATIONS

by Geoffrey S. Plumlee and J. Thomas Nash

INTRODUCTION

Economic geologists recognize that mineral deposits can readily be classified according to similarities in their
geologic characteristics (ore and gangue mineralogy, major- and trace-element geochemistry, host rock lithology,
wall-rock alteration, physical aspects of ore, etc.), as well as their geologic setting (see for example, Guilbert and
Park, 1986). Early geology-based classification schemes have evolved into mineral deposit models that classify
deposits not only on the basis of geologic characteristics, but also on the basis of geophysical and geochemical
characteristics and the genetic processes by which the deposits form (Cox and Singer, 1986; Bliss, 1992). These
conceptual mineral deposit models form the basis for most modern mineral exploration methodologies, and have also
been used as tools to help assess the potential for undiscovered mineral resources in regions with known geologic
characteristics.

A next step in the process of mineral deposit modeling is development of geology-based, geoenvironmental
models for diverse mineral deposit types. Mineral deposit geology, as well as geochemical and biogeochemical
processes, fundamentally control the environmental conditions that exist in naturally mineralized areas prior to
mining, and conditions that result from mining and mineral processing. Other important natural controls, such as
climate, and anthropogenic factors (including mining and mineral processing methods) mostly modify the
environmental effects controlled by mineral deposit geology and geochemical processes. Thus, deposits of a given
type that have similar geologic characteristics should also have similar environmental signatures that can be quantified
by pertinent field and laboratory data and summarized in a geoenvironmental model for that deposit type. Similarly,
environmentally important geologic characteristics, such as the presence of an alteration type likely to produce highly
acidic drainage water or an alteration type likely to help buffer acid drainage water, should also be common to most
or all deposits of a given type, and thus can also be summarized in a geoenvironmental model. As discussed below,
the need for and use of geoenvironmental models are immediate and varied; these range from environmental
prediction and mitigation, and baseline characterization, to grass-roots mineral exploration, and assessment of
abandoned mine lands and mine-site remediation.

This compilation presents preliminary geoenvironmental models for 32 mineral deposit types (or groups
thereof) compiled by U.S. Geological Survey earth scientists and environmental geochemists using data available as
of mid 1995. The geoenvironmental models follow the classification scheme of, and are numbered according to, the
mineral deposit models presented by Cox and Singer (1986) and (Bliss, 1992), to which the reader is referred for
additional information concerning the mineral deposit models. This first iteration of geoenvironmental model
development has resulted primarily in descriptive summaries of environmentally important geologic characteristics
for a variety of mineral deposit types; however, empirical data are included in some models. The models
summarized herein should be considered as- descriptive guides concerning potential environmental impact, not
numeric tools applicable to quantitative risk assessment. Nonetheless, the models provide a basis for understanding
and interpreting environmental processes related to mineral deposits in a systematic geologic context. An important
goal of future investigations will be to integrate additional empirical data or environmental signatures for diverse
deposit types so that the models become more quantitative and can be applied to predict environmental mitigation
expenses and risks associated with mineral extraction.

The purpose of this introductory chapter is to present the geologic basis for geoenvironmental models,
discuss fundamental components of the models, and describe their uses. Individual models assume that the reader
has some knowledge of the terms and concepts of economic geology, geology, and environmental geochemistry;
however, this introductory chapter is designed to provide sufficient references, terminology, and basic concepts that
readers lacking detailed training in these topics can, with some background work, begin to use the models for a
variety of purposes. As a result, this compilation should prove useful to a wide audience, including exploration and
economic geologists, environmental scientists, land managers, regulators and others.

GENERAL DEFINITIONS

Economic geology terms

"Mineral deposits", as defined by Cox and Singer (1986), are occurrences of a valuable commodity (such as gold
or copper) or mineral (such as gems or industrial minerals) that are of sufficient size and concentration (grade) that




they might, under the most favorable circumstances, be considered to have potential for economic exploitation. An
"ore deposit" is a mineral deposit that has been tested and discovered to be of sufficient size, grade, and accessibility
to allow it to be extracted at a profit. To slightly modify the definition provided by Cox and Singer (1986), a
"mineral deposit model" is a systematic summary of information concerning the geologic characteristics, grade, size,
and genesis of a class of similar mineral deposits; the model can be empirical (based on observations or measured
data) and (or) theoretical (based on conceptual ideas concerning deposit genesis).

The terminology used to describe geologic characteristics of mineral deposits is far too extensive and diverse
to present in this report; interested individuals requiring additional background information are referred to standard
economic geology texts, such as Guilbert and Park (1986) and references contained therein, for a complete discussion
of terminology.

Environmental terms

The "environmental signatures" or "environmental behavior" of mineral deposits are both defined here to be the
suites, concentrations, residences, and availabilities of chemical elements in soil, sediment, airborne particulates, and
water at a site that result from the natural weathering of mineral deposits and from mining, mineral processing, and
smelting. For example, the environmental signature of a mine site may include metal contents and suites in mine-
drainage water, stream sediment, and soil; surface water pH; and identification of readily soluble secondary salts
associated with mine waste. The "environmental effects" of mineral deposits are considered to be spatially broader
than environmental signatures, in that they include the influence of a site on the surrounding environment, including,
for example, the environmental effects of a mine drainage on a river into which the drainage flows.

CONTROLS ON THE ENVIRONMENTAL BEHAVIOR OF MINERAL DEPOSITS

As previously mentioned, the primary tenet of geoenvironmental models is that mineral-deposit geology, along with
geochemical and biogeochemical processes, are fundamental controls on the environmental behavior of mineral
deposits. Thus, some discussion of geologic controls and other generally subordinate controls, such as climate and
mining and milling methods, on environmental signatures is necessary before details of the models can be presented.

Geologic controls
For a detailed discussion, the reader is referred to papers or volumes such as Kwong (1993), Alpers and Blowes
(1994), Jambor and Blowes (1994), and Plumlee (in press).

Ore and gangue mineralogy, host rock lithology, and wall-rock alteration: Geologic factors, including mineralogy,
host rocks, and wall-rock alteration, all influence the chemical response of mineral deposits and mineral processing
by-products on environmental signatures. Many sulfide minerals, including pyrite and marcasite (FeS,), pyrrhotite
(Fe,.S), chalcopyrite (CuFeS;,), and enargite (Cu,AsS,), generate acid when they interact with oxygenated water.
Other sulfide minerals, such as sphalerite (ZnS) and galena (PbS) generally do not produce acid when oxygen is the
oxidant. However, aqueous ferric iron, which is a by-product of iron sulfide oxidation, is a very aggressive oxidant
that, when it reacts with sulfide minerals, generates significantly greater quantities of acid than those generated by
oxygen-driven oxidation alone. Thus, the amount of iron sulfide present in a mineralized assemblage plays a crucial
role in determining whether acid will be generated (Kwong, 1993; Plumlee, in press). In general, sulfide-rich mineral
assemblages with high percentages of iron sulfide or sulfide minerals having iron as a constituent (such as
chalcopyrite or iron-rich sphalerite) will generate significantly more acidic water than sphalerite- and galena-rich
assemblages that lack iron sulfide minerals. Some non-sulfide minerals such as siderite and alunite can also generate
acid during weathering if released iron or aluminum precipitate as hydrous oxide minerals. In contrast to
acid-generating sulfide minerals, carbonate minerals, whether present in ore or in host rocks, can help consume acid
generated by sulfide oxidation. Other materials that may react with acid, though less readily than carbonate minerals,
include aluminosilicate glasses or devitrified glasses (as in volcanic rocks) and magnesium-rich silicate minerals such
as olivine and serpentine.

In the case of some industrial minerals such as fibrous silicate minerals, mineralogy plays a well-known,
key role in determining adverse health effects associated with intake of these minerals (Ross, in press). For example,
chrysotile asbestos, the most common form of asbestos used in industrial applications in the United States, apparently
has negligible effects on human cancer incidence, whereas crocidolite and amosite asbestos varieties are clearly linked
to greatly increased human mortality rates from certain types of cancer.



Major- and trace-element composition: The major- and trace-element composition of mineral deposits and their host
rocks strongly influence the suites of elements dispersed into the environment from given deposit types. Major-
element compositions (of iron, aluminum, carbon, etc.) influence, for example, types of precipitates formed in
drainage water and can therefore influence trace metal transport mechanisms such as complexing. Metal and trace
element suites in ore are commonly reflected in environmental signatures of soil, water, and smelter emissions; for
example, most copper-rich ore produces drainage water and smelter emissions with copper as the dominant trace
element.

Mineral resistance to weathering and oxidation: The relative rates at which minerals weather play a crucial role in
environmental processes, including acid-drainage generation and release of metals into the environment from solid
mine or mineral processing wastes. Although the relative weathering rates of various sulfide minerals, as determined
in the laboratory, vary considerably from study to study (Jambor and Blowes, 1994; Smith and others, 1994), a
general sequence of "weatherability" has been established (listed here in order of decreasing reactivity): pyrrhotite
(Fe,..S) > chalcocite (Cu,S) > galena (PbS) > sphalerite (ZnS) > pyrite (FeS,) > enargite (Cu,AsS,) > marcasite
(FeS,) > cinnabar (HgS) > molybdenite (MoS,). As is well known to most field geologists, carbonate minerals are
the most reactive of the acid-consuming minerals; of these, calcium carbonate minerals (calcite, aragonite) react most
readily with acidic water, whereas iron, magnesium, or manganese carbonate minerals (dolomite, magnesite, siderite)
tend to be the least reactive with acidic water. Aluminosilicate minerals tend to react much more weakly with acid
water than carbonate minerals; volcanic glass, devitrified volcanic glass, and Fe-, Mg-silicate minerals (such as
olivine and serpentine) are the most reactive of the aluminosilicate minerals, whereas feldspars and quartz are the
least reactive.

Mineral textures and trace element contents: The rates at which mineral deposits are weathered and oxidized are also
influenced by the textures and trace element contents of contained minerals. For example, sulfide crystals that are
fine-grained, have massive or fibrous textures, or have high trace element contents typically weather more rapidly
than coarse, euhedral, and trace element-poor crystals (Kwong, 1993; Plumlee and others, 1993).

Extent of pre-mining oxidation: As weathering and erosion expose sulfide-bearing mineral deposits, associated
potential environmental impact may be reduced as a consequence of sulfide mineral oxidation; some metals contained
therein may be subsequently incorporated in relatively less soluble minerals from which metal mobility is limited.
These less soluble minerals include hydroxides of iron (such as goethite and limonite), manganese, aluminum, and
other metals; some sulfate minerals, such as anglesite, jarosite, plumbojarosite, and alunite; carbonate minerals such
as smithsonite, malachite and azurite; and phosphate minerals such as turquoise and hinsdalite. The extent and
mineralogic products of pre-mining oxidation are a complex function of deposit geology, hydrology, topography, and
climate (see Guilbert and Park, 1986, and references contained therein). For example, along highly permeable veins
or alteration zones, sulfide minerals may be oxidized to great depths, whereas sulfide minerals immediately adjacent
to low permeability rocks (such as clay altered rocks) may remain unoxidized to within several meters of the ground
surface. Inregions with steep topography, elevated mechanical erosion rates can greatly exceed chemical weathering
rates such that fresh sulfide minerals in highly altered rocks are continually exposed. As another example, a
combination of deep paleowatertables and uplift of mountain blocks in the Great Basin during Tertiary time tended
to create deeply oxidized ore deposits. Associated ore was easily mined and milled in the 19th Century; today, waste
dumps at these mines pose relatively few problems because potentially hazardous elements are tightly held in iron
oxide minerals. Many current exploration targets in the pediment areas of the Great Basin are oxidized to relatively
great depths. In contrast, areas characterized by widespread mechanical erosion, including terranes that are
tectonically active or have been glaciated, tend to have thin weathered zones that may contain sulfide minerals at

or near the surface. Mechanical erosion can enhance natural generation of acidic conditions if the climate is semi-
arid to humid.

Secondary mineralogy: In contrast to secondary minerals formed by pre-mining mineral deposit weathering, many
secondary minerals formed from weathered, sulfide-bearing ore and tailings wastes are quite soluble and can play
an important role in controlling metal mobility from mine sites. Of these secondary minerals, the most common and
environmentally important are metal sulfate salts of calcium (gypsum), iron (jarosite, melanterite, copiapite,
rhomboclase, and many others), copper (chalcanthite, brochantite, and others), zinc (goslarite), magnesium
(pickeringite), and other metals. These salts form efflorescent coatings on rocks, fractures, and mine workings, and
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are produced by evaporation of sulfate-rich drainage water during dry periods or in areas sheltered from water runoff.
The salts have variable compositions, and serve as solid storage reservoirs for both metals and acid. Due to their
high solubilities, the salts dissolve rapidly during rainstorms or snowmelt; metals and acid released by salt dissolution
can lead to temporary but significant degradation of surface- and ground-water quality. Water remaining after storm
or snowmelt events can itself become a highly reactive fluid that enhances sulfide mineral oxidation; eventually, these
fluids evaporate completely and reinitiate the salt precipitation-dissolution cycle. The particular secondary salts
formed depend strongly upon deposit geology, climate, and the extent of evaporation.

Structural and physical characteristics of mineral deposits: The access of weathering agents such ground water and
atmospheric oxygen are controlled by the structural and physical characteristics of mineral deposits. For example,
veins, sulfide-mineral-rich lenses, or faults can focus groundwater flow, thereby promoting water access to sulfide-
rich material and inhibiting contact with potential acid-buffering agents in wall rocks. As another example, zones
of intense clay alteration have low permeability and inhibit ground-water flow; consequently, sulfide minerals within
clay altered rock can remain unoxidized, even when they are well above the water table.

Climate

Climate affects the environmental behavior of mineral deposits, but its effects are often subordinate to those of
deposit geology. Amounts of precipitation and prevailing temperatures influence the amount of water available as
surface runoff, the level of the water table, rates of reaction, amounts of organic material, and other parameters that
affect weathering of mineralized rocks and ore. In general, water tables are shallow in wet climates and deep in
semi-arid climates. However, depths to the water table can be highly variable across short distances within a mining
district. Some mining districts in Nevada today have water tables that vary from 0 to 350 m depths within a few
kilometers. Deep weathering (oxidation) profiles tend to develop in semi-arid climates. Leaching of elements tends
to be intense in humid tropical climates and modest in arid deserts. In humid to semi-arid climates, leaching and
transport tends to be downward, whereas in arid climates upward movement of water by capillary action becomes
a significant process. Environmental signatures associated with mineral deposits may vary somewhat on a local scale
due to microclimate variations, such as exist where mountainous areas with seasonal snow and rain are adjacent to
arid valleys in which evaporation exceeds annual precipitation (for example, Nevada and Arizona).

As described below, mine-drainage water associated with sulfide-mineral-bearing deposit types, which
generate acid mine water, tends to have lower pH and higher metal contents in dry climates than in wet climates due
to evaporative concentration of acid and metals. However, dry-climate mine drainage water with low pH and high
metal content may have less environmental impact than a similar deposit in a wet climate setting because of the
relatively small volume of surface drainage water. Evaporative processes can also operate in wet climate settings
characterized by seasonal wet and dry periods. Relative shifts in pH and metal content for a given deposit type in
different climate settings are still very much less than shifts due to differences in geologic characteristics, however.

Very cold climate can have several consequences for environmental processes. First, weathering rates
decrease substantially in very cold climates; unweathered sulfide minerals may be abundant at the surface where
climate favors permafrost formation. However, during short summer seasons in areas dominated by cold climate,
weathering of exposed sulfide minerals can lead to formation of highly acidic water (again depending upon the
mineral-deposit geology). Freeze-concentration of acid water can also lead to increased acidity and metal contents.

Climate effects on environmental impact 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, downstream mitigation
is enhanced in dry climate settings by the increased buffering offered by solid material in stream beds.

The major effects of climate are perhaps best known from world studies of soil (FitzPatrick, 1980) and
studies of supergene enrichment of ore deposits (see Guilbert and Park, 1986 and references cited therein), but
systematic studies of environmental geochemistry as a function of climate are in their infancy. In detail, the subject
is complex, but some generalizations can be made by considering element mobility, deposition, and adsorption in
soil and ore deposit supergene zones (Rose and others, 1979; Anderson, 1982).

Mining and mineral processing method

A wide variety of mining and mineral processing methods are currently in use; even more have been used over the
course of historic mineral extraction activities. Ultimately, mining and mineral processing methods used to exploit
a deposit are strongly dependent on the geologic and mineralogic characteristics of the ore. As with climate, the
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effects of mining and mineral processing method on most environmental signatures are generally subordinate to those
of mineral-deposit geology. In most cases, abundances of acid and metals in mine water draining deposits with
similar geologic characteristics progressively increase from water draining underground workings, to that draining
mine dumps, to that draining mill tailings, and finally, to that collecting in open pits. This trend reflects increasing
access to weathering agents (water and atmospheric oxygen), increased surface area of sulfide minerals exposed to
weathering, and increased opportunities for evaporative concentration. In addition, the size of particles produced by
milling and beneficiation processes can dramatically influence the extent of environmental impact. Finely milled
ore and tailings, which enhance metal adsorption while enhancing sulfide oxidation, can more rapidly generate acid
and are more likely to be distributed by wind and water than their more coarse-grained equivalents.

One important way in which mineral processing techniques are of primary importance relates to techniques
that introduce potentially problematic chemicals. For example, mercury amalgamation was widely used as a gold
extraction technique in the United States in the last century. As a result, soil and sediment may be mercury
contaminated at many sites where amalgamation was practiced historically, but would not otherwise be characterized
by elevated mercury abundances.

EMPIRICAL, STUDY OF GEOLOGIC AND GEOCHEMICAL CONTROLS ON MINE-DRAINAGE
COMPOSITION

An ongoing study of mine water that drains a number of different mineral deposits (Plumlee and others, 1993; Smith
and others, 1994; fig. 1) illustrates that environmental signatures are a readily predictable function of mineral deposit
geology, geochemical processes, climate, and mining method. The importance of geologic controls are also seen in
other environmental signatures such as tailings water, cyanide processing solutions, mine wastes, etc. Mine-drainage
data from diverse sites in Colorado and elsewhere are grouped (fig. 1) according to the geologic characteristics of
the mines drained. In general, the trend of increasing metal content and decreasing pH reflects greater amounts of
pyrite and other sulfide minerals, coupled with lesser amounts of acid-buffering minerals associated with the deposits.
For example, pyrite- and enargite (Cu,AsS,)-rich ore in acid-altered wall rock (such as at Summitville, Colo. and
Butte, Mont.) has extreme acid-generating capacity; however, any acid consuming capacity in the host rocks was
destroyed by reactions with acidic magmatic gas condensates prior to ore deposition (Gray and others, 1994). As
a result, sulfide ore from these localities generates highly acidic drainage water with extreme concentrations of
copper, intermediate concentrations of zinc (hundreds of ppm), and moderate concentrations of cobalt, nickel, arsenic,
uranium, chromium, thorium, and rare earth elements (hundreds of ppb to tens of ppm). In contrast, carbonate-rich
polymetallic ore, which replaces carbonate-rich sedimentary rock or is present in carbonate-rich wall rock, most
commonly generates water with near neutral pH values; if the ore is pyrite-rich, associated drainage water can contain
significant quantities of dissolved zinc (as high as 200 ppm) and lesser copper (as high as | ppm). As discussed
above, for a given set of geologic characteristics, acidity and metal content progressively increase from water draining
underground workings, to that draining mine waste dumps, to open-pit water; these progressive increases in acidity
and metal content reflect increased accessibility of minerals to weathering, increased access to oxygenated water, and
increased evaporative concentration.

Available data demonstrate the importance of metal sorption onto suspended particulates as a control on
metal mobility into the environment from mine sites and weathering mineral deposits (Smith and others, 1994). The
amounts of metals (such as lead, copper, and zinc) and other elements (such as arsenic) sorbed depend on (1) the
amounts of suspended particulates present in the drainage water, (2) the pH of the water, and (3) the speciation and
concentrations of the metals and arsenic in the drainage water. For example, zinc is an abundant metal in many
mineral deposits, is relatively mobile during weathering, and is not as readily sorbed onto particulates as are lead
or copper. Hence, zinc can remain largely dissolved throughout a range of pH values at which lead and copper are
entirely or mostly sorbed. As a result, zinc is the dominant base metal in all of the mine-drainage water sampled
in Colorado with pH values greater than 5.5 (fig. 1; Smith and others, 1994).

GEOENVIRONMENTAL MODELS OF MINERAL DEPOSITS

Our current working definition of a "geoenvironmental model" for a given mineral deposit type is: "A compilation
of geologic, geochemical, geophysical, hydrologic, and engineering information pertaining to the environmental
behavior of geologically similar mineral deposits (a) prior to mining, and (b) resulting from mining, mineral
processing, and smelting.” For each mineral deposit model, the associated geoenvironmental model summarizes
environmentally pertinent geologic information such as ore, gangue, wall rock, and alteration mineralogy (acid-
generating versus acid consuming, etc.); secondary oxidation mineralogy (soluble versus non-soluble); geologic
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Figure 1. Variations in aqueous basc metal concentrations (given as the sum of base metals base metals zinc, copper, cadmium, cobalt, nickel,
and lead) as a function of pH for water draining various types of mineralized rock in diverse sites within Colorado.



controls on permeability, ground water flow, and oxidation; and other deposit types with similar environmental
geology characteristics. Some of the environmental models presented in this compilation also provide available
empirical data on environmental signatures that: (1) are present prior to mining in soil, stream sediment, and ground
and surface water; (2) result from mining and mineral processing (mine drainage water, mine wastes, mill tailings
and tailings water, and heap leach solutions), and (3) result from smelting (smelter slag and stack emissions).
Environmental signatures include information concerning the elemental suites and their likely concentration in water,
waste, and soil, etc., and the ease with which the elements can be liberated into the environment (their
"geoavailability"). Empirical data from well characterized sites is lacking for some deposit types; potential
environmental signatures for these deposit types can be extrapolated from similar deposits for which data are
available. The models also include information, when available, on engineering and other types of processes that
have been or likely can be used successfully to avoid, minimize, and remediate environmental signatures summarized
in the models.
The geoenvironmental model for each deposit type is organized as follows:
I. SUMMARY OF RELEVANT GEOLOGIC, ENVIRONMENTAL, AND GEOPHYSICAL INFORMATION
A summary of geoenvironmentally relevant information for each model includes:
A. Deposit type geology
B. Examples of deposits of this type
C. Spatially or genetically related deposit types, listed by model name and number. In many mining districts, more
than one deposit type may be present; each deposit type may have different associated geoenvironmental
effects or concerns
D. Potential environmental considerations: This section is designed to summarize environmental signatures that may
be associated with each deposit type as well as some of the important geologic characteristics that affect
these signatures
E. Exploration geophysics

II. GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS

This section discusses environmentally important geologic characteristics for each deposit type, including:

A. Deposit size: The scale of associated environmental effects generally increases with increasing deposit size

B. Host rocks: Host rock type influences factors such as mine-drainage compositions, trace element signatures, and
ground-water hydrology

C. Surrounding geologic terrane: The geologic characteristics of adjacent areas influence the environmental effects
of deposits

D. Wall-rock alteration: As with host rock type, wall-rock alteration can strongly affect environmental signatures,
including mine-drainage compositions and local hydrology

E. Nature of ore: Ore grain size, texture, and structural controls can strongly affect environmental signatures

F. Deposit trace element geochemistry: Deposit trace element signatures are often inherited by various materials,
including soil, stream sediment, and water, in the environment surrounding deposits

G. Ore and gangue mineralogy and zonation: The minerals present in a deposit are the predominant control on
environmental signatures. Spatial mineralogic variation can cause significant across-deposit variation of
environmental signatures

H. Mineral characteristics: Mineral textures and trace element contents influence the rate at which minerals weather
and oxidize

L. Secondary mineralogy: As deposits are exposed at the Earth’s surface to processes such as weathering and erosion,
new, more chemically stable, mineral suites develop. Minerals that form prior to mining as deposits weather
are generally more stable than those that form as minerals exposed by mining weather

J. Topography and physiography affect the position and shape of ground water tables, which in turn control the
extent to which mines or mineral deposits are exposed to significant ground water flow

K. Hydrology is strongly controlled by geologic characteristics of deposits, including whether ore is present as veins
or lenses, both of which can focus ground water flow, or whether low-permeability barriers to ground water
flow, such as clay-altered wallrock, are present

L. Mining and milling methods employed are typically influenced strongly by the geologic characteristics of
deposits. Both may change significantly over the life of a mine as technology evolves



III. ENVIRONMENTAL SIGNATURES

This section summarizes empirical data pertaining to environmental signatures; data have been gathered through field

studies and (or) literature surveys

A. Drainage signatures both natural and mining-related are summarized. Natural drainage data are required to define
accurate pre-mining baseline conditions

B. Metal mobility from solid mine wastes: Significant quantities of metal and acid can be stored as readily-dissolved,
secondary mineral coatings on solid mine wastes

C. Soil and sediment signatures prior to mining are also required to help establish pre-mining baseline conditions

D. Potential environmental signatures associated with mineral processing

E. Smelter signatures: Where possible, data concerning metal contents and mobility from slag and soils affected by
smelter emissions are presented

F. Climate effects on environmental signatures: This section discusses how environmental signatures vary as a
function of climatic regime variation

G. Guidelines for mitigation and remediation: This section, available for only a few models, is designed to provide
insights into the types of engineering techniques that are commonly used to mitigate or remediate
environmental effects likely to be associated with particular deposit types. In addition, deposit geologic
features that might be used to develop more effective or less expensive remedial techniques are described

H. Geoenvironmental geophysics: This section contains information on geophysical techniques that are of use to help
identify, assess, or delineate environmental signatures

USES OF GEOENVIRONMENTAL MODELS

The main purpose of the geoenvironmental models described in this compilation is to provide impartial geoscience
information that can be used to better understand, anticipate, minimize, and remediate the environmental effects of
mineral deposits and mineral-resource development. Land managers can use the models to develop perspectives
concerning historical and potential future environmental impacts related to mineral deposits. In addition, the models
should be of some assistance in developing mitigation strategies and for ecosystem-based land management plans.
Many of the models include data, such as natural pre-mining environmental baselines, which can be suitably applied
during post-mining remediation endeavors. The models include objective information that is available to all
concerned; they potentially benefit industry, regulators, land managers, and the general public. Some of the models
present not only the potential environmental concerns likely to be associated with particular mineral deposit types,
but also present information concerning how mineral-deposit-related environmental impact can be avoided,
minimized, or remediated.

Establishment of pre-mining baseline conditions

It is more cost-effective, technologically feasible, and realistic to remediate mine sites to baseline (typically somewhat
contaminated) conditions that existed in mineralized areas prior to mining, rather than to conditions that prevail in
unmineralized areas. When possible, the models presented in this compilation include data on environmental
signatures prior to mining or disturbance; such data are crucial to establish reasonable baseline conditions for diverse
deposit types in various climates. These baseline models can then be used to establish analogues for pre-mining
conditions in mining districts where historic mining activities have obscured pre-existing baseline conditions.

Exploration

Knowledge of 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 typically high acid mine
drainage generation potential, and extreme associated metal contents, will have lower environmental mitigation
expenses in arid climates or in geologic terranes with abundant carbonate rocks than in other environments.

Mine planning and development

Improved predictive capabilities provided by environmental models will enable mine planners to better anticipate,
plan for, and mitigate potential environmental problems, rather than to treat (with much greater technical difficulties
and costs) environmental problems after they occur. Similarly, inherent geologic characteristics of a particular
deposit can be exploited to help mitigate subsequent potential environmental problems. For example, carbonate-
bearing wall-rock alteration commonly present on the fringes of deposits, or carbonate sedimentary rocks near some
deposits, may be useful in acid drainage mitigation.



Remediation

The models presented in this compilation summarize crucial geologic, geochemical, and hydrologic information (such
as geologic controls on ground water flow, ore mineralogy, and materials geology) needed by engineers to develop
effective remediation plans at mine sites. Some remedial plans currently in implementation ignore or dangerously
oversimplify important geologic information. For example, adit plugging has been used or is proposed to reduce
acid drainage from a number of mine sites. The geoenvironmental models can be used to identify deposit types in
which faults or other hydrologic conduits might be common, thereby reducing the effectiveness of adit plugging as
aremedial solution. In addition, the models can be used to help identify likely types and orientations of faults and
other hydrologic conduits present at remediation sites.

Abandoned mine lands issues )

Although mineral resource extraction has been carried out for several millennia, minimizing associated environmental
effects has received relatively little attention until the last several decades. As a result, a very large number of
historic mining and mineral processing sites (those operated prior to the last several decades) that were abandoned
once profitable ore was exhausted are now potential sources of environmental contamination. In the United States,
land management agencies are currently faced with the daunting task of identifying and prioritizing for remediation
all abandoned mine sites on public lands; although many sites do not require remediation, the total number of sites
to be prioritized is likely in excess of several hundred thousand. The geoenvironmental models presented in this
compilation provide land managers with a low-cost screening technique to help identify, prioritize for study, and
develop remediation plans for hazardous mine sites on public lands.
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BIOAVAILABILITY OF METALS

by David A. John and Joel S. Leventhal

INTRODUCTION

The fate of various metals, including chromium, nickel, copper, manganese, mercury, cadmium, and lead, and
metalloids, including arsenic, antimony, and selenium, in the natural environment is of great concern (Adriano, 1986;
1992), particularly near former mine sites, dumps, tailing piles, and impoundments, but also in urban areas and
industrial centers. Soil, sediment, water, and organic materials in these areas may contain higher than average
abundances of these elements, in some cases due to past mining and (or) industrial activity, which may cause the
formation of the more bioavailable forms of these elements. In order to put elemental abundances in perspective,
data from lands and watersheds adjacent to these sites must be obtained and background values, often controlled by
the bedrock geology and (or) water-rock interaction, must be defined.

In order to estimate effects and potential risks associated with elevated elemental concentrations that result
from natural weathering of mineral deposits or from mining activities, the fraction of total elemental abundances in
water, sediment, and soil that are bioavailable must be identified. Bioavailability is the proportion of total metals
that are available for incorporation into biota (bioaccumulation). Total metal concentrations do not necessarily
correspond with metal bioavailability. For example, sulfide minerals may be encapsulated in quartz or other
chemically inert minerals, and despite high total concentrations of metals in sediment and soil containing these
minerals, metals are not readily available for incorporation in the biota; associated environmental effects may be low
(Davis and others, 1994). Consequently, overall environmental impact caused by mining these rocks may be much
less than mining another type of mineral deposit that contains more reactive minerals in lower abundance.

In aquatic environments where chemically reducing conditions may prevail, metals from mining activities
may be associated with sulfide minerals. These sulfide minerals are present either in the ore deposit or formed by
bacterial reduction of the sulfate in oxidized tailings. Most metal sulfide minerals are quite immobile, as long as

they remain in a chemically reducing environment, and they may have little impact on biota despite anomalous metal
concentrations.

BIOAVAILABILITY

Metals of major interest in bioavailability studies, as listed by the U.S. Environmental Protection Agency (EPA), are
Al, As, Be, Cd, Cr, Cu, Hg, Ni, Pb, Se, and Sb (McKinney and Rogers, 1992). Other metals that are presently of
lesser interest to the EPA are Ag, Ba, Co, Mn, Mo, Na, Tl, V, and Zn. These metals were selected because of their
potential for human exposure and increased health risk. Some highlights concemning the bioavailability of As, Cd,
Cu, Hg, Mo, Pb, Se, and Zn in water and (or) sediment are discussed in the section below entitled "Specific metals
of interest."

Metals can be dispersed in soil, water, and air. Geoscientists are mainly concerned with metals dispersed
in soil and sediment, dissolved in ground and surface water, suspended as particles in surface water, and in pore fluid
in sediment (fig. 1). In addition, metals can be dispersed into the atmosphere, by natural geochemical cycling and
by other anthropogenic processes (such as smelting and burning leaded gasoline and coal) and by microbial activities;
these metal fluxes must be considered in overall metal bioavailability studies. Bioaccumulation of metals by biota
in surface water and by plants and animals in terrestrial environments can adversely affect humans. In surface and
ground water, sediment and air, bioavailability is a complex function of many factors including total concentration
and speciation (physical-chemical forms) of metals, mineralogy, pH, redox potential, temperature, total organic
content (both particulate and dissolved fractions), and suspended particulate content, as well as volume of water,
water velocity, and duration of water availability, particularly in arid and semi-arid environments. In addition, wind
transport and removal from the atmosphere by rainfall (frequency is more important than amount) must be
considered. Many of these factors vary seasonally and temporally, and most factors are interrelated. Consequently,
changing one factor may affect several others. In addition, generally poorly understood biological factors seem to
strongly influence bioaccumulation of metals and severely inhibit prediction of metal bioavailability (Luoma, 1989).
Some of the major controls on the bioavailability of metals in surface water and soil and data concerning potentially
hazardous metals are described below.

In order to understand bioavailability, plant materials and selective chemical leaches of soil must be analyzed
and the results compared. Elemental suites for which analyses are performed and the type of selective leaches
utilized must be tailored to bedrock and soil types, and to suspected anthropogenic inputs. Soil pH, organic matter,
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Figure 1. Interrelationships of man, metals, and the environment. Modified from Salomons and Forstner (1988).
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Figure 2. The chemical forms of metals in solid phases. Modified from Gunn and others (1988).

and sulfur and carbonate contents should be determined to enable accurate assessment of elemental reservoirs,
mobility, and bioavailability. Additional work on mineralogical residences of metals is also important because metals
can be associated with several sites (fig. 2).

Soil scientists involved in agriculture have been studying the chemistry of nutrient elements in soil for more
than 100 years. Soil testing methods are used to determine sixteen essential elements for plant growth, but nitrogen,
phosphorous, and potassium, along with pH and salinity are the most often measured properties (Peck and Soltanpour,

1990). Physical-chemical aspects of nutrient availability are discussed by Corey (1990) and soil testing correlations
are reviewed by Dahnke and Olson (1990).

FACTORS THAT INFLUENCE BIOAVAILABILITY IN SOIL

Plant uptake of trace elements is generally the first step of their entry into the agricultural food chain. Plant uptake
is dependent on (1) movement of elements from the soil to the plant root, (2) elements crossing the membrane of
epidermal cells of the root, (3) transport of elements from the epidermal cells to the xylem, in which a solution of
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Table 1. Relative mobility and availability of trace metals (modified from Salomons, 1995)

Metal species and association Mobility
Exchangeable (dissolved) cations High. Changes in major cationic composition (e.g. estuarine environment)

may cause a release due to ion exchange

Metals associated with Fe-Mn oxides Medium. Changes in redox conditions may cause a release but some metals
precipitate if sulfide mineral present is insoluble

Metals associated with organic matter Medium/High. With time, decomposition/oxidation of organic matter occurs

Metals associated with sulfide minerals Strongly dependent on environmental conditions. Under oxygen-rich
conditions, oxidation of sulfide minerals leads to release of metals

Metals fixed in crystalline phase Low. Only available after weathering or decomposition

elements is transported from roots to shoots, and (4) possible mobilization, from leaves to storage tissues used as
food (seeds, tubers, and fruit), in the phloem transport system. After plant uptake, metals are available to herbivores
and humans both directly and through the food chain. The limiting step for elemental entry to the food chain is
usually from the soil to the root (Chaney, 1988). This critical step usually depends on element concentrations in soil
pore solutions, which are controlled by local soil physical and chemical conditions including water content, pH, Eh,
and other factors.

Climate strongly influences soil types; these two factors largely control element (metals and metalloids)
mobility and availability. Arid climates in the western United States often result in small soil organic matter
abundances and large salt and carbonate abundances. These phases often contain the metals of interest. In the
eastern United States, humid climates prevail and large amounts of organic matter require determination of organic
matter-associated metals and their residence times or turn-over rates, because after some time, much of the organic
matter is oxidized and associated metals may be released or available. In tropical climate conditions, accumulation
of oxide minerals of iron, manganese, and aluminum in soil profiles may limit the mobility and bioavailability of
both metals and metalloids.

Plant species and relative abundance and availability of necessary elements also control metal uptake rates.
Abundant bioavailable amounts of essential nutrients, including phosphorous and calcium, can decrease plant uptake
of non-essential but chemically similar elements, including arsenic and cadmium, respectively. More complex
interactions are also observed: bioavailability may be related to multi-element amounts or ratios. For example,
copper toxicity is related to low abundances of zinc, iron, molybdenum and (or) sulfate (Chaney, 1988). Many
agricultural studies have.been completed on this subject (see Adriano, 1986; 1992).

In the scientific literature, many studies describe anthropogenic (industrial or mining) contributions to
elemental abundances, and their bioavailability controls, in the environment. Examples include: occurrence of heavy
metals in soil near and far from urban pollution (Pouyat and McDonnell, 1991); formation of acid mine drainage
(Filipek and others, 1987); uptake of heavy metals by plants in lab experiments (Brown and others, 1995); and uptake
of metals by vertebrates in the vicinity of zinc smelters (Storm and others, 1994).

FACTORS THAT INFLUENCE PARTITIONING OF METALS IN SURFACE WATER AND SEDIMENT

After discharge to an aquatic environment but before uptake by organisms, metals are partitioned between solid and
liquid phases. Within each phase, further partitioning occurs among ligands as determined by ligand concentrations
and metal-ligand bond strengths. In solid phases, soil, sediment, and surface water particulates, metals may be
partitioned into six fractions: (a) dissolved, (b) exchangeable, (c) carbonate, (d) iron-manganese oxide, (e) organic,
and (f) crystalline (Elder, 1989; Salomons, 1995). Various metals partition differently among these fractions as
shown by sequential partial extraction procedures. Partitioning is affected strongly by variations in pH, redox state,
organic content, and other environmental factors (Elder, 1989; Salomons, 1995). The relative mobility and
bioavailability of trace metals associated with different fractions are shown in Table 1. The dissolved fraction
consists of carbonate complexes, whose abundance increases with pH, and metals in solution, including metal cation
and anion complexes and hydrated ions whose solubilities are affected strongly by pH and tend to increase with
decreasing pH (Elder, 1989). Exchangeable fractions consist of metals bound to colloidal or particulate material.
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Metals associated with carbonate minerals in sedimentary rocks and soil constitute the carbonate fraction, which can
be newly precipitated in soil. The iron-manganese oxide fraction consists of metals adsorbed to iron-manganese
oxide particles or coatings. The organic fraction consists of metals bound to various forms of organic matter. The
crystalline fraction consists of metals contained within the crystal structure of minerals and normally not available
to biota.

Hydrogen ion activity (pH) is probably the most important factor governing metal speciation, solubility from
mineral surfaces, transport, and eventual bioavailability of metals in aqueous solutions. pH affects both solubility
of metal hydroxide minerals and adsorption-desorption processes. Most metal hydroxide minerals have very low
solubilities under pH conditions in natural water. Because hydroxide ion activity is directly related to pH, the
solubility of metal hydroxide minerals increases with decreasing pH, and more dissolved metals become potentially
available for incorporation in biological processes as pH decreases. Ionic metal species also are commonly the most
toxic form to aquatic organisms (Salomons, 1995).

Adsorption, which occurs when dissolved metals are attached to surfaces of particulate matter (notably iron,
manganese, and aluminum oxide minerals, clay, and organic matter), is also strongly dependent on pH and, of course,
the availability of particulate surfaces and total dissolved metal content (Bourg, 1988; Elder, 1989). Metals tend to
be adsorbed at different pH values, and sorption capacity of oxide surfaces generally varies from near 0 percent to
near 100 percent over a range of about 2 pH units.

The adsorption edge, the pH range over which the rapid change in sorption capacity occurs, varies among
metals, which results in precipitation of different metals over a large range of pH units. Consequently, mixing
metal-rich, acidic water with higher pH, metal-poor water may result in dispersion and separation of metals as
different metals are adsorbed onto various media over a range of pH values. Cadmium and zinc tend to have
adsorption edges at higher pH than iron and copper, and consequently they are likely to be more mobile and more
widely dispersed. Adsorption edges also vary with concentration of the complexing agent; thus, increasing
concentrations of complexing agent increases pH of the adsorption edge (Bourg, 1988). Major cations such as Mg*?
and Ca'? also compete for adsorption sites with metals and can reduce the amount of metal adsorption (Salomons,
1995).

Particulate size and resulting total surface area available for adsorption are both important factors in
adsorption processes and can affect metal bioavailability (Luoma, 1989). Small particles with large surface-area-to--
mass ratios allow more adsorption than an equivalent mass of large particles with small surface-area-to-mass ratios.
Reduced adsorption can increase metal bioavailability by increasing concentrations of dissolved metals in associated
water. The size of particles released during mining depends on mining and beneficiation methods. Finely milled
ore may release much smaller particles that can both be more widely dispersed by water and wind, and which can
also serve as sites of enhanced adsorption. Consequently, mine tailings released into fine-grained sediment such as
silty clays found in many playas can have much lower environmental impact than those released into sand or
coarse-grained sediment with lower surface area and adsorption.

Temperature exerts an important effect on metal speciation, because most chemical reaction rates are highly
sensitive to temperature changes (Elder, 1989). An increase of 10°C can double biochemical reaction rates, which
are often the driving force in earth surface conditions for reactions that are kinetically slow, and enhance the
tendency of a system to reach equilibrium. Temperature may also affect quantities of metal uptake by an organism,
because biological process rates (as noted above) typically double with every 10°C temperature increment (Luoma,
1983; Prosi, 1989). Because increased temperature may affect both influx and efflux rates of metals, net
bioaccumulation may or may not increase (Luoma, 1983).

In recent organic carbon-rich sediments, trapped interstitial fluids can commonly form a strongly reducing
(anoxic) environment. Low redox potential in this environment can promote sulfate reduction and sulfide mineral
deposition. During diagenesis, much of the non-silicate-bound fraction of potentially toxic metals such as arsenic,
cadmium, copper, mercury, lead, and zinc, can be co-precipitated with pyrite, form insoluble sulfides, and become
unavailable to biota (Morse, 1994). Seasonal variation in flow rates or storms that induce an influx of oxygenated
(sea)water can result in rapid reaction of this anoxic sediment and thereby release significant proportions of these
metals. Pyritization and (or) de-pyritization of trace metals probably can be an important process in controlling
bioavailability of many trace metals, especially in the marine environment (Morse, 1994).

METAL UPTAKE PATHS INTO AQUATIC ORGANISMS

Metal uptake by plants (discussed above) and partitioning in the soil (above) are combined in the aquatic
environment. Two major pathways or uptake vectors are available for metal incorporation in deposit- and (or)
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detritus-feeding aquatic species: (1) ingestion of metal-enriched sediment and suspended particles during feeding, and
(2) uptake from solution (Luoma, 1989). Consequently, knowledge of geochemical reactions of metals in both water
and sediment is necessary to understand controls on metal bioavailability in natural water. Unfortunately, many
biological factors controlling metal bioaccumulation in aquatic organisms are not understood; this fact severely limits
our understanding of metal bioavailability (Luoma, 1989).

Bioavailability studies indicate that aquatic organisms uptake free metal ions (metal hydroxides) from
solution quite efficiently; similarly, terrestrial animals uptake metal from solutions more efficiently than via direct
particulate matter ingestion (Luoma, 1983). Consequently, geologic and (or) environmental conditions that enhance
dissolved metal abundances (for example, lower pH) result in greater metal bioavailability. Indirect controls, such
as larger particle or sediment size, also can result in greater bioavailability of metals by reducing adsorption and
increasing dissolved metal contents. Metal assimilation from ingested particulate matter is also important, however,
because metals are highly concentrated in this form (Luoma, 1989).

The efficiency of bioaccumulation via sediment ingestion is dependent on geochemical characteristics of the
sediment. Luoma (1989) describes variation of cadmium uptake from sediment by clams as a function of sediment
iron content; cadmium uptake from iron oxide-rich sediment was not detected, but a significant proportion of total
cadmium uptake was a consequence of iron-poor sediment ingestion by clams.

GEOCHEMICAL AND ENVIRONMENTAL PROCESSES THAT AFFECT BIOAVAILABILITY

Numerous geochemical environmental factors may affect metal availability to aquatic organisms and plants (discussed
in previous sections). The most important factors appear to be: (1) metal concentrations of solutions, (2) solute metal
speciation, (3) metal concentration in food, (4) metal partitioning among ligands within food, (5) influence of other
cations, (6) temperature, (7) pH, and (8) redox potential (Louma, 1983). Several of these factors are described above
and others are discussed in the following paragraphs.

Interaction among metals can result both in stimulation and antagonism, as described by Luoma (1989).
Stimulation occurs when uptake of one metal induces synthesis of binding sites that affect accumulation of both
metals. Stimulation of cadmium uptake by lead exposure and of zinc by cadmium exposure have been observed in
rats. Antagonism is commonly observed in simultaneous exposure to several metals. Antagonism to zinc uptake
occurs during exposure to cobalt in clams and to copper in phytoplankton and microalgae. Antagonism between zinc
and cadmium occurs in phytoplankton and macroalgae. Antagonism between copper and lead and between cadmium
and mercury has also been reported in some types of organisms. In addition, more widespread elements, such as
calcium and magnesium, can inhibit some types of metal-organic interactions. Zinc uptake by fish is influenced by
this phenomenon but uptake of copper and cadmium are not affected.

Empirical studies suggest that bioavailability of several potentially toxic cationic metals (cadmium, cobalt,
copper, nickel, and zinc) in anaerobic sediment is dependent on the total concentration of these elements in pore
fluids (Ankley and others, 1994). They suggest that bioavailability of these metals can be predicted by measuring
the acid volatile sulfide (AVS) and the simultaneously extracted metal (SEM) contents of sediment. AVS is the
fraction of sulfide extracted by cold HCl and consists primarily of iron-sulfide complexes, whereas SEM is a sum
of the concentrations of metals simultaneously extracted with AVS. High toxicity levels in benthic invertebrates and
presumably high bioavailability of these metals are present when the SEM-AVS ratio exceeds one.

As noted above, temperature can strongly influence the rate of biological processes; rates double for every
10°C-temperature increment. The increase in biological process rates does not necessarily result in increased
bioaccumulation of metals, because both influx and efflux rates of metals may increase.

Transport of metals may vary between relatively unpolluted systems and disturbed or polluted systems.
Particulate transport is dominant in unpolluted systems where metal inputs are principally from erosion of watershed
substrates (Elder, 1989). In disturbed or polluted systems, for example, those affected by acid-mine drainage, point
sources commonly deliver metals in a soluble phase, or associated with organic matter, and the proportion of
dissolved metals and their bioavailability tends to be higher (Salomons and Forstner, 1984).

DETERMINATION OF BIOAVAILABILITY BY SELECTIVE CHEMICAL EXTRACTION

The extent of bioavailability is largely controlled by elemental speciation or chemical siting in soil, which determine
solubility. A number of soil testing methods and partial or sequential chemical extraction techniques and methods
are used to determine element behavior (Chao, 1984; Gunn and others, 1988). Some of the chemical extractions are:
(1) water or MgCl, at neutral or ambient soil pH for easily soluble metals, (2) solubility in weak base (pH 9) for
humic materials, (3) weak acid or dilute acid in buffer solution (pH 2 to 5) to release metals associated with
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carbonate phases, and (4) a chelating (or complexing) agent such as EDTA (ethylenediaminetetraacetic acid)
(Borggaard, 1976) or DPTA (diethyenetriaminepentaacetic acid) buffered to a pH of 7 (Crock and Severson, 1980).
Other possible extractants include (5) hydroxylamine hydrochloride for the "reducible" fraction associated with iron
and manganese oxides/hydroxides, (6) strong acid (HCl, pH 1) to identify maximum mobility of most metals
(Leventhal and Taylor, 1990), (7) oxidation by hydrogen peroxide to release metals associated with organic matter
and (or) sulfide minerals, (8) a strong oxidizing acid (HNO,) to execute steps (6) and (7) simultaneously, and (9)
a mixture of strong acid and HF to dissolve residual silicate minerals. The choice of extractants and the order in
which they are used depends on the sediment/soil type, environmental conditions, and metals of interest.

However, these sequential/partial extractions are all "operational”, that is they are not completely specific
to metals or chemical phases. Therefore any determination of bioavailability should be carefully calibrated, by direct
measurement, with the actual behavior of metals in soil and plants. For example, O’Connor (1988) cautions about
the use of the DPTA method and shows that it sometimes gives results comparable to plant uptake and sometimes
it does not. As a consequence, he advises direct analysis of the total plant and (or) its component parts in addition
to chemical leaches in order to determine bioavailability.

SPECIFIC METALS OF INTEREST

Brief summaries of some factors controlling bioavailability of several metals and two metalloids are given below.
Additional data are available in the references listed for each metal.

Arsenic: Arsenic mobility, bioavailability, and toxicity are dependent on speciation: arsenite (AsO,*) forms are much
more toxic to biological species and are more mobile than arsenate (AsO,”) forms (Kersten, 1988). Arsenic is
chemically similar to phosphorous. Arsenate interferes with phosphate metabolism that is widespread in the
biosphere. Metallo-organic forms of arsenic also may be much more bioavailable than inorganic forms; however,
organic-bound arsenic is excreted by most species and does not appear to be highly toxic (Luoma, 1983).
Adsorption-desorption on iron and aluminum oxide minerals is the main factor controlling arsenic behavior in soil
and sediment. Maximal adsorption occurs at different pH for As{III} (pH 9.2) and As{V} (pH 5.5) as a function
of the adsorbing mineral; As*’ mobility is enhanced under oxic conditions. Arsenic is apparently highly mobile in
anoxic sediment-water systems. Development of acidic and oxidizing conditions tends to release large amounts of
arsenic into solution due to decreased sorption capacity of both forms of arsenic (see Léonard, 1991).

Cadmium: The redox potential of sediment-water systems exerts controlling regulation on the chemical association
of particulate cadmium, whereas pH and salinity affect the stability of its various forms (Kersten, 1988). In anoxic
environments, nearly all particulate cadmium is complexed by insoluble organic matter or bound to sulfide minerals.
Greenockite (CdS) has extremely low solubility under reducing conditions thereby decreasing cadmium
bioavailability. Oxidation of reduced sediment or exposure to an acidic environment results in transformation of
insoluble sulfide-bound cadmium into more mobile and potentially bioavailable hydroxide, carbonate, and
exchangeable forms (Kersten, 1988). Studies of lake and fluvial sediment indicate that most cadmium is bound to
exchangeable site, carbonate fraction, and iron-manganese oxide minerals, which can be exposed to chemical changes
at the sediment-water interface, and are susceptible to remobilization in water (Schintu and others, 1991). In
oxidized, near neutral water, CdCO, limits the solubility of Cd** (Kersten, 1988). In a river polluted by base-metal
mining, cadmium was the most mobile and potentially bioavailable metal and was primarily scavenged by
non-detrital carbonate minerals, organic matter, and iron-manganese oxide minerals (Prusty and others, 1994).
Elevated chloride contents tend to enhance chloride complex formation, which decreases the adsorption of cadmium
on sediment, thereby increasing cadmium mobility (Bourg, 1988) and decreasing the concentration of dissolved Cd*?
and bioavailability (Luoma, 1983). Also see, Stoeppler (1991) for additional data.

Copper: In a river polluted by base-metal mining, copper is most efficiently scavenged by carbonate minerals and
iron-manganese oxide minerals and coatings and is less mobile than cadmium, lead, and zinc (Prusty and others,
1994); in most other situations lead is less mobile than copper. Elevated chloride contents decrease adsorption of
copper on sediment, due to chloride complexation, which results in greater solubility and mobility (Bourg, 1988;
Gambrell and others, 1991). In systems with high total copper contents, precipitation of malachite controls dissolved
copper contents at low pH (Bourg, 1988; Salomons, 1995). Sometimes, elemental substitution is more complex; for
example, copper toxicity is related to low abundances of zinc, iron, molybdenum, and (or) sulfate (Chaney, 1988).
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Lead: The main sources of lead in the aquatic environment are leaded gasoline and mining (Prosi, 1989). Leaded
gasoline results in introduction of organometallic lead compounds, which eventually reach surface water, into the
atmosphere. Mining releases inorganic lead compounds. Both organic and inorganic forms of lead pose serious
health risks to all forms of life (Ewers and Schlipkoter, 1990). Inorganic lead compounds (sulfide, carbonate, and
sulfate minerals) are commonly abundant in sediment but have low solubilities in natural water. Naturally-occurring
lead in mineral deposits is not very mobile under normal environmental conditions, but becomes slightly more soluble
under moderately acidic conditions. Soluble lead is little affected by redox potential (Gambrell and others, 1991).
Lead is tightly bound under strongly reducing conditions by sulfide mineral precipitation and complexion with
insoluble organic matter, and is very effectively immobilized by precipitated iron oxide minerals under well-oxidized
conditions (Gambrell and others, 1991). In the aquatic environment, total dissolved lead abundances in water and
pore water control primary uptake by organisms. Lead bioaccumulation is primarily dependent on the amount of
active lead compounds (predominantly aqueous species) in the environment and the capacity of animal species to
store lead (Prosi, 1989). Particulate lead may contribute to bioaccumulation in organisms. For humans, particles
that are inhaled but not exhaled are especially important. Variations in physiological and ecological characteristics
of individual species lead to different enrichment factors and tolerances for each organism. Studies of bottom
dwelling organisms suggests that iron-rich sediment inhibits lead bioavailability (Luoma, 1989). In a study of lake
and fluvial sediment, most lead was bound to a carbonate fraction or to iron-manganese oxide minerals, both of
which respond to chemical changes at the sediment-water interface, and are susceptible to remobilization in water
(Schintu and others, 1991). In a polluted river environment, lead is most efficiently scavenged by non-detrital
carbonate and iron-manganese oxide minerals and is less mobile than cadmium (Prusty and others, 1994).

Mercury: Mercury has three valence states in natural sediment-water systems: elemental mercury (Hg®), Hg"', and
Hg" (Kersten, 1988). Hg® is considerably more bioavailable for certain organisms than Hg** because of the solubility
of Hg® in lipid-rich tissue (Louma, 1983). However, Hg* is readily available to plants, but under reducing conditions
and in presence of free sulfide ligands, mercury is stabilized in the Hg"* state as extremely insoluble sulfide mineral
precipitates or is bound as surface complexes with organic matter containing sulfur. Methylation of Hg** in natural
environments leads to formation of volatile organic complexes that are several times more bioavailable than inorganic
forms of mercury. Methylated mercury species are also one of the most toxic pollutants in the biosphere. Natural
production of methyl mercury occurs under anoxic conditions and is probably mediated by microbes, but methylation
of Hg* is inhibited by elevated sulfide contents (Kersten, 1988). Increased pH appears to increase availability of
mercury to marsh plants possibly by causing conversion of Hg? to Hg°. Sediment can serve as a sink for mercury
discharged to the environment; partition coefficients, between suspended matter and water, are usually in the range
of 10° (Kersten, 1988). Sorption is the main process for enrichment of mercury in sediment. Sorption can be
influenced by chloride ligand concentration due to formation of chloro-mercurial complexes; in seawater, only
organic matter retains its sorption capacity for mercury. Most particulate mercury in natural aquatic environments
is associated with humic and other organic materials as well as oxide and sulfide minerals. Several studies have
shown that mercury is less bioavailable in sediment that is rich in organic matter (Luoma, 1989). Most mercury
released from point sources during mining is bound to sulfide compounds and is relatively non-bioavailable.
However, a large percentage of mercury becomes associated with organic complexes downstream from point sources,
possibly due to mobilization of mercury from pore fluids by humic acids. In natural water, suspended matter is the
main transporting medium for mercury. In oxic sediment, most mercury is bound in unknown (complexed?)
chemical forms that are readily susceptible to transformation, thereby affecting its mobilization and bioavailability.

Molybdenum: Molybdenum is an essential element for many animals and plants as it is required in their enzyme
system. Molybdenum can be present in molybdate anions, MoO,?, in soil where it can be mobile and bioavailable,
because it is geochemically similar to sulfate. Molybdate ion is often associated with iron oxyhydroxide minerals,
where it competes with phosphate and organic matter. Molybdenosis in animals is associated with soil that contains

large amounts of available molybdenum, especially in forage plants with low sulfur and copper contents (Neuman
and others, 1987).

Selenium: In the arid western United States, a number of environmental problems are related to high selenium
abundances. These problems are mainly due to irrigation practices that allow selenium to accumulate in drains,
reservoirs, and wetlands. Under these conditions, selenium can be bioavailable to plants and birds and accumulate
to toxic levels (Severson and Gough, 1992). Extensive work has been done by the U.S. Geological Survey to
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determine the geochemistry of selenium, most of which is associated with (adsorbed on) oxide minerals, such as
goethite (Balistrieri and Chao, 1987), amorphous iron oxyhydroxide and manganese oxide minerals (Balistrieri and
Chao, 1990), and is relatively immobile. A chemical leach using 0.1 M KH,PO, can be used to determine the

soluble-available selenium (mainly as SeO,?) content of soil with low oxide mineral contents and high pH (Chao
and Sanzolone, 1989).

Zinc: In slightly basic, anoxic marsh sediment environments, zinc is effectively immobilized and not bioavailable
(Gambrell and others, 1991). Substantial amounts of zinc are released to solution if this sediment is oxidized or
exposed to an acidic environment. Very high abundances of soluble zinc are present under well oxidized conditions
and at pH 5 to 6.5, whereas low abundances of soluble zinc are present at pH 8 under all redox conditions and at
pH 5 to 6.5 under moderately and strongly reducing conditions (Gambrell and others, 1991). In polluted river
environments, most zinc is scavenged by non-detrital carbonate minerals, organic matter, and oxide minerals and is

less mobile than cadmium (and perhaps less mobile than lead) (Prusty and others, 1994). Elevated chloride contents
decrease adsorption of zinc on sediment (Bourg, 1988).

SUMMARY

Bioavailability of metals released from mineral deposits is very complex and dependent on many interrelated
chemical, biological, and environmental processes. These processes may vary over time and among micro-organisms,
plants, and animals. In soil and surface water, the mining method, presence or absence of sulfide minerals, quantity
of water, acid-buffering capacity, presence of organic matter and iron and manganese oxide minerals, element
speciation, and concentrations of other constituents in water may impact dissolved and bioavailable metal and

metalloid contents. Field and laboratory studies of particular sites using soil, plants, and selective chemical extraction
methods may enhance understanding this environmental concern.
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GEOPHYSICAL METHODS IN EXPLORATION
AND MINERAL ENVIRONMENTAL INVESTIGATIONS

by Donald B. Hoover, Douglas P. Klein, and David C. Campbell

INTRODUCTION

In the following discussion, the applicability of geophysical methods to geoenvironmental studies of ore deposits is
reviewed. Details of geophysical techniques are not emphasized; these are covered in standard texts (Society of
Exploration Geophysicists, 1966; 1990) and have been summarized in Hoover and others (1992).

Various geophysical methods are identified in table 1 (adapted from a chart compiled by Companie General
de Geophysique, Massy, France and published with modification by Van Blaricom, 1980). The table identifies the
utility of each method in airborne, ground, or borehole applications. Borehole methods are a specialized branch of
geophysics that are not emphasized here. However, where ground disturbance is not prohibited, or where drillholes
exist, there are a variety of useful borehole, crosshole, and borehole-surface techniques that may aid geoenvironmen-
tal studies (Mwenifumbo, 1993).

Table 1 also outlines physical parameters and properties, anomaly sources, and depth of investigation for
each method. If a feature of geoenvironmental concern does not have an associated, measurable, physical property
then geophysical investigations are not applicable. Depth of burial (of contaminant plumes, for instance) is extremely
important in assessing the potential applicability of geophysics in geoenvironmental hazards identification.
Geophysical responses for more deeply buried sources decrease in amplitude and increase in spatial wavelength until
they disappear into geologic noise. Physical properties of cover, host rock, and mineral waste strongly influence
responses of potentially hazardous material and are also important for evaluating the utility of a method in
geoenvironmental investigations.

Some geophysical methods, such as gamma-ray spectrometry and remote sensing, measure surface attributes;
others, such as thermal and some electrical methods are limited to detecting relatively shallow features but may help
identify features at greater depth. Secondary effects of deeper features, such as geochemical haloes, can often be
identified by these methods.

Geophysical modeling provides generalized and non-unique solutions to questions concerning the geometry
of subsurface geologic relations. The non-uniqueness of these solutions is both a mathematical problem and one
related to the multiplicity of sources that can cause geophysical anomalies. This feature is an implicit uncertainty
in the discussion that follows. Environmental geophysics, like exploration geophysics, requires complimentary
geophysical surveys integrated with geochemical and geologic insight.

This presentation first summarizes geophysical methods. Following the methods summary, geophysical
strategies (that usually employ muiti-technique approaches) for specific geoenvironmental investigations are discussed.

GRAVITY METHOD
Gravity measurements define anomalous density within the Earth; in most cases, ground-based gravimeters are used
to precisely measure variations in the gravity field at different points. Gravity anomalies are computed by subtracting
a regional field from the measured field, which result in gravitational anomalies that correlate with source body
density variations. Positive gravity anomalies are associated with shallow high density bodies, whereas gravity lows
are associated with shallow low density bodies. Thus, deposits of high-density chromite, hematite, and barite yield
gravity highs, whereas deposits of low-density halite, weathered kimberlite, and diatomaceous earth yield gravity
lows. The gravity method also enables a prediction of the total anomalous mass (ore tonnage) responsible for an
anomaly. Gravity and magnetic (discussed below) methods detect only lateral contrasts in density or magnetization,
respectively. In contrast, electrical and seismic methods can detect vertical, as well as lateral, contrasts of resistivity
and velocity or reflectivity.

Applications of gravity to mineral deposit environmental considerations includes identification of lithologies,
structures, and, at times, orebodies themselves (Wright, 1981). Small anomalous bodies, such as underground
workings, are not easily detected by gravity surveys uniess they are at shallow depth.

MAGNETIC METHOD

The magnetic method exploits small variations in magnetic mineralogy (magnetic iron and iron-titanium oxide
minerals, including magnetite, titanomagnetite, titanomaghemite, and titanohematite, and some iron sulfide minerals,
including pyrrhotite and greigite) among rocks. Measurements are made using fluxgate, proton-precession,
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Table 1. Summary of geophysical methods and their characteristics applicable to exploration and geoenvironmental studies.
{In method column: A, airbomne surveys; B, borehole surveys; and G, ground surveys]

Method Physical parameter Relevant physical Typical source of Depth of investiga-
measured property anomaly tion
Gravity: A,B,G Total attraction of  Milligals or gravity unit Density Rock density con- All

Magnetic: A,B,G

Gamma-ray
scintillometry: A,B,G
Gamma-ray
Spectrometry: A,B,G

Seismic
refraction: B,G
Seismic
reflection: B,G

Thermal bore-hole or shal-
low hole: B

Thermal remote sensing:
AG

Electrical (see text)
Direct current resistivity:
B,G

several variations in elec-
trode geometry

Electromagnetic methods
(see text): A,B,G
many variations available

Mise-a-la-masse: B,G

Induced polarization: B,G

Self potential: B,G

Remote sensing: A

Earth’s gravity field (0.1 mGal)

(the vertical attrac-
tion of anomalous
masses)

Gradient of Earth’s  E6tvos unit (10° gal/cm)

gravity field

Vector component, Nanotesla, or gammas

or total attraction of
Earth’s magnetic
field

Gradient of Earth’s Nanotesla/m

magnetic field

Rate of gamma-ray Counts/second

photons received

Rate of gamma-ray Counts/second in spectral
regions. If calibrated, %K
and PPM equiv. U and Th

photons received
and their energy

Seismic energy
travel time
"

"

Thermal gradient or Degrees C/m, degrees C

temperature

Surface temperature Degrees C

day and night

Electrode position ~ Meter, amps, millivolts;
(m), applied current typically converted to units
of resistivity (Ohm-m)

(A), and electric
field (mV)

Dependent on
method; ratio of

electric and mag-
netic fields

frequency AC field

Resistivity change
w/ frequency (PFE)
Phase angle be-
tween transmitted
and received sig-

nal(¢)

Normalized area of Milliseconds

part of received
voltage decay curve

Natural near-static  Millivolts

(direct current)
electric field

Reflected radiation  Recorded as optical or
intensity (UV, VIS, digital intensity image

IR)

Meters, milliseconds

Impedance (Ohms) or
dimensionless ratio; units
" received to applied  of conductivity (Sei-
mens/m) or resistivity
(Ohm-m)

Applied DC or low  Millivolts

Percent change

Milliradians

Magnetic suscep-
tibility and rema-
nent magnetization

Quantity of K+U+
Th and daughters
Quantity of K,U,Th
and daughters

Velocity of P or S
waves

Thermal conductiv-
ity
Thermal inertia

Resistivity

Conductivity (in-
verse of resistivity)

Resistivity

Interface ionic
polarization

Eh/pH electronic
conductor; stream-
ing potential and
thermal coupling
coefficients

Spectral reflect-
ance, Albedo

trasts

Magnetic suscep-
tibility and (or) rema-
nent magnetization
contrasts

K+U+Th contrasts in
Earth’s upper 50 cm
K,U, and Th con-
trasts in Earth’s up-
per 50 cm

Structures or velocity
layer contrasts
L

Thermal flux or con-
ductivity variations
Thermal inertia con-
trasts

Lateral or vertical
changes in resistivity

Lateral or vertical
changes in Earth
conductivity

Conductive body

Metallic luster miner-
als and pore water

Clay and zeolite
minerals

Vertical change in
El/pH caused by
electronic conductor;
ground water flow;
thermal flux

Changes in spectral
reflectance and Albe-
do

Surface to Curie
isotherm

Upper 50 cm

All

Hole depth

About 5 cm

About 2 km

Shallow (10 m; VLF;
100 m, controlled
source), intermediate
(1 km; AMT), deep
(10 km; MT)

A few hundred me-
ters

About 2 km

A few hundred me-
ters

Surface only




Overhauser, and optical absorption magnetometers. In most cases, total-magnetic field data are acquired; vector
measurements are made in some instances. Magnetic rocks contain various combinations of induced and remanent
magnetization that perturb the Earth’s primary field (Reynolds and others, 1990). The magnitudes of both induced
and remanent magnetization depend on the quantity, composition, and size of magnetic-mineral grains.

Magnetic anomalies may be related to primary igneous or sedimentary processes that establish the magnetic
mineralogy, or they may be related to secondary alteration that either introduces or removes magnetic minerals. In
mineral exploration and its geoenvironmental considerations, the secondary effects in rocks that host ore deposits
associated with hydrothermal systems are important (Hanna, 1969; Criss and Champion, 1984) and magnetic surveys
may outline zones of fossil hydrothermal activity. Because rock alteration can effect a change in bulk density as well
as magnetization, magnetic anomalies, when corrected for magnetization direction, sometimes coincide with gravity
anomalies.

Magnetic exploration may directly detect some iron ore deposits (magnetite or banded iron formation), and
magnetic methods often are an useful for deducing subsurface lithology and structure that may indirectly aid
identification of mineralized rock, patterns of effluent flow, and extent of permissive terranes and (or) favorable tracts
for deposits beneath surficial cover. Geoenvironmental applications may also include identification of magnetic
minerals associated with ore or waste rock from which hazardous materials may be released. Such associations

permit the indirect identification of hazardous materials such as those present in many nickel-copper or serpentine-
hosted asbestos deposits.

GAMMA-RAY METHODS

Gamma-ray methods (Durrance, 1986; Hoover and others, 1991) use scintillometry to identify the presence of the
natural radioelements potassium, uranium, and thorium; multi-channel spectrometers can provide measures of
individual radioelement abundances. Gamma-ray methods have had wide application in uranium exploration because
they provide direct detection. Thorium is generally the most immobile of the three radioelements and has
geochemical behavior similar to that of zirconium. Thorium content, like uranium content, tends to increase in felsic
rocks and generally increases with alkalinity.

Gamma-ray spectrometry, because it can provide direct quantitative measures of the natural radioelements,
provides geoenvironmental information concerning radiation dose and radon potential. Because uranium and (or)
potassium are commonly enriched in or adjacent to some deposits, their presence may often be used to indirectly
assess the potential for release of hazardous materials from ore or waste piles. Where sulfide minerals are present
their oxidation accelerates uranium mobilization.

SEISMIC METHODS

Seismic techniques have had relatively limited utilization, due to their relatively high cost and the difficulty of
acquiring and interpreting seismic data in strongly faulted and altered igneous terranes, in mineral assessments and
exploration at the deposit scale. However, shallow seismic surveys employ less expensive sources and smaller
surveys than are typical of regional surveys, and the cost of studying certain geoenvironmental problems in the near
subsurface may not be prohibitive. Reflection seismic methods provide fine structural detail and refraction methods
provide precise estimates of depth to lithologies of differing acoustic impedance. The refraction method has been
used in mineral investigations to map low-velocity alluvial deposits such as those that may contain gold, tin, or sand
and gravel. Applications in geoenvironmental work include studying the structure, thickness, and hydrology of
tailings and extent of acid mine drainage around mineral deposits (Dave and others, 1986).

THERMAL METHODS

Two distinct techniques are included under thermal methods (table 1): (a) borehole or shallow probe methods for
measuring thermal gradient, which is useful itself, and with a knowledge of the thermal conductivity provides a
measure of heat flow, and (b) airborne or satellite-based measurements, which can be used to determine the Earth’s
surface temperature and thermal inertia of surficial materials, of thermal infrared radiation emitted at the Earth’s
surface. Thermal noise includes topography, variations in thermal conductivity, and intrinsic endothermic and
exothermic sources.

Borehole thermal methods have been applied in geothermal exploration, but have seldom been used in
mineral exploration. However, this method has potential usefulness in exploration and in geoenvironmental
investigations (Ovnatanov and Tamrazyan, 1970; Brown and others, 1980; Zielinski and others, 1983; Houseman and
others, 1989). Causes of heat flux anomalies include oxidizing sulfide minerals and high radioelement concentrations.
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Conditions that may focus, or disperse, heat flow are hydrologic and topographic influences, as well as anomalous
thermal conductivity. In geoenvironmental applications, oxidation of sulfide bodies in-place or on waste piles, if
sufficiently rapid, can generate measurable thermal anomalies, which can provide a measure of the amount of metal
being released to the environment. Borehole temperatures may also reflect hydrologic and hydrothermal systems that
have exploration and geoenvironmental consequences. Airborne thermal infrared measurements have applications
in geothermal exploration, and may have potential in mineral exploration and in geoenvironmental applications
whenever ground surface temperature is anomalous due to sulfide oxidation, hydrologic conditions, or heat-flow
perturbations due to structure or lithology (Strangway and Holmer, 1966).

Thermal infrared imaging methods are a specialized branch of more generalized remote sensing techniques.
Images obtained in this wavelength range may be used for photogeologic interpretation or, if day and night images
are available, to estimate the thermal inertia of the surface. Unconsolidated or glassy materials can be distinguished

by their low thermal inertia. In places, thermal infrared images can distinguish areas of anomalous silicification
(Watson and others, 1990).

ELECTRICAL METHODS

Electrical methods comprise a multiplicity of separate techniques that employ differing instruments and procedures,
have variable exploration depth and lateral resolution, and are known by a large lexicon of names and acronyms
describing techniques and their variants. Electrical methods can be described in five classes: (1) direct current
resistivity, (2) electromagnetic, (3) mise-a-la-masse, (4) induced polarization, and (5) self potential. In spite of all
the variants, measurements fundamentally are of the Earth’s electrical impedance or relate to changes in impedance.
Electrical methods have broad application to mineral and geoenvironmental problems: they may be used to identify

sulfide minerals, are directly applicable to hydrologic investigations, and can be used to identify structures and
lithologies.

Direct current resistivity method

Direct current resistivity methods measure Earth resistivity (the inverse of conductivity) using a direct or low
frequency alternating current source. Rocks are electrically conductive as consequences of ionic migration in pore
space water and more rarely, electronic conduction through metallic luster minerals. Because metallic luster minerals
typically do not provide long continuous circuit paths for conduction in the host rock, bulk-rock resistivities are
almost always controlled by water content and dissolved ionic species present. High porosity causes low resistivity
in water-saturated rocks.

Direct current techniques have application to a variety of mineral exploration and geoenvironmental
considerations related to various ore deposit types. Massive sulfide deposits are a direct low resistivity target,
whereas clay alteration assemblages are an indirect low resistivity target within and around many hydrothermal
systems. The wide range of earth material resistivities also makes the method applicable to identification of
lithologies and structures that may control mineralization. Acid mine waste, because of high hydrogen ion mobility,
provides a more conductive target than solutions containing equivalent concentrations of neutral salts.

Electromagnetic method

Electromagnetic measurements use alternating magnetic fields to induce measurable current in the Earth. The
traditional application of electromagnetic methods in mineral exploration has been in the search for low-resistivity
(high-conductivity) massive sulfide deposits. Airborne methods may be used to screen large areas and provide a
multitude of targets for ground surveys. Electromagnetic methods, including airborne, are widely used to map
lithologic and structural features (Palacky, 1986; Hoover and others, 1991) from which various mineral exploration
and geoenvironmental inferences are possible.

Mise-a-la-masse method

The mise-a-la-masse method is a little used technique applied to conductive masses that have large resistivity
contrasts with their enclosing host rock. In exploration, application of this method is principally in mapping massive
sulfide deposits. This method is useful in geoenvironmental investigations of highly conductive targets; it has been
applied to identify a contaminant plume emanating from an abandoned mine site (Osiensky and Donaldson, 1994).

Self potential method
Several possible natural sources generate measurable direct current or quasi-direct current, natural electrical fields
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or self potentials. The association of a self potential anomaly with a sulfide deposit indicates a site of ongoing
oxidation and that metals are being mobilized; other self potential anomalies are due to fluxes of water or heat

through the Earth (Corwin, 1990). Geoenvironmental applications include searching for zones of oxidation and paths
of ground water movement.

Induced polarization method

The induced polarization method provides a measure of polarizable minerals (metallic-luster sulfide minerals, clays,
and zeolites) within water-bearing pore spaces of rocks. Polarizable minerals, in order to be detected, must present
an active surface to pore water. Because induced polarization responses relate to active surface areas within rocks,
disseminated sulfide minerals provide a much better target for this method than massive sulfide deposits, although
in practice most massive sulfide deposits have significant gangue and have measurable induced polarization. Induced
polarization has found its greatest application in exploration for disseminated sulfide ore, where it may detect as little
as 0.5 volume percent total metallic luster suifide minerals (Sumner, 1976). In geoenvironmental studies, induced
polarization surveys are principally used to identify sulfide minerals, but it may have other applications, such as
outlining clay aquitards that can control mine effluent flow.

REMOTE SENSING METHODS

Remote sensing includes methods that utilize images obtained in the ultra-violet, visible, and near infrared bands of
the electromagnetic spectrum (table 1). Thermal infrared observations, discussed previously under thermal methods,
are also part of remote sensing. Remote sensing data are treated in image format, often in digital form, so that they
can be processed conveniently. By comparison with known spectral responses of minerals or mineral groups, iron
hydroxide minerals, silica, clay alteration, etc., can be defined over broad areas. Remote sensing can be used in
geoenvironmental studies to map surface alteration patterns (Knepper, 1989) and to identify anomalous vegetation
patterns in areas related to abnormal metal content in soil (Birnie and Francica, 1981).

OTHER METHODS
A number of other geophysical or quasi-geophysical methods have been used, or have potential application, in
mineral exploration. Application of these methods in geoenvironmental investigations has been limited, but should
not be dismissed. Some peripheral techniques that have special uses (as in archeology), whose utilization is not
* widely known in mineral exploration, that may directly apply to shallow geoenvironmental investigations. Examples
of such techniques are ground-penetrating radar (used to image the shallow subsurface in electrically resistive rock;
Davis and Annan, 1992), the piezoelectric method (used in studies of quartz veins; Volarovich and Sobolev, 1969),
ultraviolet laser induced fluorescence (the Luminex method, used to identify scheelite, hydrozincite, and other
fluorescent minerals; Seigel and Robbins, 1983), airborne gas sniffing (used in mercury exploration), the Russian
CHIM (partial extraction of metals) electrogeochemical sampling technique, and radon sensing.

GEOPHYSICAL INVESTIGATIONS IN GEOENVIRONMENTAL STUDIES

The major geoenvironmental concerns related to investigations described below include (1) identifying abandoned
and concealed mine openings, (2) tracing toxic substances, including metals or radiative species released to air and
(or) water, resulting from sulfide mineral oxidation, and (3) delineating geologic structures that control the flow of
potentially toxic water. Geologic relations outline the surficial distribution and concentration of potentially toxic
sources. Geophysical investigations can provide limited means to trace pollutants and their sources in the subsurface
without drilling or opening shafts (King, 1993; Paterson, 1995). If drilling and mine shaft operations are permissible,
an additional array of geologic, geochemical and geophysical surveys, including cross-hole tomography and in-shaft
techniques, become available, but these are beyond the scope of this discussion.

Abandoned mine workings

Abandoned mine workings may be an environmental hazard because of the possibility of subsidence or collapse.
They can also channel contaminated ground water flow, particularly if they are located in suifide mineral-bearing
rock and contain water. Several geophysical strategies enable identification of lost mine workings. In general, the
deeper and smaller such workings are, the harder they are to locate using geophysical techniques. However, deep
or small workings are less likely to collapse, so it may be less important to locate them. If abandoned workings
contain metallic tram rails or ventilation tubes, it may be possible to trace such installations from the surface using
a magnetometer or geoelectrical device. If part of the metallic installation is accessible, the mise-a-la-masse method
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can be used to locate the rest of the installation. These methods only trace the metallic installation, so they will not
identify workings where the installation is absent or, in the mise-a-la-masse method, where workings are disconnected
from the energized installation segment. Further, the method may not map true voids; the tunnel where the metal
was installed may have collapsed.

Magnetometers have been used to trace burned-out coal seams, particularly pyrite-bearing coal. During
combustion, pyrite may oxidize to magnetite, which then can be traced using surface or airborne magnetic
measurements. If the burned seam is still hot, geothermometry and infrared sensing methods may be used.

When the above special conditions are not met, the challenge for geophysical techniques is to find large
voids, regardless of whether the voids are manmade. More reliable approaches to this challenge involve
microgravity, seismic, ground-penetrating radar, geoelectric surveys, or a combination thereof. Microgravity requires
measurements be made at a spacing about equal to the diameter of the workings being sought. Only shallow
workings, whose tops are located at a depth less than about one opening-diameter, can be traced using microgravity.

Shallow, high-resolution seismic methods and ground penetrating radar have been used to trace caves. Both
methods are applicable to identification of air- or water-filled openings. Jessop (1995) reports that ground
penetrating radar returned massive, ringing reflections from the top of an air-filled cave buried about 6 m in
sandstone. A large, but opposite polarity, ground penetrating radar response may result from water-filled caves; air
and water filled caverns may be differentiated in this way. Ground penetrating radar signals, however, are attenuated
by wet or clay soil, and are inefficient where these conditions exist in the surficial layer.

Geoelectrical work has also been successful in tracing cave systems. In the majority of reported cases, the
caves were in resistive limestone strata. Direct current resistivity is particularly useful in identification of air-filled
openings, though in some instances the caves were partly or completely filled with water. Electromagnetic methods,
particularly at very low frequencies, are also efficient where cave floors are covered by conducting clay deposits.
Guerin and Benderitter (1995) caution, however, that for caves in France that were traced, apparently successfully,
using very low frequency techniques, the electromagnetic response was mainly generated by mud-filled fractures in
the limestones rather than the caves themselves, which are localized along such fractures.

Contaminant plumes associated with sulfide deposits

Contaminant plumes, in sulfide-mineral-bearing environments, are intrinsically hazardous because they may merge
with human water supplies or recreational water. In situ sulfide minerals near or above the water table may be
actively oxidizing; the effect is likely to be greater in cases involving widely disseminated sulfide minerals because
of greater surface area. Similarly, sulfide-mineral-bearing waste piles may oxidize when broken rock presents large
surface area access for water and oxygen. Three geoelectrical techniques applicable to identification of sulfide-
reduction/oxidation systems and their products are self potential, electromagnetic or direct current resistivity, and
induced potential. In addition, ground penetrating radar may also detect the top of shallow acid water through
relatively thin or resistive cover, and thermal studies have potential application in detecting oxidation centers and
fluid circulation systems. Conductive materials that may cause uncertainties include clay, zeolites, sulfide minerals,
and naturally saline water.

Self-potential applications: Self-potential investigations (Corwin, 1990) detect electrical potentials due to ongoing
redox processes and involve measuring electrical potentials on grids of stations laid out on the surface or in
boreholes. Self potential surveying is relatively inexpensive, and when used on closely spaced grids, accurately
identifies redox cells in waste dumps. Self potential noise sources include electrical potentials generated by fluid
movement, and natural potentials focused by topography.

Resistivity applications: Electromagnetic or direct current conductivity measurements may trace electrically
conductive acid plumes (King and Pesowski, 1993). As these plumes are buffered, causing metal precipitation and
neutralization of hydrogen ions, they become less conductive; resistivity surveys may be a useful monitoring method
as well. Many different ground conductivity (or resistivity, the inverse of conductivity) measuring systems and
survey approaches are available; each addresses different kinds of targets, target depths and dimensions, access
considerations, and cultural interference problems, and has a unique range of interpretative difficulties. Conductivity
data appropriate to local problems can often be collected and interpreted in rudimentary, rapid, and useful ways.
Electrical conductivity maps can be useful for outlining contaminant plumes, but may also indicate anomaly highs
caused by unrelated conductors (clays, for instance). ,

Induced polarization applications: Induced polarization is applied to detect disseminated conducting minerals, whether
or not they are actively oxidizing. Flow channels carrying oxidizing fluids in high-sulfide-mineral tailings and waste
dumps may have reduced induced polarization because of the formation of oxide minerals from suifide minerals.
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However, anomalies related to local sulfide mineral oxidation may be of low amplitude and difficult to resolve.
Induced polarization is inefficient as an areal reconnaissance tool, but efficiently identifies disseminated mineral
targets whose general location is already known. Advanced induced polarization equipment can discriminate between
benign electrical conductors, like clays, and environmentally threatening ones, like heavy-metal plumes or
petrochemical spills.

Other applications: Active oxidation of sulfide minerals may produce thermal anomalies that may be identified by
infrared surveys or shallow heat-flow probes. Limited data are available concerning the use of thermal signatures
in geoenvironmental investigations; thermal signatures may be low amplitude and overshadowed by topographic
effects, thermal inertia contrasts in surrounding rocks, and heat distribution effects related to ground water circulation
(Strangway and Holmer, 1966). Oxidized pyrrhotite within limited areas, for instance along fluid conduits in waste
dumps, may be coincident with magnetic lows.

Argillic alteration

Argillic alteration that surrounds some sulfide deposits may be associated with resistivity lows, induced polarization
highs, and moderate magnetic lows, whereas silicified rock and quartz lenses associated with sulfide deposits are
associated with high resistivity, low magnetization, and increased density. Altered tracts commonly have diagnostic
reflectance patterns on remote-sensing multispectral images. In addition, trace elements and alteration products may
be absorbed by plants resulting in recognizable reflectance anomalies.

Thickness of waste piles

Tailings and waste pile thickness can be determined by direct current or electromagnetic resistivity soundings and

seismic refraction and reflection. Uncertainties relate to the variability of waste pile properties and contrasts between
waste material and country rock.

Structures controlling contaminated water flow

Numerous geologic structures that can focus ground water flow can be identified by various geophysical surveys.
Aquitards can be identified by direct current or electromagnetic resistivity studies. Clay lenses are less resistive than
sand- and gravel-bearing aquifers, unless contained pore water is ion rich or highly acidic, in which case the aquifers
may be less resistive. Reflection seismic and ground penetrating radar may distinguish subtle velocity and resistivity
changes related to distributions of aquifers and aquitards in sedimentary environments. Pore fluid with properties
that .vary laterally and with depth cause some uncertainties in aquitard delineation.

Lithologic boundaries and faults may be associated with porosity contrasts that may concentrate ground
water flow. Porosity contrasts are associated with density, resistivity, and acoustic velocity contrasts, and some may
have associated gamma-ray contrasts. In most cases, increased porosity lowers density and resistivity, the latter
resulting from an increase of conductive pore fluid. In crystalline bedrock, faults and lithologic boundaries
commonly have density and magnetic contrasts related to rock composition but ambiguities may result from subtle
mineralogical changes in associated rocks.

Bedrock topography, including structural highs and buried channels, that influence ground water flow may
contrast with overlying sedimentary and alluvial cover in having higher density, magnetization, and resistivity. These
contrasts may be identified using gravity, resistivity, ground-penetrating radar, and seismic refraction and reflection.
Anomalies may be small and ambiguities in defining bedrock topography or buried channels include equivalent
amplitude anomalies from variable properties of both bedrock and overburden.

SUMMARY

Many geophysical methods commonly used in exploration have potential application to geoenvironmental
investigations. Although these methods have mainly been used to identify pollutants and record their dispersion from
mine areas, their application is not limited to studies of this sort. For instance, geophysical monitoring of pollutant
activity, which requires significantly greater study, is another aspect of geoenvironmental investigations. Monitoring
differs from detection chiefly in recurrent use of geophysical techniques. The effort required to extend application
of geophysical techniques to naturally occurring pollutants related to mineralized, but unmined, rock or to other
cultural concentrations of toxic or potentially toxic substances is minimal and could be of considerable assistance
in meeting national needs for healthy environmental conditions (Henderson, 1992).
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MAGMATIC SULFIDE DEPOSITS
(MODELS 1, 2b, Sa, 5b, 6a, 6b, and 7a; Page, 1986a-g)

by Michael P. Foose, Michael L. Zientek, and Douglas'P. Klein

SUMMARY OF RELEVANT GEOLOGIC, GEOENVIRONMENTAL, AND GEOPHYSICAL INFORMATION
Deposit geology

Magmatic sulfide deposits are sulfide mineral concentrations in mafic and ultramafic rocks derived from immiscible
sulfide liquids. A number of schemes exist for subdividing these deposits. Most are based on the tectonic setting
and petrologic characteristics of the mafic and ultramafic rocks (Page and others, 1982; Naldrett, 1989), or on the
spatial association of mineralized rock with enclosing ultramafic and mafic host rocks (stratabound, discordant,
marginal, and other; Hulbert and others, 1988). Page (1986a-g) presented discussions of several different subtypes
based, in part, on both these approaches (Models 1, 2b, 5a, 5b, 6a, 6b, and 7a). However, these deposits are similar
enough that they can be treated as a group with regard to their geoenvironmental manifestations.

The similarity of these deposits result, in part, from similar genesis. Exsolution of immiscible sulfide liquids
from mafic-to-ultramafic magmas is the fundamental process that forms magmatic sulfide deposits. Once formed,
droplets of immiscible sulfide liquid settle through less dense silicate magma. The sulfide liquid acts as a "collector"
for cobalt, copper, nickel, and platinum-group elements (PGE) because these elements are preferentially concentrated
in sulfide liquids at levels 10 to 100,000 times those in silicate liquids. To a lesser degree, iron is also preferentially
partitioned into the sulfide liquid and, because of its greater abundance, most immiscible sulfide liquid is iron-rich.

The combination of physically concentrating dense sulfide liquid and chemically concentrating elements in
the sulfide liquid is responsible for forming most economically minable, magmatic-sulfide deposits. Magmatic
sulfide ore is typically associated with: (1) abrupt variations in the cumulus-mineral succession, including major
lithologic changes, reversals or changes in crystallization order, discontinuities in mineral fractionation patterns and
cyclic units, (2) rocks near the lower contact of an intrusion that may contain country rock xenoliths and may be
characterized by irregular variations in grain size, mineralogy, and texture, (3) rocks near the base of a flow, or (4)
pegmatoids and rocks enriched in minerals that crystallize late from silicate magmas. However, for the purposes of
developing a geoenvironmental model for this group of deposits, the principal variables are the composition of the
host rocks, the abundance and types of sulfide minerals, and (to a much lesser extent) sulfide mineral composition.
General characteristics for the deposit subtypes described by Page (1986a-g) are listed in table 1.

Examples
Magmatic sulfide minerals concentrated near the margins of intrusions:
Stillwater nickel-copper (Model 1)-Mouat deposit, Stillwater Complex, Mont. (Zientek, 1993); Vaaralampi
deposit, Suhanho-Konttijarvi intrusion, Finland (Alapieti and others, 1989)
Duluth Cu-Ni-PGE (Model 5a)-Dunka Road deposit, Duluth Complex, Minn.; Great Lakes nickel deposit,
Crystal Lake Gabbro, Ontario, Canada (Eckstrand and others, 1989)
Synorogenic-synvolcanic Ni-Cu (Model 7a)-Brady Glacier deposit, La Perouse Intrusion, Alaska; Big Indian
Pond, Moxie intrusion, Maine
Noril’sk Cu-Ni-PGE (Model 5b)-Medvezhy Creek deposit, Noril’sk and Oktybr’sky deposit, Talnakh; Russia
Impact-related intrusions-Sudbury Complex, Canada
Stratiform concentrations of disseminated magmatic sulfide minerals in layered intrusions:
Merensky Reef PGE (Model 2b)-Merensky Reef, Bushveld Complex, Republic of South Africa (Naldrett
and others, 1987); J-M Reef, Stillwater Complex, Mont. (Todd and others, 1982)
Magmatic sulfide mineral and PGE concentrations at or below impermeable layers:
No model-Picket Pin deposit, Stillwater Complex, Mont. (Boudreau and McCallum, 1986)
Pegmatoidal lenses, pipes, and other discordant mineralization:
No model-Vlakfontein nickel pipes, Bushveld Complex, Republic of South Africa (Vermaak, 1976); Janet
50 zone, Stillwater Complex, Mont. (Volborth and Housley, 1984)
Magmatic sulfide minerals concentrated in ultramafic volcanic rocks:
Komatiitic Ni-Cu (Model 6a)-Kambalda deposits, Australia
Dunitic Ni-Cu (Model 6b)-Mount Keith deposit, Australia
Magmatic sulfide minerals concentrated in ultramafic cumulates in ophiolite complexes:
No model-Acoje, Philippines; Kraste, Albania
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Table 1.

General features of different magmatic sulfide deposit types. (Model numbers from Page, 1986a-g)

Deposit Model  General Sulfide mineral Sulfide mineral Size Host rock
Type no. description abundance composition
Still- 1 Disseminated to Disseminated Fe>Ni>Cu Small pods to Ultramafic
water massive sulfide con- to massive large deposits and mafic
Ni-Cu centrations in mafic that may exceed 100
and ultramafic rocks million tons
at the base of large
layered intrusions
Meren- 2b Thin (1-5 m) dissemina- Disseminated Fe-Ni-Cu Thin zones that may Mafic
sky tions of sparse (1-5 PGE extend laterally for
Reef percent) suifide min- over 100 km. Individual
erals in mafic (gabbroic mines within these zones
and troctolitic) rocks often report reserves
within the main body of greater than 100 million
large, layered intrusions tons
Duluth  5a Disseminated to massive Mostly dissem- Fe>Cu>Ni Small massive pods to Mostly
Cu-Ni- concentrations in mafic inated, some disseminated bodies con- mafic,
PGE to ultramafic rocks in the massive taining as much as several lesser
basal parts of rift-related hundred million tons of ultramafic
intrusions ore
Noril’sk  5b Disseminated sulfide in Extensive dis- Fe>Cu>Ni>PGE Disseminated deposits tens Mafic,
Cu-Ni- lower third, and massive seminated and of meters thick over en- ultramafic,
PGE sulfide near base of com- massive ore tire area of intrusion; and meta-
plex, subvolcanic, elon- Massive sulfide orebodies sedimentary
gate intrusions less than as much as 45 m thick and
350 m thick 2.5 km? in area
Komati- 6a Mostly massive, lesser Mostly massive, Fe>Ni Generally deposits less Ultramafic
itic Ni- disseminated, sulfide minor dissemi- than 2 million tons; me-
Cu deposits at the base of nated dian size is 1.6 million
Archean or Proterozoic tons
ultramafic, komatiitic
flows
Dunitic  6b Disseminated sulfide de- Disseminated Fe>Ni Large low grade deposits Ultramafic
Ni Cu posits within Archean or with median size about
Proterozoic komatiites 30 million tons
Syn-oro- 7a Disseminated to massive Disseminated Fe>Cu>Ni Generally fairly small, Mostly
genic-syn- sulfide deposits in the to massive median size of about mafic,
volcanic basal parts of mafic to 2 million tons lesser
Ni-Cu ultramafic intrusions that ultramafic

where emplaced during
orogenesis

Spatially and (or

Potential environmental considerations

enetically related deposit types
Associated deposit types (Cox and Singer, 1986) include asbestos (Model 8d); soapstone; greenstone gold (Model
36a); Bushveld chromite (Model 2a); podiform chromite (Model 8a), Bushveld iron-titanium-vanadium (Model 3),
platinum group element placer (Model 39a), nickel laterite (Model 38a).

(1) Mining exposes sulfide minerals that have significant acid generating potential.
(2) Metals associated with sulfide (particularly iron sulfide) ore may contaminate ground and surface water.

(3) Some deposits are extremely large and development may involve ground disturbance throughout large areas.
(4) Sulfur dioxide may be vented to the atmosphere during suifide ore smelting; downwind acid and toxic metal
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abundances may be enhanced.
(5) Significant amounts of sulfide-mineral-bearing tailings and slag are produced; these must be isolated from surface
and ground water.

Many magmatic sulfide deposits are quite large or form groups that define large mining districts. Past
mining of some of these deposits or districts has produced some well-known examples of severe environmental
impact. The impact associated with mining in the Sudbury district (Canada) is probably the best documented; the
severe environmental degradation associated with the Noril’sk district (Russia) is less well known. However,
implementation of new pollution-contro! techniques and aggressive efforts at environmental remediation have
substantially improved the environment around the Sudbury district. Recently permitted and currently ongoing
mining of the palladium-platinum deposit in the Stillwater Complex, Mont., demonstrates that operations extracting
ore from these deposits can meet the most rigorous modern environmental standards.

Exploration geophysics

Interconnected sulfide minerals produce electrically conductive zones that can be located with induced polarization,
electromagnetic, and magneto-telluric surveys. Some of these deposits may be identified by magnetic surveys
because they may contain abundant magnetite. Magnetite is also abundant in most mafic host rocks and may indicate
regional targets or be a source of "noise" in mineral exploration. Large sulfide mineral masses may be located by
seismic refraction. Sulfide-mineral concentrations and their mafic and ultramafic host rocks may be associated with
mass excesses that can be identified by gravity surveys. Remote sensing may help identify areas in which ore is
present. In particular, band ratioing can be used to identify gossans; more generally, images can be used to identify
geologic settings that are favorable for the concentration of ore.

References
Naldrett (1979, 1981, 1989), Lightfoot and Naldrett (1994).

GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS

Deposit size
Deposit size ranges widely (table 1).

Host rocks

Host rocks are predominantly mafic to ultramafic igneous rocks. Occasionally significant ore is in footwall country
rocks of diverse metasedimentary or meta-igneous origin and composition.

Surrounding geologic terrane
Deposits are in diverse geologic settings, including (1) deformed greenstone belts and calc-alkaline batholiths
associated with convergent plate margins, (2) ophiolite complexes that formed at constructive plate margins, (3)

intraplate magmatic provinces associated with flood-basalt type magmatism, and (4) passively rifted, continental
margins.

Wall-rock alteration

Hydrothermal alteration related to ore-forming processes is generally not significant for magmatic sulfide deposits.
Many deposits and host rocks have experienced varying amounts of alteration either as a result of deuteric processes,
metamorphism, or weathering. Primary silicate mineralogy consists of varying proportions of calcic plagioclase,
orthopyroxene, clinopyroxene, and olivine. Brown amphibole and biotite may be minor accessory phases. Trace
amounts of quartz, apatite, and potassium feldspar may be present. In most cases, alteration involves development
of hydrous phases. Systematic alteration zoning may be developed adjacent to faults or fractures that focus fluid
flow. Olivine is the phase most likely to be altered; alteration of plagioclase and pyroxene is somewhat less likely.
Olivine is typically altered to serpentine minerals, magnetite, and minor calcite. Plagioclase is altered to epidote,

clay minerals, sericite, and calcite. Pyroxenes are altered to actinolite/tremolite, serpentine, talc, and chlorite. Biotite
is altered to chlorite.

Nature of ore

Sulfide minerals may be concentrated in structurally low areas at the base of intrusions or flows (fig. 1) or may be
in zones where silicate magma interacted with xenoliths. Sulfide mineral concentrations in layered, cumulate
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Table 2. Representative major element compositions from some magmatic

sulfide deposits normalized to 100 percent sulfides (after Naldrett, 1989).
[Ni, Cu, and Co weight percent; Pt and Pd, ppb. —-, no data]

Deposit/ Ni Cu Co Pt Pd
magma type

Langmuir/ 146 67 27 890 1,600
ultramafic

Katinig/ 10.5 37 23 4,130 15,530
ultramafic

Merensky Reef/ 109 4.65 - 279,000 120,000
mafic

Falconbridge/ 5.35 1.52 17 2,130 3,170
mafic

Noril’sk/ 9.0 10.8 -— 18,000 47,000
mafic

Minnimax/ 391 17.2 37 2,640 8,840
mafic

Table 3. Representative trace element compositions of magmatic ore.
[Sulfur, weight percent; ail others, ppm]

Deposit S Pd Pt Te Bi As Sb Hg Sn
J-M Reef <0.01 0.38 033 0.03 <0.01 0.18 <0.05 <0.01 03
1.64 182 51.6 17 20 16.2 1 0.16 13
MSZ? 0.36 0.088 0.26 035 0.62 0.42 <0.05 <0.01 0.30
2.8 31 6.1 438 5.8 22 0.22 0.38 0.60
Noril'sk- 1.46 1.65 042 1 032 - 0.15 -- 1.1
Tainakh 37 63 64 11 33 - 0.96 - 9.8
Cu-poor’
Noril’sk- 319 140 41.8 22 5.5 - 0.285 - 15.7
Talnakh 34 583 - 210 42 - 4385 - 84.5
Cu-rich®

! Median values of drill core from 3800 W stope of Stillwater Mine, J-M Reef (Zientek and others,
1990). Maximum values in second row.

* Median values of two intercepts through the Main Sulfide Zone, Great Dyke, Zimbabwe (Zientek
and Wilson, unpub. data). Maximum values in second row.

* Median values of all ore samples, Noril’sk Talnakh district (Zientek, unpub. data). Maximum
values in second row.

approximate ranges of 60 to 650 ppm zinc, 130 to 390 ppm selenium, 11 to 210 ppm silver, 8 to 35 ppm cadmium,
15 to 35 ppm tin, 19 to 390 ppm tellurium, 150 to 690 ppm lead, and as much as 60 ppm gallium and 30 ppm
indium (Czamanske and others, 1992).

Ore and gangue mineralogy and zonation

Sulfide-mineral ore assemblages, dominated by pyrrhotite, pentlandite, and chalcopyrite, result from solid-state
recrystallization of high-temperature sulfide minerals. These three minerals are the principal acid generating phases
in magmatic sulfide deposits and their proportions are determined by the initial bulk composition of the immiscible
sulfide liquid. The sulfide mineral content of these ore deposits varies from less than ten to more than sixty percent.
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Magnetite is commonly intergrown with the sulfide minerals. Minor phases include platinum-group-element
minerals (sulfide, arsenide, telluride, antimonide, and alloy minerals), nickel- and cobalt-bearing arsenide minerals
(for example gersdorffite), galena, sphalerite, and gold, silver, and lead telluride minerals.

Gangue mineralogy is the same as that of the host and consists primarily of plagioclase, orthopyroxene,
clinopyroxene, and olivine. Minor, secondary phases include serpentine minerals, talc, magnetite, calcite, epidote,
sericite, actinolite, chlorite, tremolite, and clay minerals.

Mineral characteristics

The mineralogy and textures of sulfide ore record a prolonged and complex process starting with solidification of
the sulfide liquid, either as an iron-nickel-rich or an iron-copper-rich solid solution and continuing solid-state
transformation and recrystallization; these textures can be substantially modified by alteration and weathering. Iron,
nickel, and copper phases are commonly intimately intergrown.

When not modified by weathering or alteration, the textures of silicate and sulfide minerals record the
distribution and abundance of the sulfide liquids and the interaction between solid silicate minerals and molten sulfide
liquid. In rocks with less than 10 volume percent sulfide minerals (disseminated ore), sulfide minerals form fine
( <1 mm)- to coarse-grained ( >5 mm) droplet-shaped aggregates that are molded around and interstitial to the
cumulus or earlier-formed silicate minerals or may be present as fine-grained, rounded aggregates enclosed in
cumulus minerals. In rocks containing 10 to 60 volume percent sulfide minerals (matrix ore), aggregates of sulfide
minerals are interstitial to earlier-formed silicate minerals but are interconnected. In rocks with more than 60 volume
percent sulfide minerals (massive ore), sulfide minerals form the matrix of the rock.

The bulk sulfur content of sulfide-mineral aggregates is between 34 and 40 weight percent; the remaining
60 to 66 weight percent is mostly iron, plus copper and nickel. Consequently, the molecular-metal-sulfur ratio of
magmatic sulfide minerals is relatively constant at about 1:1. In contrast, pyrite has a metal-sulfur ratio of 1:2.
Therefore, magmatic sulfide ore has a much more restricted acid-generating capacity than ore that contains substantial
pyrite.

Secondary mineralogy

Minerals that may form during alteration and weathering of sulfide minerals include violarite, bornite, mackinawite,
cubanite, pyrite, marcasite, troilite, vaesite, smythite, polydymite, millerite, hematite, and magnetite. In supergene
environments, chalcocite, malachite, native copper, cuprite, nickel-iron carbonate, nickel- and nickel-iron
hydroxycarbonate, and nickel-silicate minerals may form. Gossans commonly form above sulfide-rich rocks.

Topography, physiography
Magmatic-sulfide deposits do not have diagnostic topographic or physiographic characteristics.

Hydrology
Many deposits form stratiform sheets and lenses, near the bottoms of intrusions or flows, that could localize ground

water flow. However, no known consistent relation between magmatic sulfide ore and hydrologic controls are
known.

Mining and milling methods

These deposits have been and are being mined both by underground and by open-pit methods. Underground mining
is currently in progress at platinum-group-element deposits of the Stillwater, Mont., and Bushveld, South Africa,
complexes and the komatiite-hosted nickel deposits in the Kambalda, Australia, district. Deposits being mined both
by open pit and underground methods include those in the Sudbury Complex, Canada, the Manitoba, Canada, nickel
belt, and the Noril’sk-Talnakh, Russia, district. Subsequent to mining, most ore is ground and concentrated by
flotation, gravity, or magnetic methods to form either a bulk sulfide mineral concentrate or separate copper- and
nickel-rich concentrates. Pyrrhotite-rich (iron-rich) concentrates at Noril’sk are being stored for later processing.
Gravity concentrates may be sent directly to refineries, but most ore is smelted to separate iron-rich slag from nickel-
and copper-rich matte. This matte is then refined by a variety of processes to extract nickel, copper, and platinum
group elements. Pyrrhotite-rich concentrates may be treated by hydrometallurgical techniques.
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Table 4. Composition of drainage water associated with Duluth
and Stillwater Complex sulfide deposits (SCS Engineers, 1984;
Feltis and Litke, 1987; Ritchie, 1988). Data in pg/l; --, no data.

pH Cu Ni Co Zn
Duluth 6.4-7.7 1,800 40,000 2,400 2,400
Duluth 4.5-6.8 22,000 38,000 - -
Duluth 6.4-7.1 900 9,000 900 200
Duluth 72 53 2,420 21 40
Stillwater 7.9 32 180 - <3

ENVIRONMENTAL SIGNATURES
Drainage signatures
Studies show that the aqueous concentrations of nickel, copper, iron, and cobalt are largely controlled by their
absorption on hydrous oxide minerals of iron and manganese (Richter and Theis, 1980). Estimates indicate that of
the nickel transported by major rivers, 0.5 percent is in solution, 3.1 percent is adsorbed, 47 percent forms
precipitated coatings, 14.9 percent is in organic matter, and 34.4 percent is crystalline material (Snodgrass, 1980;
Nriagu, 1980). Only about 1 percent of copper in surface water is transported in a soluble form, while about 85
percent is moved as particulate crystalline phases, 6 percent is bound to metal hydroxide coatings on particles, 5
percent is associated with organic material, and 3 percent is adsorbed onto suspended particles (Nriagu, 1979).
Some of the limited data available for water draining unmined and mined deposits associated with mafic
or ultramafic rocks are presented in table 4. The data include analyses of water that drains naturally exposed sulfide
minerals at the base of the Stillwater, Mont., Complex and that from four different mining sites in the Duluth, Minn.,
Complex. The data from table 4 are plotted on a "Ficklin" diagram (fig. 2). Despite the fact that this water was
analyzed for only a few of the metals typically reported on this plot, the analyses show quite high metal
concentrations, especially for water that has a relatively neutral pH.
Additional information indicates that water discharged from some bulk-ore sample sites in the Duluth
Complex contains nickel, copper, cobalt, and zinc abundances as much as 400 times baseline abundances (Eger and

Lapakko, 1989); one study reports as much as 700 pug/l copper and nickel in contaminated water, whereas adjacent
ground water contained less than 25 pg/l metal (Siegel and Ericson, 1980). Best- and worse-case water quality
estimates were made for emissions from test pits and ore stockpiles as part of a regional environmental study.

Estimates for the combined abundances of copper, nickel, cobalt, and zinc were between 107 and 6,610 pg/l for
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Figure 2. Plot of partial water analyses from the Duluth complex (striped) and Stillwater complex (solid).
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discharges from tailings basins, 2,534 to 46,310 ug/l for emissions from ore stock piles, and 125 to 46,840 pg/l for
mine water (Ritchie, 1988). "Mine water” used to simulate environmental effects related to the Duluth Complex in

remediation studies has a pH of 4.5 and contains 2,000 pg/1 sulfate and between 50 and 1,000 pg/l nickel (Hammack
and Edenborn, 1992). Laboratory study of Duluth Complex ore (Lapakko and Antonson, 1994) has demonstrated

a direct correlation between ore sulfur content and pH of associated drainage water. Drainage water associated with
ore that contains 0.18 to 0.4 weight percent sulfur has a pH of 6.1, water associated with ore that contains 0.41 to
0.71 weight percent sulfur has a pH between 4.8 and 5.3, and water associated with ore that contains 1.12 to 1.64
weight percent sulfur has a pH between 4.3 and 4.9. Finally, a study of Sudbury ore from the Nickel Rim nickel-
copper tailings impoundment demonstrates a well-developed vertical gradient within tailings water compositions.
Water draining the uppermost part of the tailings has low pH (2.1 to 3.5), whereas that draining the basal part of
the tailings, where acid-consuming minerals are more abundant, has a pH of about 6.5. The nickel abundance of

tailings water is sensitive to pH; nickel abundances change from 250,000 pg/1 to less than 10,000 pg/ as pH increases
from 4.5 to greater than 5.8 (Blowes and Ptacek, 1994).

Metal mobility from solid mine wastes

Magmatic sulfide deposits may contain widely variable amounts of sulfide minerals. As a generalization, deposits
may be separated into two groups. Platinum-group-element-rich deposits in large, layered intrusions tend to have
low sulfide mineral abundances (1 to 5 weight percent) and low total-metal abundances. Consequently, they have
a relatively restricted capacity to generate significant amounts of acidic and (or) metal-enriched drainage. Most of
the other economically extractable magmatic-sulfide deposits contain substantial amounts of sulfide minerals (most
greater than 15 weight percent, many exceeding 40 weight percent) and large metal abundances. They have
significantly greater potential for generating acid and (or) metal-enriched drainage.

The limited data summarized in figure 2 are for deposits with high sulfide mineral concentrations. Mine
water may contain high concentrations of metals, even when pH is near neutral. The relatively high pH of this water
may reflect both the relatively restricted acid generating capacity of these sulfide minerals as compared to ore having
lower metal-sulfur ratios and the acid buffering capability of mafic and ultramafic host rocks.

Kwong (1993) shows that acid generation capacity is directly proportional to both the metal-sulfur atomic
ratio and to the proportion of ferrous iron in the sulfide phases. Pyrite, with its 1:2 metal-sulfur ratio, for example,
has a much greater acid generating capacity than most magmatic sulfide ore, which has a metal-sulfur ratio of

approximately 1. Non-iron-bearing phases with metal-sulfur ratios > 1 do not generate acid. Further, calcic
plagioclase and olivine present in the host rocks of most magmatic sulfide deposits are fast-weathering and fairly

reactive minerals (Kwong, 1993). Consequently, both mafic and ultramafic igneous rocks have moderate acid
buffering capacity. Although somewhat less reactive and slower weathering, serpentine also can be an effective
buffer and field studies document that serpentine significantly increases mine water pH (Germain and others, 1994).

Soil, sediment signatures prior to mining

Soil above magmatic sulfide deposits typically has elevated metal contents, and soil geochemistry is commonly used
as an exploration tool. Background and anomalous values depend on bedrock and ore compositions. The average
(Levinson, 1980) copper content of soil is 20 ppm (range, 2 to 150 ppm), whereas its average nickel content is 30
ppm (range, 5 to 500 ppm); typical background and anomalous values for platinum-group elements are from 2-10
ppb and greater than 40 ppb (Smith, 1984).

Potential environmental concerns associated with mineral processing
Mining produces large amounts of waste. It is not unusual for 100 tons of rock to be extracted to obtain 1 ton of
metal. Sulfide mineral-free waste may be used in road construction or similar uses. However, much waste contains
sufficient sulfide minerals to generate acid and must be safely stored or isolated. Storage under water to reduce
oxidation or as backfill in mining cavities is common. Surface storage requires collection of contaminated water for
acid neutralization.

Tailings produced by the separation of ore from waste also contain significant amounts of sulfide minerals
that can generate acid. Tailings are commonly used to backfill mined areas. Surface disposal of tailings often

involves revegetation to stabilize and isolate sulfide minerals. However, these tails still have significant acid
producing capability.

Smelter signatures
Magmatic sulfide ore concentrates are typically smelted and may produce SO,- and metal-rich emissions. These,
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in turn, may cause acid rain that significantly reduces the pH of local streams and lakes and distributes metals that
contaminate adjacent soil and plants. As an example, the daily discharge in 1971 from one smelter in the Sudbury,
Canada, district was 32.6 tons of iron, 6 tons of nickel, 5 tons of copper, 0.13 tons of cobalt, 0.5 tons of lead, and
0.4 tons of zinc (Hutchinson, 1979). Areas that have been heavily impacted by past emissions of sulfur-rich gases
from smelters include Sudbury, Canada and Noril’sk, Russia.

Whereas old smelters released virtually 100 percent of the sulfur in ore as SO,, new smelting technologies
can trap all but about 10 percent of the sulfur (Crawford, 1995). Capture of sulfur emissions can result in rapid and
dramatic changes in the environment. As an example, in 1980, 45 of the 104 lakes in the Sudbury district had a pH

of less than 5.5. Implementation of new SO,-emission controls resulted in rapid changes; by 1987, 84 lakes had pH
values greater than 5.5.

Climate effects on environmental signatures

The effects of various climatic regimes on the geoenvironmental signature specific to magmatic sulfide deposits is
not known. However, in most cases the intensity of environmental impact associated with sulfide-bearing mineral
deposits is greater in wet climates than in dry climates. Acidity and total metal concentrations in mine drainage in
arid environments are several orders of magnitude greater than in more temperate climates because of the
concentrating effects of mine effluent evaporation and the resulting "storage" of metals and acidity in highly soluble
metal-sulfate-salt minerals. However, minimal surface water flow in these areas inhibits generation of significant
volumes of highly acidic, metal-enriched drainage. Concentrated release of these stored contaminants to local
watersheds may be initiated by precipitation following a dry spell.

Geoenvironmental geophysics

Electrical geophysical techniques can be used to delineate low resistivity and polarizable minerals that may help
identify the extent of sulfide deposits. In tailings and waste dumps, geophysical techniques can also be used to
identify sulfide mineral concentrations and acidic water formed by sulfide mineral oxidation. Resistivity, shallow
seismic refraction, and ground-penetrating radar can be used to map water-flow-controlling structures, determine
thicknesses of tailing and waste dumps, and often can aid in identification of the water table. Active redox centers
can be delimited by self-potential surveys, and possibly by shallow thermal probes, but their signals are susceptible
to being masked by water flow and topography.
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SERPENTINE- AND CARBONATE-HOSTED ASBESTOS DEPOSITS
(MODELS 8d, 18¢; Page, 1986; Wrucke and Shride, 1986)

by Chester T. Wrucke

SUMMARY OF RELEVANT GEOLOGIC, GEOENVIRONMENTAL, AND GEOPHYSICAL INFORMATION
Deposit geology

The term asbestos as used in this discussion is a collective term applied by mineralogists to certain fibrous minerals
and not to other mineral species that are called asbestos in common parlance. The particular asbestos mineral that
is the focus of this discussion is chrysotile.

Serpentine-hosted asbestos: Chrysotile (white asbestos) forms veins in serpentinized ultramafic rocks. Protoliths
include ophiolite and stratiform complexes. The veins commonly fill fractures developed in shear zones, notably
near changes in rock competency, as near contacts between serpentinite bodies and igneous masses emplaced into
serpentinite. Minor asbestos veins are present in unaltered ultramafic rocks adjacent to serpentinite.
Carbonate-hosted asbestos: Veins of cross-fiber chrysotile asbestos are in tabular masses of serpentinite that replaced
metalimestone during contact metamorphism related to intrusion of diabase sills, sheets, and dikes. The
metalimestone developed from a cherty dolostone protolith early in the metamorphic event. Asbestos veins filled
fractures incrementally during dilation caused by the diabase intrusion.

Examples

Serpentine-hosted: Canada- Thetford Mines, Black Lake, and Asbestos-Shipton areas, Quebec; Cassair, British
Colombia; White Bay area, Newfoundland (Riordon, 1957; Virta and Mann, 1994). United States- Belvidere
Mountain, Vt. (an extension of the Quebec deposits) (Chidester and others, 1978); Calaveras and San Benito
Counties, Calif. (Rice, 1966; Virta and Mann, 1994; Coleman, in press). Africa and Europe- Bazhenovo district,
central Ural Mountains, Russia (Virta and Mann, 1994); Balangero, Italy (Virta and Mann, 1994); Barberton area,
South Africa (Sinclair, 1959; Anhaeusser, 1986); Troodos Complex, Cyprus (Virta and Mann, 1994); Shabani,
Zimbabwe (Anhaeusser, 1986; Virta and Mann, 1994).

Carbonate-hosted: Gila County, Ariz. (Shride, 1969; 1973); Barberton-Caroline district and near Kanye, South Africa
(Sinclair, 1959; Anhaeusser, 1986); Laiynan district, Hobei Province, China (Sinclair, 1959).

Spatially and (or) genetically related deposit types
Related deposits include metadolomite-hosted talc and talc associated with serpentinized ultramafic rocks (Brown,
1973; Chidester and others, 1978); no deposit models have been developed for these deposit types.

Potential environmental considerations

(1) Most natural exposures of asbestos-bearing rock, particularly serpentinite derived from ultramafic rocks, are
readily eroded by natural agents and the activities of man because most serpentinite is composed of weak, highly
fractured rock; however, some serpentinite bodies are highly resistant to erosion.

(2) Sedimentary deposits and debris slides derived from asbestos-bearing rocks provide asbestos for redistribution
by water and wind.

(3) Vehicles driven across serpentinite and mine waste can dislodge asbestos, adding it to dust or making it readily
available to surface drainage; roads also produce channels that aid run-off. The surface area of roads in the southern
half of the chrysotile-bearing New Idria serpentinite in San Benito County, Calif., exceeds the area disturbed by the
three largest asbestos mines in this area (Woodward-Clyde Associates, 1989).

(4) Waste generated from asbestos mining and milling operations exposes asbestos to erosion by natural agents. The
U.S. Environmental Protection Agency (EPA) considers mine waste that contains more than | volume percent
asbestos hazardous (Derkies, 1985, p. 4-34). The California Air Resources Board considers asbestos contents of mine
waste greater than 5 volume percent as a potential toxic hazard (Resolution 91-27, April 1990).

(5) Asbestos fibers can be incorporated by surface drainage in areas of asbestos-bearing rocks and mines. In central
California, water in the California Aqueduct System contains asbestos (Kanarek and others, 1980; Coleman, in press).
However, the EPA has concluded that ingestion of asbestos fibers poses no significant cancer risk (U.S.
Environmental Protection Agency, 1991).

(6) Chrysotile deposits may contain small amounts of fibrous tremolite, which is classifiable by EPA as asbestos and
a risk to human health (U.S. Occupational Safety and Health Administration, 1975).
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(7) Health risks to humans from exposure to small quantities of chrysotile asbestos in the environment are
controversial. The controversy results from the EPA assumption that any amount of asbestos is potentially hazardous.

Exploration geophysics

Remote sensing techniques can detect belts of ultramafic rocks, intrusive masses, residual iron oxide minerals, and
serpentinite by infra red reflectance, thermal properties, and botanical anomalies (stress and density) in areas of
serpentinite-hosted chrysotile, and can identify diabase outcrops in areas of carbonate-hosted chrysotile. Magnetic
techniques can be used to identify serpentinite derived from ultramafic rocks because of their high magnetite content.
However, the method may not be useful in identification of serpentinite developed from carbonate rocks. This

serpentinite may contain magnetite, but the protoliths are carbonate rocks that generally have a low initial iron
content, and associated serpentinite bodies are small.

References

Geology: Shride (1969, 1973), Chidester and others, (1978), Ross (1981), Anhaeusser (1986), Virta and Mann (1994).
Environmental geology: Derkies (1985), Coleman (1995).

GEOLOGIC FACTORS THAT INFLUENCE POTENTIAL ENVIRONMENTAL EFFECTS
Deposit size
Deposit size varies from large in serpentine-hosted deposits to small in carbonate-hosted deposits. Serpentine-hosted
deposits commonly contain hundreds of million tonnes of ore. In the 1950s the asbestos deposit at the Jeffrey Mine
in Quebec had ore reserves as large as 450 million tonnes (Shride, 1973). By the mid 1970s, this mine, which at
that time was the largest known asbestos deposit in the world, had the capacity to produce 544,000 tonnes of asbestos
fiber a year (Energy, Mines, and Resources Canada, 1976). The mine was an open pit 600 m across in 1983 (Mann,
1983). The Bazhenovo district of Russia may contain larger deposits. This district had the capacity to produce at
least 1.36 million tonnes of asbestos annually in the early 1980s (Mann, 1983). Reserves of chrysotile fiber at the
asbestos deposit near Copperopolis, Calaveras County, Calif., are reported to be about 1.2 million tonnes (Rice,
1966). The deposit is now closed and is used as an asbestos waste dump. Production of chrysotile from the New
Idria serpentinite in San Benito County, Calif. (the largest asbestos deposit in the United States) is now confined to
one property, that of the King City Asbestos Corporation (KCAC, Inc.). In 1975 production from this property was
68,000 tonnes (Mumpton and Thompson, 1975). In the past, The New Idria serpentinite was the locale of many
mining ventures, including chrysotile asbestos mining. All but one of these asbestos mines have ceased operations,
and part of the properties are now EPA superfund sites. In 1989, the latest year for which data are available from
the U.S. Bureau of Mines, the production of chrysotile from the KCAC Inc. mine and one in Orleans County, Vt.
totalled 17,427 tonnes (Virta, 1989). In contrast, Arizona deposits contain a few tens to a few thousand tonnes of
chrysotile asbestos (Shride, 1969). Data on chrysotile mining in Arizona (Shride, 1969 and the Yearbooks of the
U.S. Bureau of Mines) for the period 1914 to 1982 (when mining ceased) indicate production of about 90,000 tonnes
of asbestos fiber. ‘

Total United States asbestos production in 1989 was 17,427 tonnes compared to world production of

4,237,659 tonnes (Virta, 1991). About 98 percent of the asbestos produced in 1990 worldwide was chrysotile (Virta
and Mann, 1994).

Host rocks

Serpentine-hosted deposits: These deposits are in massive serpentinite, commonly highly sheared and widely exposed,
that has largely replaced the host ultramafic protolith. Associated ultramafic rocks locally host asbestos veins.
Carbonate-hosted deposits: Serpentinite in these deposits has replaced metalimestone or dolostone. In Arizona, the

serpentinite bodies commonly are 1 to 3 m thick, are present at a few stratigraphic intervals in the host metalimestone
section, and are structureless, except for asbestos veins.

Surrounding geologic terrane

Serpentine-hosted deposits: Most of these deposits have developed in ophiolite complexes, which are composed of
oceanic crustal fragments consisting of a basal peridotite (that becomes serpentinized) overlain in sequence by
cumulate gabbro, sheeted dikes, and pillow basalt, commonly capped by deep oceanic pelagic strata. Accreted
ophiolite commonly is dismembered into structurally complicated fragments. In Quebec and New England, these
rocks are associated with metamorphosed sedimentary and igneous rocks, including schist, greenstone, quartzite, and
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amphibolite, of early Paleozoic age. The New Idria serpentinite, Calif., which hosts the KCAC asbestos deposit and
others, is completely separated from mafic oceanic crust and is surrounded by sedimentary rocks of the Cretaceous
Franciscan and Panoche Formations. These rocks are folded with unconformably overlying Tertiary marine
sedimentary rocks.

Carbonate-hosted deposits: Deposits of this type in Arizona are in Middle Proterozoic rocks that include siltstone,

arkosic arenite, cherty dolostone, argillite, quartz arenite, local basalt, and intrusions of diabase sheets, sills, and
dikes.

Wall-rock alteration

Serpentinization of host rocks and subsequent serpentinite alteration are common kinds of wall-rock alteration
associated with asbestos. In serpentine-hosted deposits, serpentinite results from hydration of igneous protoliths,
commonly harzburgite and dunite, which are unstable in the presence of water at crustal temperatures (Coleman,
1971; Coleman and Jove, 1993). For example, the mineralogical nature of the New Idria serpentinite probably is

related to the relative amounts of orthopyroxene and olivine in the primary peridotite. Reactions with water can be
written:

1) 3Mg,Si, O, (pyroxene) + 4H,0 = 2Mg;Si,O,(OH), (serpentine) + 2Si0, (quartz)
2) 2Mg,SiO, (olivine) + 3H,0 = Mg,Si,O,(OH), (serpentine) + Mg(OH), (brucite)

Reaction 1 produces weathering-resistant silica-bearing serpentinite that forms pinnacles, common in the New Idria
serpentinite, whereas reaction 2 produces predominantly highly weathered and rounded boulders and fine soil-like
material (Malcolm Ross, written commun., 1995). Serpentinization releases calcium that becomes available for
secondary minerals. Iron in the primary silicate minerals, when not incorporated into serpentinite, may form
magnetite. With increasing metamorphic temperature, lizardite of the original serpentinite is replaced by antigorite,
which at higher temperatures is converted, by dehydration, to talc, olivine, and water (Coleman and Jove, 1993).
Common alteration products in metamorphosed serpentinites of Quebec and Vermont are talc in steatite and schistose
masses, talc-carbonate rocks, and quartz-carbonate bodies (Chidester and others, 1978).

Late stage serpentinization of carbonate-hosted deposits follows dedolomitization and development of
calcium-magnesium silicate minerals during contact metamorphism. Subsequent serpentine alteration proceeds as
outlined for serpentinite-hosted deposits.

Nature of ore

Serpentine-hosted deposits: These deposits commonly consist of stockworks (networks of veins) of cross-fiber veins
that are aggregates of two or more thin parallel layers of fibers oriented about normal to vein walls. Most deposits
contain some slip-fiber veins composed of fibers in the plane of the fracture. In a few deposits, this is the principal
fiber type. In the New Idria serpentinite, ore is in sheared and pulverized serpentinite and consists of flake-like
agglomerates and sheet-like masses of finely matted chrysotile (Mumpton and Thompson, 1975). Much of this ore
may be secondary (see section below entitled "Secondary mineralogy"). Asbestos contents vary widely in the
serpentine-hosted deposit type. Typical deposits contain 5 to 15 volume percent asbestos fiber; in the New Idria
serpentinite, ore contains in excess of 50 volume percent chrysotile (Mumpton and Thompson, 1975).
Carbonate-hosted deposits: Ore zones consist of sets of cross-fiber veins subparallel to bedding in the serpentinized
host. Commonly, veins are composed of multiple parallel layers in which the fibers are oriented about at right angles
to vein walls and aggregate 1 to 20 cm in width; multiple layers indicate incremental development. Veins pinch and
swell, anastomose, and vary in dip. Productive zones may be 10 ¢cm to a few decimeters thick and constitute as
much as 40 volume percent of a serpentinite body (Shride, 1969; Otton and others, 1981). However, asbestos veins
commonly are contained in much greater thicknesses of massive, barren serpentinite. Chrysotile veins locally are
in fine-grained calc-silicate rocks developed from cherty dolomite.

Deposit trace element geochemistry

Manganese, chromium (trivalent), copper, nickel, and platinum are rare elements found in chrysotile (Ross, 1981;
Wicks and O’Hanley, 1988). Hexavalent chromium, known to be toxic, is not present in these asbestos deposits.
Trace element composition has not been considered an environmentally significant aspect of chrysotile deposits.
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Ore and gangue mineralogy and zonation

In serpentine- and carbonate-hosted deposits, the only ore mineral is chrysotile. Serpentinite-hosted deposits contain
magnetite in the serpentine gangue and locally talc, as well as quartz-calcite veins (Riordon, 1957). In Canadian
deposits, magnetite commonly is concentrated in wall rock adjacent to asbestos veins, along vein walls, in partings
between layers of multiple veins, and can be disseminated parallel to chrysotile fibers (Riordon, 1957). Chrysotile,
brucite, and magnetite are common in serpentine of the New Idria body (Coleman, in press). Carbonate-hosted
deposits may include sparse calcite veins, otherwise the gangue is serpentine.

Mineral characteristics

Chrysotile is one of six mineral species called asbestos because of their fibrous habit (Skinner and others, 1988).
Of these, chrysotile is the only fibrous serpentine mineral. The other five asbestos minerals belong to the amphibole
group; these are grunerite asbestos (commonly referred to as amosite), riebeckite asbestos (commonly referred to as
crocidolite), anthophytlite asbestos, tremolite asbestos, and actinolite asbestos. Chrysotile (Mg,Si,0,(OH),) consists
of layers of linked SiO, tetrahedra and misfit layers of linked MgO,(OH), tetrahedra that together roll into sheets,
making hollow tubes having diameters of about 25 nm (Ross, 1981). Most chrysotile contains less than 2 weight
percent iron as FeO, though as much as 8 percent has been reported (Wicks and O’Hanley, 1988). Small amounts
of aluminum, manganese, magnesium, calcium, potassium, and sodium also may be present (Ross and others, 1984).

Vein fibers range in length from less than 5 um to 10 cm or more. They can vary in flexibility, hardness, tensile
strength, and other physical properties and chemical properties of importance in determining their commercial use
(Shride, 1973).

Secon mineralo

Although serpentine minerals are considered to be stable in the upper crust (Coleman and Jove, 1993), studies in
California show that they are unstable in the range of pH and Mg*" and Si(OH), concentrations encountered in most
soil (Mumpton and Thompson, 1966; Wildman and others, 1971). Iron-rich montmorillonite is a common product
of serpentine in this soil type (Wildman and others, 1971). Brucite (Mg(OH),), one of the hydrothermal minerals
that develops during serpentinization and makes up 7 to 8 volume percent of the New Idria serpentinite, is destroyed
in the weathering zone, producing coalingite (an iron- and magnesium-bearing carbonate), compositionally similar
pyroaurtite (Mumpton and Thompson, 1966), hydromagnesite, and secondary chrysotile (Mumpton and Thompson,
1975). Some chrysotile is developed during tectonic milling and may be the most important process in the formation
of chrysotile at the New Idria deposit (R.G. Coleman, written commun., 1995). Deeply weathered serpentinite can
produce the nickel-bearing minerals nepouite and pecoraite (Mumpton and Thompson, 1975), but most serpentine
contains only very small amounts of nickel.

Tremolite, an amphibole, can be fibrous and is associated with chrysotile deposits, particularly at Thetford
Mines, Quebec; Troodos, Cyprus; and Balangero, Italy (R.G. Coleman, written commun., 1995). The EPA classifies
tremolite as asbestos if the particles have an aspect ratio of 3:1. The amount and distribution of tremolite asbestos
in chrysotile deposits is poorly known. It is extremely scarce in the New Idria, Calif., deposits (Coleman, in press),
and it makes up less than one volume percent of the dust in Quebec mines and mills (Mossman and others, 1990).

Topography. physiography

Serpentine-hosted deposits: These deposits are easily eroded. Serpentinite bodies commonly are well exposed and
therefore are readily eroded. The asbestos deposit at Belvidere Mountain, Vt., is on a hillside in an area having relief
of 200 m in a radius of 1.6 km (Chidester and others, 1951). The New Idria serpentinite body in San Benito County,
Calif., occupies a high ridge, as illustrated in Mumpton and Thompson (1975), that includes rock exposures barren
of vegetation. Evidence of contact dislocation shows that this serpentinite body is rising tectonically, exposing this
soft material to long term erosion (Coleman, in press).

Carbonate-hosted deposits: Chrysotile-bearing serpentinite zones in Arizona are soft and weakly resistant to
weathering. However, these zones commonly are exposed in cliffs and steep slopes, protected by the more resistant,
overlying metalimestone beds, which reduces exposure of serpentinite and chrysotile to erosion.

Hydrology

Streams draining asbestos-bearing serpentinite can pick up chrysotile fibers. Most streams draining the Belvidere
Mountain deposit, Vt. lead to the Gihon and Lamoille Rivers and Lake Champlain, but some reach Quebec via the
Missisquoi River. Stream drainages from the northeast and southeast parts of the New Idria serpentinite, Calif., lead
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to the San Joaquin Valley. This area drains to the west via the San Benito River to the Pacific Ocean. Debris slides
along the flanks of the serpentinite body and in the main drainage channels contain huge amounts of asbestos-bearing
material available for removal and dispersion by streams (Cowan, 1979). During flood stage, streams flowing into
the San Joaquin Valley from the New Idria mass have introduced sediment into the California aqueduct (Coleman,
in press). Asbestos fibers also have been found in the water suppiy for San Francisco (Kanarek and others, 1980).

Drainage from carbonate-type chrysotile deposits in Arizona reaches the watershed of the Salt River, which flows
to Phoenix via several reservoirs.

Mining and milling methods

Serpentine-hosted deposits: Exploitation of these deposits is mostly by open-pit mining. Block caving and other
underground methods have been used. Milling generally is a dry process and follows practices used, slightly
modified, since the early days of this century (Mann, 1983). Ore is crushed, screened, and dried. Drying is
accomplished using hot air, which is filtered after the fibers are dried. Processing and packaging methods have
improved significantly in recent years, which makes it possible to handle asbestos in a nearly dust-free environment.
Most producers grade and classify milled asbestos fibers as a function of fiber length, using a standard developed
in Canada (Energy, Mines, and Resources Canada, 1976; Mann, 1983). A wet process for milling chrysotile was
installed in 1990 at the Baie Verte Mines in Newfoundland (Stewart and others, 1990). In this process, mill feed
is wet screened, classified, then dried in a propane-fired dryer. Impurities are collected in a thickener and pumped
to tailings dumps. A wet process was used in 1991 at the KCAC Inc. mine in San Benito County, Calif, (Virta,
1991).

Carbonate-hosted deposits: Chrysotile mining in Arizona has been by small-scale underground methods using adits,
room and pillar methods, and stoping with backfill. Milling of chrysotile ore in Arizona was stopped <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>