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ABSTRACT
Three experiments were conducted to examine restoration of disturbed land in
Arizona. The first experiment attempted to revegetate abandoned farmland by direct
seeding native seeds and using various soil preparation techniques, amendments, and
weeding of Salsola iberica. Only irrigation and weeding had a significant effect on seed
germination and canopy cover. Irrigation increased plant cover on plots, but weeds
dominated the cover. A seedbank study conducted near the end of the second growing
season found the soil was dominated by weeds and contained few viable native seeds.
The results illustrate the difficulty of establishing native plants on abandoned desert
farmland due to the dominance of weedy species, the presence of salts in the soil, and the
lack of adequate soil moisture.
The second experiment, a lysimeter study, tested the efficacy of different
evapotranspiration (ET) soil cover designs for stabilization of acidic copper mine tailing
piles. The study evaluated the effectiveness of capillary barriers (CB) to contain the
waste found in tailings and different plants to revegetate the piles. The ET covers
reduced infiltration of water into tailings. Copper concentrations increased significantly
in plant tissue grown on the ET covers compared to plants grown in the greenhouse.
Plants did not exhibit signs of phytotoxicity and concentrations were below levels toxic
to all domestic animals except sheep. The CB did not reduce water infiltration into the
tailings or upward migration of copper into the soil cover. Vegetation is vital to an
effective ET cover. A mix of transplanted shrubs and seeded grasses and forbs establish
long-term, sustainable vegetation.
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The third experiment examined the influence of biosolids on the bacterial
communities within mine tailings by bacterial counts and bacterial diversity. The
diversity of neutral copper mine tailings two weeks after biosolid application was
compared with that of desert soil via cloning and sequencing of PCR amplified
community 16S rRNA. Culturable heterotrophic plate counts (HPC) increased following
biosolid addition. Total direct counts exceeded HPC by approximately two orders of
magnitude. Overall, biosolid-amended tailings contained large numbers of bacteria
diverse in nature and with many of the traits of normal desert soil bacterial communities.
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CHAPTER 1
INTRODUCTION
Dissertation Format
This Dissertation comprises two chapters and three appendices. Chapter one
includes an introduction to the research problems and a review of the current literature.
Chapter two provides a summary of the present study that is discussed in detail in
Appendices A, B, and C. Appendix D contains pictures from the field sites.
Three manuscripts are presented in Appendices A, B, and C. The manuscript in
Appendix A has been published in Restoration Ecology. Appendix B has been prepared
for submission to Journal of Environmental Quality. Appendix C has been submitted to
Environmental Microbiology. Research for the first article was conducted at the
Redhawk Power Plant site owned by Pinnacle West Energy Corporation in Arlington,
Arizona and at the Environmental Research Lab (ERL) at the University of Arizona, in
Tucson, Arizona. Research for the second article was conducted at the Resolution
Copper Company mine in Superior, Arizona and at ERL. Research for the third article
was conducted at ASARCO Mission Mine in Sahuarita, Arizona. All research and
publication writing was performed primarily by me. I would like to acknowledge Dr.
Vanda Gerhart, who assisted with the experimental design, and Laura Patterson, who
assisted with data collection of the research published in Appendix A. Ajoy Banerjee
assisted with data and sample collection for research conducted in Appendix B. Stu
Bengson assisted with sample collection for research conducted in Appendix C. Metal
and nutrient analyses were conducted by the Water Quality Center Laboratory at the
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University of Arizona. Dr. Edward P. Glenn assisted with the statistical analysis. Drs.
Edward P. Glenn and Ian L. Pepper assisted with the editing of this dissertation and the
research articles and provided valuable guidance and advice throughout the research
projects.
Problem Definition
Abandoned Farmland
Abandoned farmland in the southwestern United States is the source of numerous
environmental and ecological problems due to their potential for saline soils and
susceptibility to flooding and erosion. For example, wind erosion can produce largescale dust storms that degrade air quality and cause traffic accidents, whereas floods can
cut deep gullies in the landscape. Sealed and compacted soil surfaces limit water
infiltration and percolation, and cause sheet flooding. In Arizona, over 400,000 ha of
farmland that was once-irrigated have been abandoned since the 1950s.
Restoration of this land with native plants is desirable but difficult. Desert
revegetation is a long, often unpredictable process. Natural recovery rates depend on the
nature and severity of disturbance, but are generally very slow (50 – 300 years for
recovery of pre-disturbance plant cover and biomass). Restoration techniques focus on
jump-starting the natural revegetation process (e.g. restoring natural drainage patterns and
the native seedbank). Many revegetation techniques, such as broadcast seeding,
transplanting, applying amendments, and irrigating, have been tested and have achieved
various results.
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Many revegetation efforts use dry seeding methods with various treatments added
to enhance germination and establishment. Treatments include: mulching, which
decreases evaporation from the soil surface and may increase infiltration by slowing
surface water movement; and chiseling, which increases infiltration and percolation and
aerates the soil. Seed germination may also be enhanced by imprinting, a method in
which small depressions are pressed into the soil to provide microcatchment sites for
moisture and organic matter accumulation. Addition of fertilizer may also be helpful to
restore natural nutrient cycles. For example, phosphorous may become limiting due to
the reduction of mycorrhizal fungi in cultivated soil. Despite these soil preparation
methods, dry seeding may be unreliable in locations with less than 200 mm/yr of rainfall.
On the other hand, even low amounts of supplemental irrigation, applied at the right time,
can reportedly improve the germination and establishment of native seeds.
The objective of the first experiment was to determine the effectiveness of direct
seeding for revegetating a 400-ha parcel of abandoned farmland in an arid environment
near Phoenix, Arizona. We examined the effects of supplemental irrigation, different
land preparation methods (chiseling, imprinting, mulching, and fertilizing), and weeding
on the establishment of native species and their interaction with weedy species.
Land Disturbed by Mining
Copper mining is a major industry in the United States, which is the second
largest copper producer in the world, generating 1.2 million metric tonnes with an
estimated value of more than $8.46 billion in 2006. Arizona was the leading copperproducing state in the US in 2007, producing 750,000 tonnes of copper, worth $5.54

15

billion. Copper mining is beneficial to the economy, however it can be detrimental to the
environment and human health, producing tons of waste, contaminating water, and
creating large areas of barren land. In 2006, the United States Environmental Protection
Agency’s Toxic Release Inventory (USEPA 2006) reported the metal mining industry to
be the largest producer of toxic waste that year, releasing over a half million tonnes, or 29
percent of the total released by the U.S. However, waste produced by metal mining has
been declining, in 2000, 1.5 million tonnes or 47% of toxic waste was released by metal
mines, compared to 1991, when 2.2 billion tonnes of waste was produced. The reduction
represents an improvement in extraction technology, however waste production remains
substantial. Therefore it is important to develop methods to contain the waste and
revegetate the landscape.
Mine tailings, the primary component of mine waste after ore-processing for
metal extraction, are the primary source of mine pollution. Approximately 500,000 mine
tailings disposal sites exist in the U.S. Tailings are crushed rock that has been treated to
extract metals. They are almost completely devoid of nutrients, organic matter, soil
structure, and microorganisms; and may contain high levels of metals. Therefore, mine
tailing piles are often barren or have minimal vegetation, which make them vulnerable to
wind and water erosion. They can pose a threat to human health and the environment via
air or water pollution and are often considered eyesores in the landscape.
The pH of mine tailings ranges from acidic to neutral depending on the
components of the extracted rock. Acid-producing and acid-neutralizing constituents
may be present in mine tailings. Acid-producing constituents are metal sulfides (often
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pyrite, which is iron-sulfide) which oxidize after exposure to air and water and generate
acidity. Chalcopyrite, the most commonly mined copper ore, is a copper-iron-sulfide and
occurs with a variety of other sulfides. Thus, copper mines often generate acidity.
Calcium carbonate, an acid-neutralizing constituent, is common in many desert soils and
offsets the acid-generating potential of mine tailings.
Acidic mine tailings require more intensive restoration techniques than neutral
tailings because plants can not grow directly in the mine tailings due to acid toxicity.
Therefore, typically a cover must be designed to reclaim acidic mine tailings.
Evapotranspiration (ET) covers can be used to successfully revegetate waste piles in arid
and semi-arid regions with lower costs than standard resistive barriers (such as clay
covers), and potentially for longer periods of time. ET covers use a water balance system
to minimize infiltration of water into waste piles, by acting like a sponge to store water
until it evaporates or is transpired by plants. Plants grown on the ET cover prevent water
erosion and control blowing dust that could adversely impact human health and the
environment. A properly designed cover can absorb and store all the incoming
precipitation until it is consumed by ET as well as support a plant community through
periods of drought.
The parameters (depth and type of soil(s), type of vegetation) of an ET cover must
be determined before implementation on site or the ET cover may fail, and therefore
numerous ET cover designs exist. A capillary barrier (CB) is sometimes used to reduce
infiltration, and consists of a coarser-textured soil or gravel layer placed under a finertextured layer of soil. The matric potential in the upper (finer) layer is greater than the
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matric potential in the lower (coarser) layer such that, in theory, water will not pass
through the CB until the upper layer is saturated with water. A CB also may reduce the
upward movement of metals, salts, and trace elements into the cover material. However,
CBs are an additional expense whose efficacy has not been fully evaluated.
In the second study, we evaluated six cover designs to determine the
characteristics of an ET cover to reclaim acidic, copper mine tailing piles in Superior,
Arizona. An effective ET cover should retain sufficient moisture to maintain plant
growth, and yet preclude infiltration into the mine tailings or upward migration of metals
to levels of concern. We monitored the upward movement of metals, salts, and acid from
the tailings into the cover; plant growth on the cover; and metal and nutrient uptake by
the plants.
Neutral mine tailings, which are less toxic than acidic mine tailings, may not
require as intensive reclamation techniques. Since mine tailings are almost completely
devoid of nutrients, organic matter, soil structure, and microorganisms, they need input of
these constituents to provide the necessary components of a healthy soil. Biosolids have
been used in numerous mine reclamation projects because they are a good source of
organic matter, nutrients, and microorganisms. Biosolids are defined by the U.S.
Environmental Protection Agency (EPA) as “the primarily organic solid product yielded
by municipal wastewater treatment processes that can be beneficially recycled.”
Currently, little information exists on the microbial community of mine tailings and
biosolids-amended mine tailings. Studies have indicated that the heterotrophic microbial
community increases after reclamation, but very few studies have characterized the
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microbial community at the genus and species level. The status of the soil microbial
community can provide a good indication of whether a reclaimed system is on the correct
trajectory of recovery and if that recovery is self-sustaining.
The third experiment looked at components of the bacterial community in circumneutral copper mine tailings recently amended with Class B biosolids, mine tailings,
biosolids, and nearby, undisturbed desert soil. Microbial numbers were analyzed and
clone libraries were created for biosolid-amended tailings and desert soil. Most research
focuses on the effect of reclamation on plant growth, however to ensure a long term
sustainable plant community, a functioning microbial community is necessary.
Overall, this dissertation examines restoration of disturbed land in the desert.
Inadequate restoration efforts of abandoned farmland and mine tailings result in barren
landscapes for decades or longer. Results from this research will help future restoration
efforts of abandoned farmland and improve evapotranspiration cover designs. Since
microorganisms play a key role in the long-term success of reclamation, bacterial
community analysis of desert soils and mine tailings recently amended with biosolids
provides valuable information. Ultimately, we may find biomarkers that can be used to
determine if reclamation projects are on the trajectory towards success. Restoration is
challenging, particularly in arid and semi-arid environments, where revegetation is
further impeded by lack of water and climate conditions. The following three restoration
tools: direct seeding, ET covers, and land application of biosolids, are examined, which
can aid in the natural recovery process of disturbed land in arid and semi-arid
environments.
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Literature Review: Restoration of Disturbed Desert Environments
Introduction
Restoration of disturbed desert ecosystems to a long-term, sustainable, and
aesthetically pleasing landscape in a cost-effective manner is challenging and success is
rarely, if ever, guaranteed. Many revegetation techniques, such as broadcast seeding,
transplanting, applying amendments, and irrigating, have been tested and have achieved
various results. Revegetation of abandoned farmland is challenging because the soil is
often compacted and saline, natural contours in the landscape have been altered, and the
seedbank lacks native seeds. Reclamation of mine tailings poses a greater problem
because tailings are often phytotoxic due to low pH and/ or high metal concentrations.
Many factors contribute to the success of a restoration project; however, water
availability is a critical factor in arid and semi-arid environments.
Desert restoration is a long, often unpredictable process. Natural recovery rates
depend on the nature and severity of disturbance, but are generally very slow (50 – 300
years for recovery of pre-disturbance plant cover and biomass) (Lovich and Bainbridge,
1999). Conditions conducive to natural revegetation are estimated to occur only once
every 7 to 15 years in the Great Basin (Bleak et al., 1965) and only twice every six years
in the northern regions of the Mojave Desert (Wallace et al., 1980). Restoration
techniques that jump-start the natural revegetation process (e.g. restoring natural drainage
patterns, the native seedbank, and the microbial community) are essential for long-term
success.
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Definitions
The Society of Ecological Restoration (2004) defines ecological restoration as
"the process of assisting the recovery of an ecosystem that has been degraded, damaged,
or destroyed.” An ecosystem is restored when it contains sufficient biotic and abiotic
resources to sustain itself structurally and functionally, it is resilient to normal ranges of
environmental stress and disturbance, and it interacts with contiguous ecosystems in
terms of biotic and abiotic flows (SER, 2004). Restoration often implies that the
ecosystem is restored to its previous condition (SER, 2004; Glenn et al., 2006).
However, some severely degraded land, such as mine tailing piles, can not be restored to
its pre-disturbance condition. This land may be reclaimed, where biotic function and
productivity are restored, but the land is different than the pre-disturbance condition
(Glenn et al., 2006). It may have a different land-use, hydrology, or biotic composition.
Finally, revegetation is simply planting or seeding land to provide a new vegetative
cover. Revegetation is usually a component of ecological restoration and land
reclamation (SER, 2004).
Restoration planning
Planning
Successful restoration projects begin with good planning. Problems that may
need to be addressed include: reestablishing natural drainage patterns, alleviating soil
compaction and/ or salinity, restoring the seedbank, restoring natural nutrient cycles, and
controlling erosion. A thorough site evaluation, including land use history, soil and
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vegetation characterizations, climatic data, and identification of problem areas, provides
valuable information necessary for revegetation.
Land use history
Land-use history can guide the restoration techniques to employ. Typical farming
practices alter natural drainage patterns, decrease the seedbank of native species, increase
soil compaction and salinity, and alter the soil microbiology (Allen, 1988; Allen, 1995;
Roundy et al., 2001). One or more of these factors may need to be addressed to achieve
long-term sustainable revegetation. Natural drainage patterns can be reestablished with
berms and other landscape-scale alterations. Seeding can restore the seedbank. Ripping
and incorporating mulch can reduce compaction and increase water infiltration (Winkel
and Roundy, 1991; Montalvo et al., 2002).
Survival and vigor of transplanted shrubs varied significantly on two adjacent
abandoned farmland sites with similar soil types, but different land use histories (Grantz
et al., 1998a). Survival of transplanted shrubs was significantly higher on the site that
had not been disturbed for decades and was covered with mature saltbush scrub. Almost
none of the shrubs survived on the other site that had been farmed for decades and was
covered with an invasive weed. Differences in plant survival were attributed to different
agricultural practices used on the sites.
Soil characterization
Soil classification, fertility, and microbiology can influence restoration; these
characteristics were associated with variations in shrub cover in the seeded revegetation
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project on abandoned farmland in the Mojave Desert (Grantz et al., 1998a).
Achnatherum hymenoides was found only in the sandy areas; Atriplex canescens, A.
polycarpa, and Chrysothamnus nauseosus were found more frequently in the less sandy
areas. Greater plant densities occurred on revegetated soils containing more silt and claysized particles than sandier soils due to the greater water-holding capacity of the soil
(Anderson and Ostler, 2002). High available nitrogen levels were associated with annual
species invasions (Grantz et al., 1998a). Fungal hyphae and bacterial populations were
highest in areas dominated by shrubs and lowest in areas dominated by annuals (Grantz et
al., 1998a).
Vegetation characterization
Revegetation using plant species found in undisturbed areas surrounding
disturbed areas can improve likelihood of success, since plants native to the area are more
likely to be adapted to the environment (Munda and Pater, 2003). Proximity to native
seed sources may guide rate and type of revegetation techniques. If native seed sources
are nearby, lower seeding rates may be appropriate, since natural reestablishment may
occur. Chrysothamnus nauseosus established itself naturally in revegetation studies in
the Mojave Desert (Grantz et al., 1998a; Lovich and Bainbridge, 1999). Atriplex
polycarpa was naturally reestablished on-site closest to a natural seed source on an
abandoned farmland in southern Arizona (personal observation).
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Other site characteristics
Climatic data will dictate the need and timing for irrigation. Presence of
herbivores may necessitate plant or site protection (Munshower, 1993). Steep slopes may
require grading to reduce erosion and increase plant establishment. Problem areas may
require more aggressive restoration strategies than less disturbed areas on a site.
Problems with abandoned farmland
Abandoned farmland in the southwestern United States is the source of numerous
environmental and ecological problems due to its susceptibility to flooding and erosion
(Allen, 1982; Allen, 1988; Allen, 1995). For example, wind erosion can produce largescale dust storms that degrade air quality and cause traffic accidents, while floods can cut
deep gullies in the landscape (Meitl et al., 1983). In Arizona, over 400,000 ha of onceirrigated farmland have been abandoned since the 1950's (Charney and Woodard, 1990).
Revegetation of this land with native plants is desirable, but difficult, because the soil
tends to be saline and compacted (Roundy et al., 2001). Common agricultural practice is
to level the land, which removes the natural contours of the landscape. This destroys
natural depressions and microsites where moisture and organic matter can accumulate,
and seedlings can germinate and establish. Once the land is abandoned, salts in the soil
tend to migrate to the surface and concentrate as water evaporates from the soil profile.
Problems on site include soil compaction and sealed surfaces, which cause sheet flooding
and decreased infiltration and percolation of water.
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Restoration techniques for abandoned farmland
Transplanting versus seeding
Seeding and transplanting are two broad approaches to revegetation. Broadcast
seeding is less expensive, but is not reliable especially if precipitation is unpredictable
(Grantz et al., 1998a; Hall and Anderson, 1999; Lash et al., 1999; Glenn et al., 2001).
Many revegetation efforts use dry seeding methods, with various plot treatments added to
enhance germination and establishment (Le Houérou, 2000; Anderson and Ostler, 2002).
Success is primarily due to adequate amounts of available water at times required by the
seeds and seedlings. Seeds may possess highly specific germination requirements
(Harper et al., 1965) such as exposure to light, fluctuations in temperature, periods of
drought, or scarification of the seedcoat (Roberts, 1981). For germination to occur
physiological requirements need to coincide with environmental conditions (Buhler et al.,
1997). Well-timed seeding and pretreatment of seeds can increase seedling germination.
Minimizing soil disturbance reduces invasion by weedy species, which increases native
seed establishment. Ries et al. (1988), Hall and Anderson (1999), and Roundy et al.
(2001) successfully established native plants on irrigated direct-seeded land, even with
low quality water. Unfortunately though, even a well-planned effort may not be
successful in any given year.
In contrast to direct seeding methods, several studies have shown that native
shrubs can be reliably established by transplanting and individually irrigating seedlings or
rooted cuttings (McKell, 1986; DePuit, 1988; Call and Roundy, 1991; Watson et al.,
1995; Glenn et al., 2001; McKeon et al., 2005). Transplanting is generally more reliable
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than seeding, because difficulties encountered in seed germination and early seedling
survival are eliminated. Weeds are easier to control because transplanted shrubs usually
outgrow weed species even without manual weeding (Glenn et al., 2001). Most of the
soil surface is not disturbed, so weed germination over most of the site is suppressed.
Irrigating individual plants through drip lines uses less water per ha than applying
supplemental irrigation by sprinklers, which are used to irrigate direct seeded land (Glenn
et al., 2001).
The disadvantages are that it is usually more expensive than seeding and may
require supplemental irrigation, so it may not be feasible for large tracts of land. All
elements of a diverse ecosystem are not initially present, but transplanted shrubs and trees
can create favorable microhabitats for understory plant establishment by providing
protected spaces for seed germination and increasing shade and organic matter (Glenn et
al., 2001). Method of transplanting influences plant survival. Prosopis glandulosa
transplanted into deep, narrow power-augered holes had a much higher survival rate that
those planted into wide, hand-dug holes (62% versus 10%) (Grantz et al., 1998b). The
narrow-deep holes may concentrate more water near the roots and foster root-soil contact.
Species selection
Selection of species to seed or transplant depends on the surrounding vegetation,
project goals, and site characteristics. Chrysothamnus nauseosus naturally revegetates
barren landscapes, but not on disturbed surfaces (e.g. by ripping, disking, or furrowing)
(Grantz et al., 1998a; Lovich and Bainbridge, 1999). It is also difficult to propagate in
the greenhouse, so should not be included in transplanting efforts (Grantz et al., 1998b).
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Atriplex canescens has been successfully reestablished in a variety of disturbed arid and
semiarid sites and is a good candidate for seeding and transplanting (Grantz et al., 1998a;
Grantz et al., 1998b; Glenn et al., 2001). Prosopis glandulosa was particularly
susceptible to herbivory, so presence of certain herbivores may preclude revegetation
with this species (Grantz et al., 1998a).
Non-native species may provide a quick, short-term revegetation solution
depending on the project goals (D'Antonio and Meyerson, 2002; Grantz et al., 1998a).
Quickly establishing a vegetation cover to control dust was a goal of the Mojave Desert
revegetation project (Grantz et al., 1998a). Rapidly establishing non-native annual
species were drilled into the site first to achieve immediate dust reduction. Then a
seedmix of native perennial shrubs was broadcast to establish a long-term, sustainable
vegetation cover. Salt or metal tolerant species planted at salt or metal contaminated sites
may act as successional species, which ameliorate the site characteristics to allow the
native species to eventually populate the site.
Site preparation techniques and soil amendments
Proper soil preparation provides the basis for good seed germination and
subsequent plant growth. Site preparation techniques include chiseling, disking, and
imprinting. A chisel plow uses curved shanks to penetrate and "stir" the soil without
inverting a soil layer (USEPA, 2008a). Disking uses steel blades to slice through soil.
Disk blades are mounted in groups or gangs that rotate as they move forward through the
soil. Chiseling and disking open up the soil and break up clods to mitigate soil
compaction, and leave an uneven surface to increase water infiltration (Winkel and
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Roundy, 1991; Winkel et al., 1991; Montalvo et al., 2002). Seed germination may be
enhanced by imprinting, a method in which small depressions are pressed into the soil to
provide micro-catchment sites for moisture and organic matter accumulation (Winkel and
Roundy, 1991; Winkel et al., 1991; Dixon, 1995; Roundy et al., 2001).
Minimizing soil disturbance may decrease invasion of annual species and increase
success of revegetation of native species (Grantz et al., 1998a). The least intrusive
method, removing annual vegetation by burning without disturbing the soil surface and
then broadcast seeding, used to revegetate abandoned farmland in the Mojave Desert,
produced the greatest plant density and richest species composition. Also, fewer annual
species established using this method compared to more intense revegetation techniques.
Drill seeding, which disturbs the soil more than broadcast seeding, resulted in decreased
densities of all native seeded plants except Atriplex canescens and greater densities of
invasive annuals. Ripping and furrowing followed by seeding, which disturbs the soil the
greatest, resulted in the lowest species diversity and density. Soil pretreatments are as
likely to stimulate weed germination as to enhance native seed germination (e.g. Brooks,
2003), so weed management may be necessary if the goal of the revegetation project is to
revegetate with native, perennial species.
Results from application of different mulches range from improving revegetation
(Winkel and Roundy, 1991; Winkel et al., 1991; Anderson and Ostler, 2002; Montalvo et
al., 2002) to having no effect (Grantz et al., 1998b; Anderson and Ostler, 2002; Banerjee
et al., 2006). Mulch increases the water-holding capacity of the soil, increases infiltration
and percolation, and aerates the soil (Querejeta et al., 2000). During dry years, the effect

28

of increasing water content by mulching may be negligible (Grantz et al., 1998a).
Anderson & Ostler (2002) found adding mulch increased seed germination and plant
survival without using supplemental irrigation, during rainy years. Wind can remove
mulch if it is not incorporated into or tacked to the soil (Banerjee et al., 2006).
Application of fertilizer facilitates invasion by annual, weedy species (Powell et
al., 1990; Lovich and Bainbridge, 1999; Anderson and Ostler, 2002). Salt-affected soils
may have low levels of available phosphorous due to the inhibition of mycorrhizal fungi,
and the addition of phosphorous might stimulate plant growth in these soils (Johnson,
1998). Desert plants are adapted to survive under nutrient-poor, water-limited conditions.
If the revegetation goal is to establish plant cover on barren land, establishing weed
species achieves that goal. In general, fertilization is not recommended for revegetation
of native perennial plant species. However, inoculating plants or soils with
microorganisms or planting leguminous species may restore natural nutrient cycles and
increase success of revegetation (Plenchette and Duponnois, 2005; Rodriguez-Echeverria
and Perez-Fernandez, 2005).

Irrigation and water concentration techniques
Dry seeding may be unreliable in locations with less than 200 mm yr-1 of rainfall
(McKell, 1986; Watson et al., 1995; Grantz et al., 1998b; Ries et al., 1988; Hall and
Anderson, 1999; Le Houérou, 2000; Glenn et al., 2001; Roundy et al., 2001). On the
other hand, even low amounts of supplementary irrigation, applied at the right time, can
improve the germination of native seeds. Well-timed irrigation, such as during initial
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seedling germination, may be more successful in establishing native plants than
continuous or no irrigation (Roundy et al., 2001). Roundy et al. (2001) showed that as
little as 210 mm of precipitation plus irrigation, applied by sprinkler, was sufficient for
summer establishment of most native species in the lower Sonoran Desert. Addition of
112 mm of irrigation water to a Mojave Desert site with natural annual precipitation of
130 mm markedly enhanced the germination of native shrubs over control plots without
irrigation (Anderson and Ostler, 2002).
Other experiments were unsuccessful or unaffected by irrigation (Bleak et al.,
1965; Powell et al., 1990; Gutierrez, 1992). Anderson and Ostler (2002) reported good
results in establishing plants on disturbed, non-agricultural, soil in Mojave Desert sites
either with or without supplemental irrigation. Grantz et al. (1998b), also working in the
Mojave Desert, concluded that direct seeding without irrigation may be successful in
favorable years, but that in any given year it is likely to fail.
Irrigation may increase seed germination (Powell et al., 1990; Hall and Anderson,
1999; Padgett et al., 2000; Roundy et al., 2001). However, plant establishment does not
always increase with supplemental irrigation, even if seed germination increases (Powell
et al., 1990; Gutierrez, 1992; Padgett et al., 2000; Glenn et al., 2001). If only low-quality
water is available, irrigation can contribute to soil salinity (Ries et al., 1988). Irrigation
can stimulate weed germination and establishment, which dominate many disturbed sites
(Allen, 1982; Young, 1991; Gutierrez, 1992; Schillinger and Young, 2000; Banerjee et
al., 2006).
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Water is also an important factor in survival of transplants. Transplanting may
not be worth the additional expense compared to direct seeding due to mortality of
transplants over time if supplemental irrigation is not available and natural precipitation
is unpredictable. Regular irrigation of transplanted shrubs significantly increases plant
survival. Drip-irrigated, transplanted Atriplex canescens, A. polycarpa and A. lentiformis
shrubs had high survival and growth rates over three years at Redhawk (Gerhart, 2005).
Transplanted A. canescens shrubs were successfully established under drip-irrigation at a
former uranium mill near Tuba City, Arizona (Glenn et al., 2001). After one growing
season, all transplanted Prosopis glandulosa plants survived with weekly irrigation
compared to less than 40% survival of plants that only received eight supplemental water
additions during the first dry season (Grantz et al., 1998b).
Water concentrating techniques, such as microcatchments and contour furrows,
may provide extra moisture necessary for seed germination and survival (Eldridge et al.,
2002; Gerhart, 2005). Recontouring the landscape to restore natural drainage patterns
and maximize the amount of water that stays on-site may also provide necessary water
for long-term, sustainable revegetation.
Weeds – Salsola iberica, Brassica negra, and Schissmus spp.
Salsola iberica (tumbleweed) is an opportunistic species that does not compete
well with established vegetation (Young et al., 2001). However, it appears to be able to
out-compete native species after disturbances or periods of stress (Allen, 1982;
Schillinger and Young, 2000). Allen (1982) and McKell (1986) indicate that S. iberica
out-competes native plants when there is a limiting resource, such as water. Khan et al.
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(2002) found that S. iberica has a higher germination rate at higher temperatures (2535ºC versus 5-15ºC) and can germinate under saline conditions (Reimann and Breckle,
1995). S. iberica can strongly influence the land once it has been established. Brassica
nigra (black mustard) is able to form self-perpetuating, relatively pure stands through its
ability to rapidly colonize bare ground and inhibit the germination of other species
through chemicals released into the soil (Weston and Duke, 2003). Schissmus spp.
(Mediterranean grass) is also an opportunistic species; for example, it dominates over
native seeds when there is excess nitrogen or moisture in the soil (Brooks, 2003).
Manually thinning its population increased the establishment of native species at a site in
a Mojave Desert (Brooks, 2000).
Both S. iberica (Lodhi, 1979) and B. negra (Tawaha and Turk, 2003; Weston and
Duke, 2003) are known to be allelopathic (releasing chemicals that inhibit germination of
other species). On the other hand, Schissmus spp. outcompetes the native seedlings for
soil moisture and other nutrients by rapidly forming a complete vegetation cover over the
soil (Brooks, 2000; Brooks, 2003).
Weed management by burning, disking, or pesticide application reduces
competition for resources, and may increase native revegetation success. Hand
removing weeds disturbs the soil surface and may facilitate invasion or reemergence of
weedy species, especially if the seedbank is dominated by weedy species (Banerjee et al.,
2006).
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Herbivory protection
Protecting plants from herbivory increases plant survival. Plastic cones placed
around seedlings protect them from herbivory and may improve the microenvironment
for the seedlings (Grantz et al., 1998b). However once the cones are removed, seedlings
are no longer protected and may suffer unpredictable losses (Grantz et al., 1998b).
Cylindrical, stucco wire cages protect plants from herbivory also, but do not alter the
microclimate; so depending on climatic conditions, plant survival may not be as great as
with plastic cones (Grantz et al., 1998b). Fencing off a revegetation site is another
method of protection from herbivory (Anderson and Ostler, 2002). None of these
methods protect plants from ants, which may be a source of seed loss prior to
germination. Adjusting the seeding rate based on knowledge of the rate of seed loss from
herbivory may increase revegetation success (Lovich and Bainbridge, 1999; Anderson
and Ostler, 2002).
Other factors
The restoration site area and budget influence the techniques employed. Larger
areas, such as abandoned farmland, present additional revegetation challenges such as
increased distance from a seed source. More intensive techniques (e.g. fencing off area
to limit disturbance from animals or herbivory or applying large amounts of various
amendments) may not be possible because they are cost prohibitive for large tracts of
land. Longer-term monitoring is necessary to determine if the revegetation techniques
produced sustainable vegetation cover; results are often published after only one to three
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growing seasons. Testing revegetation methods on small test plots should occur prior to
implementation on a large-scale.

Copper mining in the United States and Arizona
Copper mining in the United States is a major industry. The United States is the
second largest copper producer in the world, generating 1.2 million metric tonnes with an
estimated value of more than $8.46 billion in 2006 (Mining review, 2008). The copper
industry is primarily located in the arid west, with Arizona accounting for nearly 61% of
the domestic copper production in 2005 (USEPA, 2008b). In 2007 Arizona lead the U.S.
in copper production with 11 mines producing 750,000 tonnes of copper, worth $5.54
billion (Mining review, 2008). Copper and its alloys are vital to modern life; they are
used in electrical distribution and generation, electronic components, computers,
refrigerators, plumbing, door knobs, keys, and coins. Copper mining is beneficial to the
economy; however it can be detrimental to the environment and human health by creating
acres of barren land and producing tons of waste, which can contaminate water and soil
(Lottermoser, 2003).
Mining laws
Hard rock mining law is lax on mine waste containment procedures and
reclamation plan development following mine closure. Most mining waste management
is covered under the Resource Conservation and Recovery Act (RCRA) (e.g. for coal,
crude oil, fossil fuel); however waste from copper and other hard rock mining is
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exempted from the stringent regulations by the Mining Waste Exclusion from federal
hazardous waste regulations under the Subtitle C of RCRA. Federal law does not
regulate hard rock mining reclamation; it is determined by the state. Therefore, there are
no federal standards for hard rock waste management.
In Arizona, mined land reclamation is governed under Title 27, Article 5:
Minerals, oils, and gas – mined land reclamation. A reclamation plan is required if more
than five acres of land are affected and must state the post-mining land use, acreage
affected, and proposed reclamation measures necessary to achieve the post-mining land
use. Revegetation is required depending on the post-mining land use objective, e.g.
grazing, wildlife habitat, or forestry. The type, density, and diversity of vegetation
depend on what is “technically and economically practicable given site-specific
characteristics such as climate and the availability and quality of soil.” The Arizona State
Mining Inspector also requires submission of an aquifer protection permit (APP)
application under Title 49, Chapter 2, Article 3. The APP is designed to protect the
groundwater aquifers of Arizona. The permit indicates that if surface disturbance is five
contiguous acres or less, no reclamation plan is required. If disturbance is greater than
five acres, reclamation must be initiated within two years after cessation of mining
activity.
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Problems associated with copper mining and mine tailings
Waste generation and composition
The metal mining industry was the largest producer of toxic waste in 2006 (1.22
billion pounds) and accounted for 29% of all the waste produced by the United States
(USEPA, 2008b). Copper mining wastes constitute the largest quantity of metal mining
and processing wastes generated in the United States. The amount of marketable copper
produced is small compared to the original material mined. Copper concentration in ores
ranges from 0.5 to 1.0 percent, with ores containing 0.3 percent or less typically rejected
as waste rock (USEPA, 2008b). Several hundred metric tons of ore must be handled for
each metric ton of copper metal produced, so large quantities of waste are generated.
Metal mining waste piles cover areas ranging from less than 1 hectare to more than 2,000
hectares, with an average area of about 50 hectares at major mine sites (USEPA, 2008c).
Therefore, it is important to develop cost-effective means to contain the waste and
revegetate the large tracts of land affected by mining.
Mine tailings are the waste component of the ore after it is processed for metal
extraction. Tailings are mostly barren crushed and ground rock, ranging in size from
coarse sand to clay-sized particles. They lack nutrients and contain almost no organic
matter (Ye et al., 2002). The composition of the tailings depends on the ore material and
process of metal extraction used on the ore. Certain extraction processes, like heap
leaching, may result in chemicals used to leach the metal to remain in the material after
leaching is completed. These chemicals may continue to leach into the environment
while the tailings are in the disposal piles.
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Environmental effects
The primary concerns with mine tailing piles are: loss of aesthetic value to the
landscape, surface and ground water contamination, and aerosolization of mine tailings
from wind. Most tailings disposal sites are devoid of vegetation because tailings are
nutrient-poor, have no soil structure, and often contain toxic materials (metals, salts, and/
or acid). Natural revegetation in arid and semiarid environments is further hindered by
the climate and increased salinity in the tailings (Munshower, 1993). They remain
devoid of vegetation for decades or longer if no reclamation efforts are made to contain
the toxic elements and input the necessary components for plant growth and nutrient
cycling (e.g. seeds, nutrients, microorganisms, etc.).
Oxygen reacts with pyrite in the mine tailings to produce sulfuric acid; water that
infiltrates into the tailings can then pollute groundwater, by carrying acid, metals, or other
waste materials as it percolates through the waste and into the aquifer e.g. acid mine
drainage (AMD). Surface water and land may also be polluted from runoff that picks up
soluble contaminants and carries them off the tailings piles. AMD, also known as acid
rock drainage (ARD), and its associated contaminants has been described as the largest
environmental problem facing the United States mining industry (Ferguson and Erickson,
1988; USDA Forest Service, 1993; Lappako, 1994). Acid is generated at mine sites
when metal sulfide minerals are oxidized. Metal sulfide minerals are present in the host
rock associated with most types of metal mining activity. In the western United States,
the Forest Service estimated that between 20,000 and 50,000 mines were generating acid,
which impacted between 8,000 and 16,000 kilometers of streams on Forest Service lands
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in 1993 (USDA Forest Service, 1993). In addition to the acid contribution to surface
waters, AMD may cause metals such as arsenic, cadmium, copper, silver, and zinc to
leach from mine wastes, which cause environmental damage (USDA Forest Service,
1993). Another problem associated with mine tailing piles is the aerosolization of the
finer fraction of tailings, which can then blow into communities surrounding mine tailing
sites, especially in arid environments (Schwegler, 2006).
Human health effects
The most common mine tailing contaminants are arsenic, cadmium, lead, and zinc
and can cause various health effects. Arsenic is known to cause cancer in humans; it is
strongly associated with lung and skin cancers and may cause other cancers in organs
such as the bladder, kidneys, and liver. Because arsenic targets a number of metabolic
processes, it affects nearly all organ systems, causing renal failure, gastrointestinal
disorders, and internal bleeding from acute poisoning; irritation of the lining of the nose,
throat and lungs from inhaling large doses; and nervous system disorders, bone marrow
depression, pigment changes of the skin on the hands and feet, and liver cell necrosis
from chronic long-term exposure (ATSDR, 2009).
Inhalation of high levels of cadmium severely damages the lungs and can cause
death. Ingestion of very high levels severely irritates the stomach, leading to vomiting
and diarrhea. Long-term exposure to lower levels of cadmium in air, food, or water leads
to a buildup of cadmium in the kidneys and possible kidney disease (ATSDR, 2009).
Lead exposure can cause anemia, delays in normal physical and mental
development in babies and young children, slight deficits in the attention span, hearing,
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and learning abilities of children, and slight increases in the blood pressure of some
adults in the short-term. Long-term effects can include stroke and kidney disease and
cancer (ATSDR, 2009).
Finally, zinc is a necessary micronutrient in the human diet; however ingestion of
too much zinc can result in several systemic effects. Inhalation causes a temporary
“metal fume fever”, a metallic taste in the mouth accompanied by dryness and irritation
of the throat followed by flu-like symptoms. Assessment of the carcinogenic potential of
zinc in humans is not possible because there is not adequate information (ATSDR, 2009).
Cover systems
Objectives of a cover system
The principal objectives of a cover system are to control the ingress of oxygen to
the underlying reactive mine waste, to minimize infiltration of precipitation into the
waste to control potential leaching of contaminants from the waste, and to isolate the
waste to prevent direct contact at the surface and to control movement of the waste by
wind or water (Hauser et al., 2005). Covers are constructed from natural or man-made
materials that retard or divert the movement of water and oxygen into areas containing
acid-producing rock. Additional objectives include: erosion control, oxygen
consumption (e.g. organic cover materials, which use oxygen to prevent it from reacting
with pyrite and producing sulfuric acid), reaction inhibition (e.g. incorporation of
limestone at the surface to control the rate of acid generation), control of upward
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capillary movement of process water constituents and oxidation products (e.g. capillary
barrier), and to provide a growth medium for revegetation (O'Kane et al., 2000).
Types of cover systems
Many types of covers exist (e.g. clay covers, water covers, organic covers, and
soil covers). Different types are suited to different climates, waste materials, and
reclamation project goals (e.g. post-mining land use, waste containment, etc.). Clay
covers, which rely on a compacted clay layer with a low saturated conductivity to limit
infiltration of water into the underlying waste, tend to dry and crack in arid environments
leading to failure (Suter II, 1993; Aubertin et al., 1997). Geomembrane or plastic barriers
are also prone to leak (Laine and Darilek, 1993; Board and Laine, 1995; Crozier and
Walker, 1995) and not cost-effective in covering large volumes of waste (Skousen et al.,
1998). However, the method may be appropriate in settings where isolation of small
areas of acid-producing material is possible. In a water cover, the mine waste is
submerged under water, typically by flooding the tailings impoundment or relocating the
tailings or waste rock to a storage basin (such as an open pit). The water cover
significantly reduces the potential for air to move into the tailings, which provides
protection against oxidation of the mine waste (e.g. Dave and Vivyurka, 1994). In humid
environments, it is often referred to as the “cover system of choice” (MEND, 2001), but
in arid environments, they can dry out. Problems with physical stability of the storage
facility (many tailings dams were not designed to be flooded), seepage, water quality, and
land use issues can occur as well.
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Evapotranspiration (ET) soil covers, also called moisture “store-and-release”
covers, are an effective restoration technique for reclaiming acidic hard rock mine
tailings in semi-arid or arid environments. ET covers use a water balance system to
minimize infiltration of water into waste piles, by acting like a sponge to store water until
it evaporates or is transpired by plants. Plants grown on the ET cover prevent water
erosion and control blowing dust that could adversely impact human health and the
environment. A properly designed cover can absorb and store all the incoming
precipitation until it is consumed by ET as well as support a plant community through
periods of drought. ET covers can substantially reduce water flow through piles
(Skousen et al., 1998). They also tend to improve with time as the vegetation on the
cover becomes established and require minimal maintenance, as opposed to clay or
plastic covers that tend to degrade over time (Suter II, 1993; Board and Laine, 1995;
Crozier and Walker, 1995, Albright and Benson, 2002). The principal objective of this
type of an evapotranspiration soil cover is to control acidic drainage by preventing
moisture movement into and through the waste material.
The review focuses on evapotranspiration (ET) soil covers used to reclaim acidic
hard rock mine waste in arid or semi-arid environments, because type of waste material
and climate determine reclamation techniques employed. In arid and semi-arid climates,
ET cover systems are the most efficient method to reduce acid drainage (Junqueira et al.,
2006) and have been adopted as best practice for some parts of Australia (Wilson et al.,
2003). ET covers can successfully revegetate waste piles in arid and semi-arid regions
less expensively than standard resistive barriers (such as clay covers), and potentially for
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a longer time (Stormont and Morris, 1998; USEPA, 2003; Zornberg et al., 2003).
Reclamation of acidic mine tailings pose a special problem because of their phytotoxic
nature. More success has been achieved revegetating circum-neutral tailings by adding
soil amendments, seeding, and sometimes soil cover material as well.
Evapotranspiration cover designs
The performance of ET covers is strongly associated with the presence of
vegetation, the properties of the material(s) used to construct the cover, and the thickness
of the cover (Durham et al., 2000; Williams et al., 2003). An effective ET cover should
retain sufficient moisture to maintain plant growth, and yet preclude infiltration into the
mine tailings or upward migration of metals to levels of concern. Numerous ET cover
designs exist. Determining the parameters (depth and type of soil(s), soil amendments,
type of vegetation) of a successful ET cover is vital before construction of a full-scale
cover on site or the cover may fail to contain the waste and/ or revegetate the site. A
review of 177 case studies in 2003 found that the majority of full scale covers were
constructed without any pilot scale testing or calibration monitoring at all (Rykaart et al.,
2006). They emphasized the importance of constructing test covers in order to assure
success of the cover. Long-term field performance monitoring is also important because
cover systems respond differently in moisture storage and net percolation during different
climate regimes and variations occur in climate from year to year (Milczarek et al., 2003;
O’Kane and Waters, 2003).
Covers can be simple or complex, ranging from a single layer of earthen material
to several layers of different material types, including native soils, non-reactive tailings
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and/ or waste rock, geosynthetic materials, and oxygen consuming organic materials
(MEND, 2004). The cost to haul cover material is often the greatest expense of building
an ET cover; therefore, cover material is usually limited to that which is locally available.
The ideal cover material is topsoil, because it usually contains nutrients and
microorganisms necessary for establishing and maintaining a plant community. It may
also contain seeds to help establish vegetation on the cover. Since topsoil may not be
available, the cover material may be amended to aid in plant establishment and growth.
In arid and semi-arid environments, a single soil layer designed to store water and
support vegetation may be sufficient to limit net percolation through the cover to
acceptable levels (Stormont and Morris, 1998). Thicker covers made of finer materials
are less dependent on good vegetation cover to perform (Junqueira et al., 2006).
However, it is still necessary to establish vegetation for good, long-term cover
performance.
A compacted layer or a capillary barrier may enhance the performance of an ET
cover. A compacted layer placed between the waste material and overlying cover soil
provides a moisture barrier between the waste and moisture-retaining soil to “delay” the
downward percolation of infiltrating moisture and enhance the overall performance of the
cover system (Christensen and O'Kane, 2003). Historically a compacted layer was made
of clay, although more recently, it is constructed using any available material (e.g. native
soil, non-reactive tailings, overburden material) that can be compacted (e.g. driving a
heavy vehicle over it) to reduce the hydraulic conductivity of the layer (Christensen and
O'Kane, 2003).
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Many successful ET covers have been constructed, but failures have occurred as
well. Anderson (1997) summarized several covers in arid and semi-arid areas that
performed poorly and found that typically they failed because of insufficient soil depth to
store precipitation and support vegetation. After analyzing sites in Texas and New
Mexico, Scanlon, et al. (2005) recommended that a 1 m thick ET cover is adequate to
minimize drainage in arid and semiarid regions.
A three-layer ET cover consisting of a clay moisture barrier at least 150 mm
thick, a moisture retention zone at least 150 mm thick made of sandy clay loam, and an
erosion resistant zone on top made of gravelly sand, was constructed in 1977 to remediate
metal mine tailings in a semi-arid climate at Lake George Mine in Captain Flats in
Australia (Dobos and Brisebois, 2003). The Monlonglo River was being contaminated
by the mine. Almost 15 ha, and 2.5 Mt of tailings were covered. More than 20 years
after construction, the cover was working effectively. It halted all erosion of sulfidic
mine waste from the dumps and reduced flow of acid leachate.
The Kidston Gold Mine located in Queensland, Australia has a two-layer ET
cover: 0.5 m thick compacted layer of clayey oxide waste rock, overlain by rocky oxide
waste rock to provide a minimum thickness of 1.5 m (Williams et al., 2006). The mine is
located in a semi-arid climate with mean annual precipitation of 700 mm, but can range
from a low of 400 mm to a high of 1500 mm and a mean pan evaporation of 2800 mm.
Over ten years of monitoring, the maximum recorded infiltration through the ET cover
was 1.1% of incident precipitation and the average infiltration was less than 0.25% of
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incident precipitation, although most of these years experienced below average annual
rainfall.
Barrick Goldstrike Mines Inc. located in Elko, Nevada designed an ET cover
system consisting of 1.2 m of fine grained soil cover derived from salvaged topsoil
materials or Tertiary-aged valley fill deposits of the Carlin formation (Myers et al., 2003).
Within 2 years, there was over 30% vegetation cover. Water content and suction
measurements between 2001 and 2005 indicated that the topsoil cover system was more
effective than fill material at intercepting and subsequently evaporating infiltration. The
water content monitoring results indicated that between 100 to 215 mm of infiltrated
water can be seasonally stored in the cover system and then removed by vegetation. By
the end of the summer, a strong upward gradient existed throughout the profile
suggesting that water withdrawal occurs to depths of 2 m or more, which extends into the
mine tailings. Consequently, the cover system virtually eliminated deep percolation.
An ET cover system field trial in Arizona examined four cover designs consisting
of two different cover depths and two different vegetation densities (Milczarek, et al.,
2003). They found very low rates of deep percolation. Prior to an abnormally dry
period, the deeper, more densely vegetated cover reduced the amount of deep percolation.
During the abnormally dry period, little difference in the soil moisture regime was
observed between cover depths and vegetation densities. After the dry period, observed
wetting and predicted deep percolation in the dense vegetation test plots was slightly
greater than in the sparse vegetation test plots, indicating that the ET cover system
performance is dynamic.
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Junquiera, et al. (2006) investigated a 1.8 m ET cover over 125 ha of gold mine
tailings in Whitehall, MT where annual precipitation is 243 mm and annual pan
evaporation is 1048 mm. The tailings were covered with a 1 m thick layer of oxidized
waste rock, overlain with 60 cm of cover soil, and topped with 20 cm of local soil.
Numerical modeling of three years of data showed no infiltration occurred into the mine
tailings. The simulations indicated that the presence of vegetation is extremely important
to ensure good performance of the ET cover.
Vegetation
Vegetation is a vital part of an effective ET soil cover (Wels et al., 2001; O'Kane
and Waters, 2003); its presence, the choice of vegetation (trees, shrubs, or grasses), and
its sustainability for adequate long-term performance (Williams et al., 2006). Planting
native grasses and shrubs is recommended (Taylor et al., 2003) since they are adapted to
the local climate. At Rum Jungle (Taylor et al., 2003), analysis of the cover 18 years
after construction found that roots penetrated the waste rock and were found up to 0.5 m
in waste rock. Deep rooting shrubs and trees should not be planted to avoid penetration
into the waste below the cover.
O’Kane and Waters (2003) investigated the performance of bare surface (no
vegetation) ET cover system field trials at the Mt. Whaleback site in Western Australia
where mean annual precipitation is 320 mm and annual pan evaporation averages 3000
m. The covers were designed based on 30-year maximum annual rainfall data for bare
surface conditions. They compared two cover designs, one 2 m thick, the other 4 m
thick, made of oxidized mine material, and monitored them for five years. Percolation
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occurred because actual rainfall significantly exceeded the maximum annual rainfall (500
mm) years two and three (870 mm and 1160 mm, respectively). No net percolation
occurred during the first year with the 2-m cover and no percolation occurred in any year
with the 4 m cover. However, a 4 m cover is not economically feasible or practical at
many mine sites, depending on the area of the cover needed and the amount of cover
material available. They concluded that vegetated covers would most likely significantly
improve the long-term performance of the cover system for all climate conditions by
removing deeper infiltration.
Wels, et al. (2002) also found vegetation to be vital to ET cover system
performance designed in semi-arid Questa, New Mexico for non-acid generating
molybdenum tailings. Net infiltration was lowest (6% of total precipitation) under the 28
cm vegetated cover, compared to the 23 cm and 60 cm non-vegetated covers.
Capillary barrier
A capillary barrier (CB) can reduce infiltration (Wing and Gee, 1994; Dwyer,
2001; Hauser et al., 2001; Albright et al., 2003), by maximizing the water storage of the
soil placed above the CB (Stormont, 1997). A CB is a coarser-textured soil or gravel
layer placed under a finer-textured layer of soil. The matric potential in the upper (finer)
layer is greater than the matric potential in the lower (coarser) layer such that, in theory,
water will not pass through the CB until the upper layer is saturated with water.
Breakthrough occurs when water infiltrates into the capillary barrier. A CB also may
reduce the upward movement of metals, salts, and trace elements into the cover material
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(Sydnor and Redente, 2000). However, CBs are an additional expense whose efficacy
has not been fully evaluated.
In a study comparing a capillary barrier system to a monolayer soil design, Porro
(2001) initially wetted both systems until breakthrough occurred. He then monitored
amounts and rates of drainage, as well as recovery and drainage amounts under natural
conditions the following year. He found that drainage from the capillary barrier slowed
more quickly than the monolayer soil design. Also, drainage from the capillary barrier
continued longer, but yielded less total drainage. The following year, the capillary barrier
produced no drainage, but the monolayer soil system did. Because capillary barrier
systems are capable of storing more water, there is a higher potential for water to be
returned to the atmosphere due to evaporation and transpiration. This means that overall
less water is stored in the soil, which allows more room for high precipitation events,
such as snow thaw and/or flooding (Nyhan et al., 1990; Stormont, 1997; Porro, 2001).
Similar cycles of breakthrough and restoration of capillary barriers have been shown by
Stormont and Anderson (1999).
Other studies have determined the effects of different soil types used for the fineand coarse-grained layers. The soil texture of the fine-grained layer greatly affects the
water storage capacity of a capillary barrier. Silty sand will store a considerable amount
more than coarser concrete sand when both are placed over a pea gravel capillary barrier
(Stormont, 1997). The additional amount of water a soil will hold depends upon the
water entry suction of the coarse-grained layer. Since water enters the smallest pores of a
network first, a coarse-grained capillary barrier like pea gravel will have a higher
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resistance for breakthrough than a less coarse capillary barrier like concrete sand
(Stormont, 1997). Additionally, water storage can be further increased when lateral
drainage can occur between the fine-grained soil and the capillary barrier, such as on the
sloping sides of landfill covers (Stormont, 1997; Bussiere et al., 2003).
Amendments - Biosolids
The ideal cover material is topsoil, since topsoil may not be available, the cover
material may be amended to aid in plant establishment and growth. Biosolids are defined
by the U.S. Environmental Protection Agency (EPA) in the “Part 503 Sludge Rule” as
“the primarily organic solid product yielded by municipal wastewater treatment processes
that can be beneficially recycled” (USEPA, 1993). Recycling biosolids onto land
improves plant growth by providing essential nutrients for plants and microorganisms;
improves soil quality by increasing water-holding capacity, soil aeration, and organic
matter content; and may reduce metal toxicity by forming stable complexes with metals
and maintaining them in non-mobile forms thereby reducing plant-available metals
(Bengson, 1995; Pietz et al., 1989; USEPA, 1999).
The Part 503 Rule (USEPA, 1994) divides biosolids into two classes, Class A and
Class B, based on pathogen content (See Table 1). Class A biosolids, which are treated
more stringently than Class B biosolids, contain very low or nondetectable levels of
pathogens (e.g. Salmonella sp., enteric viruses, viable helminth ova). Class B biosolids
may contain detectable levels of pathogens, but they have been treated to reduce
pathogen levels so they do not pose a threat to public health and the environment
provided actions are taken to prevent exposure to the biosolids after their use or disposal.

49

As a result, Class B biosolids can not be sold to the public and site restrictions are placed
on land application to prevent human exposure (e.g. crop harvesting, animal grazing, or
public access) until environmental factors such as heat, sunlight, or desiccation have
further reduced the number of pathogens. Class A biosolids, on the other hand, can be
used without any restrictions and can be bagged and sold to the public.
The pathogen reduction requirements can be met either by using technologies
specified by the U.S. Environmental Protection Agency (USEPA, 1994) to treat the
biosolids or by showing that the quality of the biosolids meets certain requirements
(shown in Table 1). There are six alternatives for meeting Class A pathogen
requirements: thermal treatment, high pH-high temperature treatment, any treatment that
demonstrates a reduction of enteric viruses and viable helminth ova, demonstration that
the biosolids contain less than the specified levels of pathogens or pathogen indicators at
time of application or disposal, treatment in one of the Processes to Further Reduce
Pathogens (PFRP), or treatment equivalent to one of the PFRPs, as determined by a
permitting authority. PFRPs include: composting, heat drying, heat treatment,
thermophilic aerobic digestion, beta ray irradiation, gamma ray irradiation, and
pasteurization. The USEPA specifies protocols for each treatment option. The three
options for meeting Class B biosolids are: demonstration that the biosolids contain less
than the specified number of indicator organisms, treatment in one of the Processes to
Significantly Reduce Pathogens (PSRP), or treatment in a process equivalent to a PSRP.
PSRPs include aerobic digestion, air drying, anaerobic digestion, composting, and lime
stabilization. The USEPA also specifies protocols for each treatment.

50

The USEPA also requires a reduction in vector attraction. Vectors such as
insects, rodents, and birds, can transmit pathogens to humans and other hosts. Reducing
the attractiveness of biosolids to vectors reduces the potential for transmitting diseases
from pathogens in biosolids. Treatments include reducing the volatile solid content,
treating with a PSRP for a longer time, drying the biosolids, incorporating the biosolids
into soil after land application, covering biosolids with soil after land application or
disposal, and treat with alkali.
Biosolids used for mine reclamation is a long-standing practice, with many sites
successfully restored for 25 years or more (Sopper, 1993; Haering et al., 2000; Jenness,
2001; Pond et al., 2005). The ability of biosolids to increase soil water holding capacity
and tilth has been demonstrated by Sopper (1993). However, care must be used in the
type of biosolids used and application rate to avoid negatively impacting area water
quality. Applying large amounts of low carbon to nitrogen ratio biosolids could cause
nutrient leaching into the water (Stehouwer et al., 2006). Biosolids also may contain
small amounts of undesirable substances, such as heavy metals, estrogenic compounds,
industrial compounds, and nitrate (Cravotta, 1998; USEPA, 1999). However, these
substances have not been shown to affect human health or the environment at the levels
that are allowed to be land applied.
Metal migration and translocation
Little research exists on metal and acid migration into cover material. Based on
early studies, translocation of chemical constituents upward from mine tailings into
overlying cover soils in mine reclamation may occur (Sandoval and Gould, 1978; Merrill
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et al., 1983; Dollhopf et al., 1985). The primary concern is that chemical changes in the
soil cover, associated with the upward migration of constituents, will reduce the cover’s
ability to support plant growth, which in the worst-case scenario, eventually renders the
soil cover unsuitable for plant growth leading to a cycle of erosion and eventual cover
failure.
Upward migration of soluble constituents is a concern in situations where a water
table occurs near the soil surface (Dollhopf, 2001). Soil salinization, which results from
capillary rise of water and evapoconcentration of salts in the upper soil profile, has long
been recognized as a problem in irrigated situations where drainage is inadequate
(Israelsen, 1950). Soil salinization does not typically occur when the water table is at
least 1 to 2 m below the ground surface. Upward movement of salts is not considered to
be an important soil developmental mechanism in well-drained soils where leaching is
the predominant process (Buol et al., 1980).
Most studies that examined the upward migration of constituents from tailings
into soil covers concluded that upward migration occurs, but is limited to a small zone (a
few centimeters) at the interface of the tailings and soil cover (e.g. Chammas et al., 1999;
Dollhopf, 2001; Munk, 2006). Also, little evidence for upward redistribution of
constituents of sufficient magnitude to disrupt biological processes exists. The
mechanisms leading to acidification of the soil near the interface are difficult to
determine with certainty, but they include physical mixing of tailings during construction
and/or a component of upward migration (Dollhopf, 2001; Munk, 2006). However at
Rum Jungle, researchers determined that capillary rise of trace elements from the waste
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rock into the cover occurred, which acidified the cover material and caused it to fail in
places (Menzies and Mulligan, 2000; Taylor et al., 2003).
Conclusion and future research needs
Restoration of disturbed desert ecosystems is possible, but rarely guaranteed.
Seeding and transplanting are common revegetation techniques since natural
reestablishment of native vegetation is typically very slow (decades or longer).
Depending on the site conditions and goals, different revegetation techniques should be
used. Direct seeding is cheaper, but less reliable than transplanting. If direct seeding is
used, minimizing soil disturbance will reduce invasion of weedy species. Continuous
irrigation usually facilitates invasion of weeds, but irrigation during seeding, increases
seed germination. Since timing and amount of available water are essential for
revegetation success, future research should focus on learning the soil moisture
requirements for seed germination and seedling survival and defining the time and length
those levels need to be maintained.
On high-priority sites or smaller sites, more intensive and therefore expensive,
revegetation techniques may be warranted, such as applying polyacrylamide gel or mulch
to increase soil water content, increasing seeding rate, and protecting plants from
herbivory. These treatments do not guarantee plant establishment, but increase
probability of success. Transplanting with regular irrigation has successfully revegetated
numerous sites, but it is also expensive and therefore may not be possible on all sites,
particularly large ones. If irrigation is not available, the added cost of transplanting may
not be warranted since rainfall is unpredictable in desert ecosystems.
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Evapotranspiration covers are a proven effective tool to reclaim mine tailings in
arid and semi-arid environments, although research is necessary to determine the best
design for each site. The effectiveness of capillary barriers needs to be studied,
especially over the long-term. Research on transpiration rates and rooting characteristics
of native grasses and shrubs is required to ensure that accurate predictions of long-term
performance can be developed for evapotranspiration cover systems. Also movement of
water from tailings piles into covers needs to be analyzed in more depth. Because water
seeps into the tailings pile, does not mean that deep percolation will occur. Current
research is inconclusive as to whether water moving from the mine tailings into the cover
causes extensive contamination of cover material, some studies show that only a thin
layer of material at the interface of the cover and tailings is affected, others show a
greater area is impacted.
The key to long-term successful desert restoration is a well-planned design that
improves the environment for vegetation, which depending on site conditions and goals
may include increasing the water-holding capacity of the soil, reducing soil compaction,
restoring the seedbank and microbial community, creating microenvironments that foster
seed germination and seedling establishment, reducing herbivory, adding organic matter
and nutrients, and containing phytotoxic material. Testing different restoration
techniques on small plots may help develop a successful plan for the whole site. Finally,
patience is essential, because typically desert revegetation, like earning a Ph.D. is a long,
slow, and often unpredictable process.
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Table 1. Part 503 Pathogen desnsity limits taken from Pepper and Gerba (2006)
Pathogen or Indicator

Standard Density Limits (Dry wt.)
Class A biosolids

Salmonella

<3 MPN/ 4 gram total solids or

Fecal coliforms

<1000 MPN/ gram and

Enteric viruses

<1 PFU/ 4 gram total solids and

Viable helminth ova

<1/ 4 gram total solids
Class B biosolids

Fecal coliform density

<2,000,000 MPN/ gram total solids
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CHAPTER 2
PRESENT STUDY
The methods, results, and conclusions of this study are presented in the papers
appended to this dissertation. The following is a summary of the most important findings
in this document.
The objective of the first study in this dissertation (Appendix A) was to evaluate
different soil preparations (chiseling and imprinting), amendments (mulching and
phosphorus fertilization), irrigation, and weeding of Salsola iberica in order to revegetate
abandoned desert farmland through direct seeding. Native seeds germinated poorly and
exotic weeds dominated on all plots. None of the soil preparations or amendments had a
significant effect on germination or canopy cover. Irrigation increased plant cover on
plots, but weeds dominated the cover (<4% native species, up to 50% weeds). A
seedbank study conducted in a greenhouse at the end of the second growing season found
undisturbed soil contained relatively few weed seeds and more native plant seeds than the
disturbed agricultural soil samples, which had few viable seeds and were dominated by
weeds. The results illustrate the difficulty of establishing native plants on abandoned
desert farmland due to the dominance of weedy species, the presence of salts in the soil,
and the lack of adequate soil moisture in the treatments without supplemental irrigation.
The objective of the second study (Appendix B) was to evaluate the efficacy of
six evapotranspiration (ET) cover designs to reclaim acidic copper mine tailings. ET
covers were placed over mine tailings in lysimeters and their efficacy was tested in
preventing downward movement of water and upward movement of metals over two
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years in outdoor conditions in a semiarid environment. Infiltration of water into the
tailings occurred in all treatments but was significantly (P < 0.05) lower in vegetated
covers than non-vegetated covers. A mix of transplanted shrubs and seeded grasses and
forbs provided cover over most of the year whereas single-species shrub covers left the
soil bare for part of the year. Some copper migration occurred from the mine tailings into
the ET covers in all treatments. Placing a gravel capillary barrier between the tailings
and soil cover did not significantly (P > 0.05) reduce upward migration of copper into the
soil cover or infiltration of water into the mine tailings. Vegetated ET caps can help
control the water balance over mine tailings, but these designs cannot completely prevent
the movement of water and metals in this environment.
The objective of the third study (Appendix C) was to evaluate the bacterial
community in circum-neutral mine tailings recently amended with biosolids. A mine
tailing plot at a copper mine located near Tucson, Arizona was designated for this study.
Class B biosolids were spread on the surface of circum-neutral copper mine tailings at a
rate of 270 tonnes/ha and ripped into the top 15 to 20 cm of the tailings. Surface samples
of mine tailings (MT), biosolid-amended mine tailings (BSMT), and control soil (DST),
were collected 2 weeks after biosolids were applied and evaluated for bacterial numbers
and diversity. The unamended mine tailings were circum-neutral, loamy sand in texture,
and contained very low amounts of organic matter. In contrast, the dried biosolids
(which also contained some soil material) contained very high amounts of organic matter
and nitrogen. The control site, located adjacent to the mine tailing plot, was vegetated
with natural desert plants. Heterotrophic plate counts (HPC) of the BSMT increased by 5
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orders of magnitude to 108 CFU per gram. HPC and total bacterial counts had no
significant differences between BSMT and BS. Since the concentration of biosolids was
diluted upon introduction into tailings, this indicates bacterial growth within amended
tailings. Community DNA was extracted from BSMT and DST samples and clone
libraries were created and compared. The BSMT were less diverse than the DST but
more diverse than values reported in the literature for pure tailings. In the BSMT, some
bacteria were identified that are found in biosolids, while others were known soil borne
bacteria, indicating that these species were introduced from neighboring soils. This study
shows that 2 weeks after biosolids application, biosolid-amended tailings support a large
diverse population of bacteria of biosolid and soil borne origin.
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Abstract
Direct seeding methods to revegetate abandoned farmland were tested at a desert
site west of Phoenix, Arizona. Native seeds were broadcast onto plots prepared by
mulching, imprinting, chiseling, and fertilizing with phosphorous in a split-plot design.
Each main plot was split into subplots that were not irrigated, irrigated with saline (3.25
dS/m) well water, or irrigated and hand weeded of Salsola iberica. Native seeds
germinated poorly on all treatments, and three annual exotic weeds (Brassica nigra, S.
iberica, and Schismus spp.) dominated the plots. None of the main plot treatments
(mulching, imprinting, chiseling, or fertilizing) had a significant effect on seed
germination or canopy cover. Irrigation increased plant cover on plots, but weeds
dominated the cover (<4% native species, up to 50% weeds). Near the end of the second
growing season a seed bank study was conducted in the greenhouse. Undisturbed desert
soil had relatively few weed seeds and more native plant seeds than the disturbed
agricultural soil samples, which had few viable native seeds and were dominated by
Schismus spp., B. nigra, and S. iberica. The results illustrate the difficulty of establishing
native plants on abandoned desert farmland due to the dominance of weedy species, the
presence of salts in the soil, and the lack of
adequate soil moisture in the treatments without supplemental irrigation.
Introduction

Disturbed land in the southwestern United States is the source of numerous
environmental and ecological problems due to their saline soils and susceptibility to
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flooding and erosion (Allen 1988, 1995; Roundy et al. 2001). For example, wind erosion
can produce large-scale dust storms that degrade air quality and cause traffic accidents,
whereas floods can cut deep gullies in the landscape. Sealed and compacted soil surfaces
limit water infiltration and percolation and cause sheet flooding. In Arizona, over
400,000 ha of once-irrigated farmland have been abandoned since the 1950s (Charney &
Woodward 1990). Revegetation of this land with native plants is desirable but difficult
(Roundy et al. 2001).
Most revegetation efforts use dry seeding methods with various treatments added
to enhance germination and establishment (Munshower 1994; Le Floc’h et al. 1999;
Anderson & Ostler 2002). Treatments include mulching, which decreases evaporation
from the soil surface and may increase infiltration by slowing surface water movement,
and chiseling, which increases infiltration and percolation and aerates the soil (Winkel &
Roundy 1991; Winkel et al. 1991; Montalvo et al. 2002). Seed germination
may also be enhanced by imprinting, a method in which small depressions are pressed
into the soil to provide microcatchment sites for moisture and organic matter
accumulation (Winkel & Roundy 1991; Roundy et al. 1992; Dixon 1995). Addition of
fertilizer may also be helpful to restore natural nutrient cycles (Anderson & Ostler 2002).
For example, phosphorous may become limiting due to the reduction of mycorrhizal
fungi in cultivated soil (Atkinson et al. 2005; Plenchette et al. 2005).
Despite these soil preparation methods, dry seeding may be unreliable in locations
with less than 200 mm/yr of rainfall (McKell 1986; Grantz et al. 1998; Le Houe´rou
2000). On the other hand, even low amounts of supplemental irrigation, applied at the
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right time, can reportedly improve the germination and establishment of native seeds
(Roundy et al. 2001). For example, addition of 112 mm of irrigation water to a Mojave
Desert site with natural annual precipitation of 130 mm markedly enhanced the
germination of native shrubs over control plots without irrigation (Anderson & Ostler
2002).
The objective of this study was to determine the effectiveness of direct seeding
for revegetating a 400-ha parcel of abandoned farmland in an arid environment near
Phoenix, Arizona (Gerhart 2005). We examined the effects of supplemental irrigation and
different land preparation methods on the establishment of native species and their
interaction with weedy species. Experiments were conducted in replicated plot trials on
abandoned farmland and in a seed bank study in a greenhouse. Our hypothesis was that
supplemental irrigation and land preparation would allow the establishment of native
species in this arid environment.
Materials and Methods
Site Description
The experimental site was located at lat 33°19’92”N, long 112°50’91”W, elevation 250
m, in Arlington, Arizona, on the site of the Redhawk Power Plant owned by Pinnacle
West Energy Corporation (PWE). PWE agreed to restore a portion of the site as part of
an environmental offset to obtain permission to construct an electric generating facility
(Gerhart 2005). The land consisted of former irrigated cotton fields that were farmed for
30 years and then abandoned in 1987.
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The 1.2-ha test site used for this experiment was mainly bare soil, with a sparse
annual growth of Russian thistle (Salsola iberica) in summer and Black mustard
(Brassica nigra) and Mediterranean grass (Schismus spp.) in winter. The deep, welldrained soil is predominantly a saline-alkali Gilman loam (Hendricks 1986). Dominant
shrubs in the surrounding, undisturbed landscape are Four-wing saltbush (Atriplex
canescens), Desert saltbush (A. polycarpa), Creosote bush (Larrea tridentata), and White
bursage (Ambrosia dumosa). Small trees found in the area included Blue palo verde
(Cercidium floridum), Ironwood (Olneya tesota), Velvet mesquite (Prosopis velutina),
and Catclaw acacia (Acacia greggii). The climate at this site is typically hot summers
(average low of 23°C and high of 42°C), mild winters (average low 1°C and high of
19°C), and a seasonally variable, bimodal rainfall pattern. Average annual rainfall is 188
mm/yr divided between a summer monsoon season and a winter/early spring season
(Arizona Meteorological Network [AZMET] 2004).

Methods for Direct Seeding Replicated Plot Experiment
In February 2002, the experimental site was disked to remove existing vegetation
and divided into three equalsized blocks. Treatments consisted of four soil preparation
methods (mulching, imprinting, phosphorous fertilization, and chiseling) and three
postseeding management methods (supplemental irrigation, supplemental irrigation with
hand removal of S. iberica, and no irrigation or S. iberica removal). The experiment was
laid out in a split-plot design (Fig. 1). Each block consisted of sixteen 9 x 9–m main plots
treated with four soil preparation treatments combined in a four-way factorial

75

arrangement (16 combinations of treatments including a control plot with no treatment).
The design was repeated in each of the three blocks (total main plots = 48, each
approximately 81 m2). Each main plot was divided into three subplots that were not
irrigated, irrigated, or irrigated and hand weeded of S. iberica (total subplots = 144).
Treatments in main plots were laid out in a systematic rather than a random way
(Snedecor & Cochran 1989) to facilitate the use of a tractor in applying the soil
treatments.
Soil preparation methods and rates of mulch and phosphate addition were based
on recommendations in Munshower (1994). The soil was chiseled to a depth of 10 cm.
Phosphate pellets (00-45-00) were applied at a rate of 105 kg/ha. Prior to seeding, the
seeds were hand mixed with wheat bran at a rate of 28 kg/ha to prevent clumping. Then
the whole site was broadcast seeded at a rate of 18 kg/ha (see Table 1 for the seed mix
composition). Germination rates of all seeds were tested by the supplier, and seed rates
were based on the percentage of pure live seeds of each species. Prior to sowing, we
tested a sample of the seed mix (circa 10 g) for germination in a tray filled with a mixture
of sand and mulch (3:1) set under a sprinkler in a greenhouse. Seeds of all species except
Haplopappus laricifolius germinated. After seeding, a tractor pulled the 1.83-m-wide
imprinter. Imprinting was followed by mulching with wheat straw at a rate of 25 kg/ha.
Half of each 9 x 9–m test plot was sprinkler irrigated and half was not irrigated.
Sprinklers delivered 3.5–3.8 L/hr of water over an area of approximately 3 m2. Plots were
irrigated 0.5 hr/day from February 2002 to October 2003, at frequencies varying from
five times per week from May to October to 1–2 times per week from November to
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April; total application of water was about 100 mm over 15 months. The water source
was a former agricultural well with an average salinity of 3.2 dS/m (range: 2.2–4.2
dS/m).
The S. iberica removal treatment was conducted in a 3 x 1–m area within each
irrigated subplot. Salsola iberica plants were removed through September 2002 and then
weeding was discontinued for the second growing season. For all treatments, plants
located in three 3 x 1–m quadrats were counted in each treatment subplot every 3
months beginning October 2002 to October 2003. Soil samples were also collected every
3 months and analyzed for electrical conductivity (EC, dS/m) and pH in 1:5 extracts and
gravimetric moisture content. At the end of the experiment, plant cover was determined
by the line intercept method in each quadrat by totaling the cover of each species along a
3-m measuring tape running the length of the quadrat through the middle of the plot.

Methods for Seed Bank Experiment
A seed bank study was conducted on surface soil collected from several
treatments in the direct seeding experiment and from control sites. The soil samples were
collected in August 2003 to determine how many viable native seeds remained in the
seed bank 18 months after the initial sowing. Four soils were evaluated: (1) surrounding
natural desert soil as a reference; (2) untreated abandoned farmland soil taken from an
area adjacent to the direct seeded replicated plot experimental site; (3) unirrigated soil
taken from seeded experimental plots; and (4) irrigated soil taken from seeded
experimental plots.
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Ten random soil samples were taken from each of the above conditions by
collecting the top 3 cm of soil within a 50-cm2 area with a trowel (four soil types x 10
replicates = 40 samples). 1.5 kg of each of the 40 soil samples were placed in 47 x 30 x
7–cm trays lined with plastic mesh to prevent soil loss. The trays were placed in a
completely randomized design in a greenhouse and automatically watered by overhead
sprinkler three times per day for 15 minutes for 2 months, and then daily for 15 minutes
for the remainder of the experiment. As seedlings emerged they were identified and
removed. The last seedlings were observed in January 2004 but the trays were kept in the
greenhouse under irrigation until May 2004, but no additional germination occurred.

Statistical Analyses
The effects of soil treatments, irrigation, and removal of S. iberica on seedling
establishment were tested by split-plot analysis of variance (ANOVA) where density of
seedlings (plants/m2) at each quarterly measurement period was the dependent variables
(five sample events), soil preparation method was the main plot independent variable (n =
16 treatment combinations), and irrigation treatment was the split-plot independent
variable (n = 3). For soil treatments (main plots), degrees of freedom (df) were 15 for soil
treatment, and 30 for error (soil treatment df 3 block df); for irrigation treatments
subplots), df were 2 for treatment and 60 for error (soil treatment df 3 block df 3
irrigation treatment df). Each species encountered in the plots was analyzed separately
and the total seedlings per plot were also analyzed. The same type of analysis was
conducted on plant cover determined at the end of the experiment.
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Emergence of seedlings in the seed bank experiment was compared by soil type
(n = 4) with a one-way ANOVA. The df were 3 for treatment (soil type) and 36 for error.
When ANOVAs were significant, individual treatment means were compared using the
Tukey Honestly Significant Difference (HSD). Treatment effects and differences between
individual means were tested for significance at the 95% confidence probability. Hence,
throughout the text comparisons are declared significant if p was less than 0.05.

Weather Data and Other Sources of Information
Temperature and precipitation data for the Redhawk site were obtained from the
AZMET. Plant identification was based on Epple (1995) and Whitson and Burrill (2000).
Species that could not be identified were taken to the University of Arizona Herbarium
for identification. Identification only to the genus level or no identification (in Seed Bank
Experiment) occurred occasionally because flowers and/or fruits were not present.
Schismus spp. could not be identified to the species level, but two species (S. arabicus
and S. barbatus) are present in southwestern deserts (Brooks 2000).
Results
Meteorological Conditions during the Study Period
Figure 2 presents temperature and precipitation data for the study period. Seeds
were sown during a period of relative drought; however, temperatures and precipitation
during the data collection period (after October 2002) were close to the long-term mean
based on data from the AZMET. In 2002, 94 mm of rain fell, of which 66 mm arrived in
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July through September in the summer monsoons and the rest arrived in fall or winter. In
2003, 225 mm of rain fell, of which 111 mm arrived in winter and 114 mm arrived in
summer monsoons. Irrigation added approximately 40 mm of extra water during the
summer season and 20 mm in winter to those plots equipped with sprinklers.

Seedling Density in Plot Experiment
Twenty-eight species germinated in the plots (1 native tree, 7 native shrubs, 1
native forb, 3 native grasses, 13 non-native forbs, and 3 non-native grasses), although
only 12 were present at the end of the study (6 non-native forbs, 4 native shrubs, 1 native
grass, and 1 non-native grass) (Table 2). ANOVA results for total seedlings at all sample
dates are in Table 3. Blocks and interaction terms were not significant. None of the main
plot treatments or combinations (chisel, imprint, mulch, phosphorous addition) had a
significant effect on germination or survival of plants compared to untreated plots, but
irrigation was significant (Fig. 3).
Germination and survival of native plants was less than 1 plant/m2; by contrast,
annual, non-native weedy species dominated the plots. Figure 4 shows the response of the
most abundant exotic and native species to irrigation treatment. Irrigation increased the
number of Salsola iberica plants, but decreased the number of Brassica nigra plants.
Hand weeding of plots to remove S. iberica was only partially effective. During the first
season, S. iberica was less abundant in the irrigated and weeded plots than in the irrigated
plots, as expected. However, sufficient seeds existed in the soil so that new plants
emerged 30 days after weeding. Although not shown in Figure 4, Schismus spp. (non-
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native, cool season annual grasses) germinated readily in the winter. They formed a
nearly complete cover less than 2 cm in height in both irrigated and unirrigated plots
during winter. Plant densities were greater than 1,000 per unirrigated plot and greater
than 3,000 per irrigated plot. Another exotic annual, Solanum elaeagnifolium (not shown
in Fig. 4) was present in low numbers at all measurement periods and in all treatments.
The only native plants that germinated with any abundance were two annual grasses,
Needle grama grass (Bouteloua aristidoides) and Wooly Indian wheat grass (Plantago
insularis). Bouteloua aristidoides is a warm season grass that was most numerous in plots
in October. At the last measurement period, significantly more B. aristidoides were
present in the unirrigated than in the irrigated plots (0.12 plants/m2 under irrigation, 0.25
plants/m2 without irrigation). Removal of S. iberica did not have a significant effect on B.
aristidoides germination. Plantago insularis, a winter annual grass, was most abundant in
January 2003. Removal of S. iberica in the irrigated plots significantly increased P.
insularis (0.19 plants/m2 without irrigation, 0.11 plants/m2 with irrigation, 0.54 plants/m2
with irrigation and removal of S. iberica). Bouteloua aristidoides appeared in both 2002
and 2003, so it apparently reproduced successfully in the plots.

Plant Cover in Plot Experiment
As with seedling density, the soil pretreatments did not have a significant effect
on final plant cover, but the irrigation treatment was significant (Table 3). At the end of
the experiment, native plants had less than 4% cover on the plots and nearly all the plant
cover was due to S. iberica (Table 4). Weeding S. iberica from irrigated plots during
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the first season affected the final cover of S. iberica but not the other species. At the end
of the experiment, unirrigated plots had 2% S. iberica cover, irrigated plots had 37%
cover, and irrigated and weeded plots had 50% cover (all significantly different).
Significantly fewer but larger S. iberica plants were on the irrigated and weeded plots
(4 plants/m2) compared to irrigated and unweeded plots (6 plants/m2), whereas
unirrigated plots averaged only 1 plant/m2. Bouteloua aristidoides had significantly
greater canopy coverage in plots without irrigation (3.5% cover) compared to irrigated
plots (<0.1% cover).

Salinity and Moisture Content in Soils from the Replicated Plot Experiment
The salinity of the irrigation water was high, which contributed to soil salinity
(Table 5). The irrigated soil was significantly more saline than the unirrigated soil. Soil
moisture was higher in the irrigated plots than the unirrigated plots, but there was no
significant difference in pH.

Seed Bank Experiment
The source of soil had a significant effect on total seedling emergence (F[3,36] =
30.0, p = 0.000) and on emergence of 7 of the 27 species that germinated in trays (Table
6). The greatest number of seeds germinated in the unirrigated experimental soil (681
plants/kg soil) and irrigated experimental soil (415 plants/kg soil), whereas, at the low
end, natural desert soil produced only 38 plants/kg soil. However, nearly all the seeds that
germinated in the experimental soils were the non-native annuals that dominated the
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plots: B. nigra, Schismus spp., and S. iberica. Native plants germinated significantly more
in the soil from untreated abandoned farmland taken from an area adjacent to the
direct seeded experimental site (Χ = 23 plants/kg soil) and the natural desert soil (Χ = 5
plants/kg) than in either of the seeded experimental soils (Χ <1.0 plants/kg). Salsola
iberica seeds germinated significantly more in the seeded soils than in the unseeded soils.
Discussion
The main finding of this study is that direct seeding, even with supplemental
irrigation, may be an unreliable method to establish plant cover on abandoned arid
agricultural land. Judging by the present results, abandoned farm soils can have a large
reservoir of both summer and winter annual weed seeds in the topsoil, which readily
germinate and outcompete native species for space and water when irrigated. Irrigation in
spring produced a cohort of Salsola iberica plants, which apparently outcompeted the
native species in the seed mix. Similarly, winter irrigation produced a nearly complete
cover of Schismus spp., which presumably also interfered with native seed germination.
Another winter weed, Brassica nigra, germinated to a greater extent in unirrigated than in
irrigated plots. Hence, native seeds faced competition from weeds under both irrigated
and unirrigated plots and at all times of year.
Several factors may have contributed to the failure of native seeds to establish at
this site, including high salinity, low soil moisture in the absence of irrigation,
competition from weeds, and perhaps chemical and microbial factors. Native seed
establishment may have been inhibited by the high soil salinity in both unirrigated and
irrigated plots, equivalent to 6 g/kg soil and 13 g/kg soil on a dry weight basis,
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respectively. Moisture content was higher in irrigated than in unirrigated plots but was
still well below field capacity for this soil (circa 0.15 g/g) and may have been yet another
factor inhibiting native seed establishment. Furthermore, disturbing the soil in our seeded
plots by disking may have aided the germination and establishment of weedy species.
The soil microbial community, which presumably was altered by farming practices
before the field was abandoned, may also have favored the establishment of weedy
species over the natives. For example, desert plants often rely on mycorrhizal
associations in the roots to aid in nutrient uptake and drought tolerance (He et al. 2002;
Caravaca et al. 2005), and the fungal populations might have been disrupted by years of
crop production followed by soil salinization (Atkinson et al. 2005).
Bouteloua aristidoides was the only native species that appeared to have
successfully reproduced in the plots, but even for this species plant density was less than
1 m2 and plant cover was less than 4%. Anderson and Ostler (2002) set a target value of
10 to 25 seedlings/m2 1 year after seeding and plant cover of approximately 25% as the
criteria for success in revegetating denuded military land in the Mojave Desert because
seedlings suffered high attrition rates in subsequent years. By that criteria, none of the
strategies tested in this study resulted in adequate establishment of native plants on this
experimental test site. On the other hand, weed species density was up to 100 plants/m2
and weeds composed up to 50% of the soil cover in irrigated treatments.
Since this site was abandoned 15 years before revegetation was attempted, yet
lacked a significant native plant community at the start of the experiment, we can
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presume that the weedy plant community observed in this study persists for many years
after farming is discontinued and becomes the dominant plant association. Salsola iberica
outcompetes native plants when there is a limiting resource, such as water (Allen 1982;
McKell 1986). By removing S. iberica by hand in one treatment, we hoped to reduce
competition to allow native species to germinate. On a large scale, this could be
accomplished by cultivating the land or applying herbicides to kill S. iberica prior to
sowing native seeds. However, sufficient S. iberica seeds existed in the seed bank or
were replenished by nearby plants for reemergence to occur during the second growing
season, even after the standing crop was removed. By the end of the study, S. iberica
constituted more of the canopy cover in the plots where it was removed than in the plots
where it was not. Disturbance caused by S. iberica removal may have facilitated further
S. iberica germination and growth (Allen 1982; Schillinger & Young 2000).
Few viable, native seeds were present in the seed bank of soil collected 18 months
after sowing. As in the field, B. nigra, Schismus spp., and S. iberica were the main plants
that emerged in the seed bank experiment, despite the addition of native seeds to the soil.
Native seeds may have germinated in the plots but not survived. Some may also have
been removed by wind after sowing as we observed that mulch applied to the soil surface
was removed by wind. By contrast, the initial disking would have mixed the weedy
species into the surface, improving their conditions for germination.
In some studies, native plants have successfully been established on disturbed
desert land with direct seeding and irrigation, even with low-quality water as was used
here (Ries et al. 1988; Hall & Anderson 1999). Anderson and Ostler (2002) reported
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good results in establishing plants on disturbed, nonagricultural soil in Mojave Desert
sites either with or without supplemental irrigation. Roundy et al. (2001) concluded that
native plants could be established in summer with as little as 210 mm of irrigation plus
precipitation in the Sonoran Desert. However, those studies were not conducted on
abandoned farmland.
In other studies, direct seeding has been unsuccessful in areas with less than 250
mm/yr of annual rainfall. Grantz et al. (1998), working in the Mojave Desert, concluded
that direct seeding without irrigation might be successful in favorable years but that in
any given year it is likely to fail. Furthermore, plant establishment does not always
increase with supplemental irrigation, even though seedling germination may increase
initially (Ries et al. 1988; Gutiérrez 1992; Padgett et al. 2000). If only low-quality water
is available, irrigation can contribute to increased soil salinity (Ries et al. 1988). Similar
to our results, irrigation may also stimulate germination of weeds, such as S. iberica and
Schismus spp., which dominate many disturbed sites (Allen 1982; Young 1991;
Schillinger & Young 2000). Glenn et al. (2001) failed to establish adequate stands of
native seeds on disturbed soil at a former uranium mill site in the Great Basin Desert
using direct seeding with and without supplemental irrigation.
Soil pretreatments are often applied to increase the rate of germination and
establishment in desert soils (Anderson & Ostler 2002). However, these treatments can be
expensive, and in our study they did not increase seed germination, either in irrigated or
in unirrigated plots. Soil pretreatments are as likely to stimulate weed germination as to
enhance native seed germination (e.g., Brooks 2003).
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Based on the present results and a review of the literature, direct seeding even
with supplemental irrigation does not appear to be a reliable strategy for revegetating
abandoned farmland in arid climates. A different combination of seeding and soil
preparation methods, additional irrigation water, or higher quality water, might have
stimulated more native seed germination in our study. However, strategies other than
direct seeding should also be investigated for revegetating this type of land. For example,
several studies have shown that transplanting and individually irrigating seedlings or
rooted cuttings can reliably establish native shrubs through the first summer (McKell
1986; Call & Roundy 1991; Lash et al. 1999; Glenn et al. 2001; McKeon et al. 2005). At
the Redhawk site, drip-irrigated Atriplex canescens, A. polycarpa, and A. lentiformis
plants had high rates of survival and growth over 3 years (Gerhart 2005).
Water-concentrating techniques such as microcatchments and contour furrows
have also been effective in establishing vegetation in arid climates (Eldridge et al. 2002;
Gerhart 2005). Other innovative methods for improving native plant establishment
include taking advantage of facilitative interactions among plants (Maestre et al. 2001),
inoculating soil with mycorrhiza (Caravaca et al. 2002, 2005), planting droughtpreconditioned seedlings (Vilagrosa et al. 2003), and protecting transplanted seedlings
with treeshelters (Bellot et al. 2002). We recommend that pilot studies be conducted on a
site before attempting largescale revegetation and that the common practice of applying
soil pretreatments followed by direct seeding of native species should be replaced or
supplemented by more innovative methods for plant establishment on abandoned
farmland in arid climates.
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Figures and Tables
Figure 1. Top box – one of three blocks on a 1.2-ha test site on abandoned farmland in
Arlington, Arizona. Sixteen 9 x 9-m plots were laid out in each plot. Treatments were
applied in vertical (mulch and imprint) or horizontal (chisel and phosphorus) strips across
each replicate. Bottom box – split plot, showing the layout of irrigation and S. iberica
removal treatments within each 9 x 9-m main plot.
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Figure 2. Weather data from January 2002 to October 2003 for an abandoned farmland
site in Arlington, Arizona. Data were averages from nearby monitoring stations in
Buckeye and Harquahala, Arizona, obtained from the Arizona Meteorological Network
during the revegetation experiment.
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Figure 3. Seedling emergence in plots receiving soil and irrigation treatments on a 1.2-ha
test site on abandoned farmland in Arlington, Arizona. Bars show means and standard
errors of total seedlings in treatment plots averaged over all five sample dates (n = 15
replicates for control plots, n = 48 for treatment plots). Different letters over bars
indicated means are significantly different at p < 0.05; n.s. = not significant.
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Figure 4. Time course of emergence and survival of non-native and native plants on a
1.2-ha test site on abandoned farmland in Arlington, Arizona. Results are for irrigated,
unirrigated, and irrigated and weeded plots pooled across soil treatments at five sample
dates (n = 48 replicates per treatment). Weeding was conducted in September 2002, to
remove Salsola iberica plants. Bars show standard errors.

92

Table 1. Custom native seed mix used in direct seeding experiments to revegetate
abandoned farmland in Arlington, Arizona.

Scientific Name

Common Name

% of Seed mix

Viable Seeds/m2

Shrubs
Acacia greggii

Catclaw acacia

4.32

0.40

Ambrosia dumosa

White bursage

13.17

27.45

Atriplex canescens

Fourwing saltbush

7.54

8.39

A. lentiformis

Quailbush

1.42

20.17

A. polycarpa

Desert saltbush

2.88

32.28

Cassia covesii

Desert senna

2.59

8.87

Encelia farinosa
Haplopappus
laricifolius
Larrea tridentata

Brittlebush

1.85

7.06

Turpentine bush

1.82

*

Creosote bush

22.22

38.74

Forb
Baileya multiradiata Desert marigold

1.42

42.76

Grasses
Aristida purpurea
Bouteloua
aristidoides
Plantago insularis
Inert matter

Purple three awn

2.36

20.21

Needle grama

4.46

66.83

Wooly Indian wheat

22.3

*

11.65

N/A

* indicates data not supplied by seed company, N/A = not applicable.
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Table 2. Species list of plants that germinated in direct seeding experiment.
Scientific Name

Common Name
Native seeded shrubs
Acacia greggii+
Catclaw acacia
Ambrosia dumosa
White bursage
Atriplex canescens+
Fourwing saltbush
A. lentiformis
Quailbush
Cassia covesii+
Desert senna
Encelia farinosa
Brittlebush
Larrea tridentate+
Creosote bush
Native seeded grasses and forb
Aristada purpurea
Purple three awn
Baileya multiradiata
Desert marigold
Bouteloua aristidoides+
Needle grama
Plantago insularis
Wooly Indian wheat
Volunteer forbs
Alyssum alyssoides*
Yellow alyssum
Amaranthus retroflexus*
Amaranth
A. elegens (rosea)+
Wheelscale saltbush
Brassica nigra*
Black mustard
Chamaesyce maculata*+
Prostrate and spotted spurge
Erodium cicutarium*
Redstem filaree
Euphorbia spp.
Spurge
Malva neglecta*
Common mallow
Pectis angustifolia+
Fetid marigold
Salsola iberica*+
Russian thistle
Sisymbrium irio*
London rocket
Solanum elaeagnifolium*+
Silverleaf nightshade
Volunteer grasses
Trianthema portulacas*+
Horse purslane
Cyanodon dactylon*+
Bermuda grass
Eleusine indica*
Crab grass
Schismus spp. (arabicus and barbatus)*
Mediterranean grass
Volunteer tree
Prosopis velutina
Velvet mesquite
*indicate non-native species; + indicate species present in density plots in October 2003.
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Table 3. Results of a split-plot ANOVA for seedling emergence and plant cover, all
species combined, on a 1.2-ha test site on abandoned farmland in Arlington, Arizona.

Soil Treatments

Irrigation Treatments

F[15,30]

p

F[2,60]

p

October 2002

1.31

0.21

5.09

0.0008

January 2003

0.39

0.99

21.5

0.000

April 2003

0.82

0.65

78.5

0.000

July 2003

0.76

0.72

82.0

0.000

October 2003

0.42

0.97

38.8

0.000

Plant Cover

0.33

0.99

87.8

0.000

Plant cover was measured at the end of the experiment in October 2003
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Table 4. Ground cover (%) of plant species in unirrigated and irrigated plots on a 1.2-ha
test site on abandoned farmland in Arlington, Arizona.

Treatment

Unirrigated

Irrigated

Bouteloua aristidoides

3.51 (0.89) a

0.07 (0.07) b

Pectis angustifolia

0.27 (0.12) a

0b

Cassia covesii

0.04 (0.04)

0

Allionia incarnata

0.16 (0.11) 0

0

Baileya multiradiata

0

0.02 (0.02)

Total natives

3.98 (0.95) a

0.028 (0.022) b

Salsola iberica

2.01 (0.75) a

36.6 (3.15) b

Solanum elaeagnifolium

0.10 (0.06)

0.33 (0.16)

Cyanodon dactylon

0

0.07 (0.05)

Chamaesyce maculata

0.05 (0.05)

0

Trianthema portulacas

0

0.22 (0.22)

Total non-natives

2.15 (0.75) a

43.5 (3.1) b

Total Cover

6.1 (1.2) a

43.5 (3.1) b

Native species

Non-native species

Values are means of 10 replicates and standard errors. When results of an ANOVA were
significant, means were separated with the Tukey HSD test; different letters after means
denote a significant difference between unirrigated and irrigated plots at p < 0.05
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Table 5. Average gravimetric moisture content, pH, and EC (dS/m) in soil samples from
a 1.2-ha test site on abandoned farmland in Arlington, Arizona.

Constituent

Unirrigated Plots

Irrigated Plots

Moisture (g H2O/ g soil)

0.013 (0.0014) a

0.035 (0.003) b

pH

8.7 (0.5)

8.7 (0.5)

EC (dS/m)

1.99 (0.66) a

(3.72 (0.65) b
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Table 6. Mean number of viable seeds per kg soil in samples taken from abandoned
farmland and adjacent undisturbed desert soil in Arlington, Arizona.
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Abstract

A lysimeter study in Superior, Arizona tested the efficacy of six
evapotranspiration (ET) soil cover designs for the rehabilitation of acidic copper mine
tailing piles. ET covers were placed over mine tailings and their efficacy was tested in
preventing downward movement of water and upward movement of metals over two
years in outdoor conditions in this semiarid environment. Infiltration of water into the
tailings occurred in all treatments but was significantly (P < 0.05) lower in vegetated
covers than non-vegetated covers. A mix of transplanted shrubs and seeded grasses and
forbs provided cover over most of the year whereas single-species shrub covers left the
soil bare for part of the year. Some metal migration occurred from the mine tailings into
the ET covers in all treatments. Placing a gravel capillary barrier between the tailings did
not significantly (P > 0.05) reduce infiltration of water into the mine tailings or reduce
upward migration of copper into the soil cover. Vegetated ET caps can help control the
water balance over mine tailings, but these designs cannot completely prevent the
movement of water and metals in this environment.

Keywords. Evapotranspiration soil cover, acidic mine tailings, mine restoration
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Introduction
The U.S. is the second largest copper producer in the world, generating 1.2
million metric tonnes with an estimated value of more than $8.46 billion in 2006 (Mining
review 2008). Arizona was the leading copper-producing state in the US in 2007,
producing 750,000 tonnes of copper, worth $5.54 billion. Mine tailings generated during
metal extraction are a major environmental hazard, covering many thousands of hectares
in mining districts in the U.S. and around the world. The tailings piles are often left
barren, which make them vulnerable to wind and water erosion and they can leach metals
into underlying aquifers, rendering them unusable (Lottermoser 2003). Vegetated
evapotranspiration (ET) covers have been proposed as a method to rehabilitate mine
tailings piles in semiarid environments where potential ET exceeds precipitation. In
theory, an ET cover placed over a tailings pile in a semiarid climate will discharge most
or all of the annual precipitation as ET, minimizing runoff and infiltration of water into
the tailing pile more successfully than standard resistive barriers such as clay covers
(Morris and Stormont 1997, USEPA 2003, Zornberg et al. 2003).
A limiting factor in constructing ET covers is finding a local source of soil to
place over the tailings. The ideal cover material is topsoil, because it usually contains
nutrients and microorganisms necessary for establishing and maintaining a plant
community. However, obtaining high quality topsoil is difficult, and ET caps are often
constructed of excavated subsoil or crushed development rock produced at the mine site.
These materials can be amended to aid in plant establishment and growth.
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Numerous ET cover designs exist. A range of local materials have been used as
soil matrices, and depths have ranged from 30 cm to greater than 1 m. Vegetation covers
have utilized grasses, shrubs, and trees, applied as seeds or transplants. A capillary
barrier (CB) is sometimes used to reduce infiltration (Wing and Gee 1994, Hauser et al.
2001, Albright et al. 2003, Dwyer 2001). A CB is a coarser-textured soil or gravel layer
placed under a finer-textured layer of soil. The matric potential in the upper (finer) layer
is greater than the matric potential in the lower (coarser) layer such that, in theory, water
will not pass through the CB until the upper layer is saturated with water. A CB also may
reduce the upward movement of metals, salts, and trace elements from tailings into the
cover material (Sydnor and Redente 2000). However, a CB is an additional expense
whose efficacy has not been fully evaluated.
For successful rehabilitation, it is necessary to determine the depth and type of
soil and type of vegetation required for an ET cover, before large scale implementation
on site. However, Rykaart et al. (2006) reviewed 177 case studies in 2003 and found that
the majority of full scale covers are constructed without prior pilot scale testing or
calibration monitoring, and many of the designs failed. He emphasized the importance of
constructing test covers in order to maximize the potential success of a cover. Anderson
(1997) summarized information on several covers utilized in arid and semi-arid areas that
performed poorly, and found that typically they failed because of insufficient soil depth
to store precipitation and support vegetation. After analyzing sites in Texas and New
Mexico, Scanlon, et al. (2005) recommended that a 1 m thick ET cover is adequate to
minimize drainage in arid and semiarid regions.
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Our study was conducted on mine tailings generated from a copper mine in
Superior, Arizona. The previous mine owner had covered the tailings with 30 cm of
locally-available soil that was seeded with a mix of native trees, forbs and grasses. The
cover had minimal vegetation cover after five years, was deeply eroded in places, and
allowed water to infiltrate into the tailings pile. Our study, conducted for the new owner,
attempted to define the important elements that would produce an effective ET cap at this
site.
In this pilot scale study, we evaluated six cover designs (vegetated and
unvegetated, with and without CBs) in large lysimeters buried in the soil near the tailings
piles. For each design, we monitored the water content of soil within the lysimeters; the
upward movement of metals, salts, and acid from the tailings into the cover; plant growth
on the cover; and metal and nutrient uptake by the plants over 21 months.
Materials and Methods

Study Site
Superior is located in southeastern Arizona at an elevation of 800 m. The climate
is semiarid with ca. 30 cm of annual precipitation. Climatic conditions over the 21 month
study are in Figure 1. The native ecosystem is classified as scrub thorn-forest. The most
abundant species near the site are creosote bush (Larrea tridentata), triangle leaf bursage
(Ambrosia deltoidea), foothill paloverde (Cercidium microphyllum), fourwing saltbush
(Atriplex canescens), prickly pear and cholla (Opuntia spp.), various shrubs, and
mesquite (Prosopis glandulosa).
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Experimental Design and Lysimeter Setup
The study was conducted as a randomized design. Plant treatments were: A.
canescens shrubs (ATCA); a grass-forb mix (GFM); and no plants (NP). For each plant
treatment, lysimeters with a capillary barrier (CB) or no CB were tested. There were 3
replicate lysimeters per treatment, except for the NP-CB treatment, which had only 2
replicates due to a limited availability of lysimeters. Total lysimeters were 3 plant
treatments x 2 CB treatments x 3 replicates = 18 – 1 = 17.
The study was conducted from March 2005 to December 2006. Open-faced, leaktested, fiberglass lysimeters were buried approximately 1 km from the tailings pile that
will be revegetated. The lysimeters were 115 cm deep and 115 cm in diameter and the
top was level with the environmental soil surface; lysimeters were spaced in rows 1 m
apart in a random block design. A 15 cm layer of acidic copper mine tailings obtained
from the mine tailings pile was placed at the bottom of all lysimeters. Lysimeters with a
CB were filled with 85 cm of Gila Conglomerate soil, a locally-available gravelly loamy
sand, over 15 cm of poorly graded, 1.25 cm gravel that was used to establish a capillary
barrier (CB). Lysimeters without a CB were filled with 100 cm of soil. The soil was
added in 8 cm lifts (10 lifts with the CB, 12 lifts without the CB) to achieve an average
bulk density of 1.36 g/cm3. The equivalent of 32 metric tons ha-1 (15.3 kg) of Class B
biosolids obtained from the 91st Avenue Wastewater Treatment Plant in Phoenix,
Arizona, was applied on top of the soil in each lysimeter and incorporated by raking. The
biosolids were added as a readily available organic amendment that supported good plant
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growth in tailings-amended soil in preliminary greenhouse trials. Diagrams of the layers
in the lysimeters with and without a capillary barrier are shown in Figure 2.

Plant Establishment
Lysimeters were wetted to field capacity on May 6, 2005. Six lysimeters (3 with
a CB, 3 without a CB) were planted with one A. canescens (ATCA) shrub, ca. 70 cm
height, and six lysimeters (3 with a CB and 3 without a CB) were seeded with the GFM
containing a selection of native species (Table 1) on May 13, 2005. Five lysimeters (2
with a CB, 3 without a CB) were not planted. Lysimeters were irrigated periodically with
a hand sprayer for six weeks to aid in the initial germination of grasses. Lysimeters
receiving the GFM treatment did not germinate during the first summer and were reseeded in November 2005; they subsequently germinated after the winter rains in March
2006. After the first growing season in 2005, two ATCA shrubs died and were replaced
in April 2006.

Soil Moisture Measurements
Soil moisture measurements were obtained monthly using a 503 DR Campbell
Nuclear Neutron Hydroprobe (Campbell Pacific Nuclear International, Inc). Soil
moisture was measured at 0.17 m depth intervals in thin-walled polyvinyl chloride (5 cm
internal diameter) pipes centered in each lysimeter. Counts per minute were converted to
volumetric moisture content (cm3 cm-3) based on calibration of gravimetric moisture
content of Gila Conglomerate with probe readings and using a bulk density of 1.36 g cm-3
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determined by volumetric sampling of samples from lysimeters. Hydroprobe
measurements encompass a sphere of about 0.2 m in diameter around the probe
depending on moisture content. Hence, probe readings at a given soil depth encompassed
more than one soil layer within the lysimeter and it was not possible to calibrate the
probe readings in terms of absolute moisture content in each layer. However, readings
were taken at the same depths at each time interval over the study; hence it was possible
to detect trends in moisture content in each soil layer over time.

Sample collection and analysis
Other monthly measurements included height and canopy cover of the shrubs, and
canopy cover of the grasses using digital photography. Plant tissue samples were
harvested at the end of the growing season in 2005 and 2006 to analyze metal content.
Nutrient content was also analyzed for the tissue harvested in 2006. Additional ATCA
and GFM plants were grown in Gila Conglomerate soil in a greenhouse in Tucson, AZ,
and irrigated with municipal water, for comparison of tissue metal levels in plants grown
over mine tailings. In December 2006, soil samples were taken from the lysimeters with
an auger for metal and nutrient analysis. Soil samples were collected from 3 depths in
each lysimeter, surface soil (0-15 cm), deeper soil (50-65 cm), and from the interface of
the soil with the lower media, either the capillary barrier or the mine tailings (70-85 cm
or 85-100 cm respectively).
Plant tissue was air dried and then ground with a Wiley mill. Soil was air dried,
then ground with a ball mill. Sample pH and electrical conductivity (EC, dS/m) were
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measured in 1:1 water extracts. Total phosphorous and metal concentrations (As, Cr, Cu,
Pb, Mo, Ni, Zn) were determined by acid digestion and analysis with an inductively
coupled plasma-mass spectrometry and optical emission spectrometry (ICP-MS Elan
6100/ ICP-OES optima 5300 DV, Perkelmer Instruments, Shelton, CT) (USEPA 1986).
Diethylene triamine penta-acetic acid (DTPA) metal concentrations (Cu, Pb, Ni, Mo) and
soluble potassium were determined by analysis with an inductively coupled plasma-mass
spectrometry (ICP-OES optima 5300 DV, Perkelmer Instruments, Shelton, CT) (Page et
al. 1982). Total organic carbon and nitrogen were determined with a CNS (carbon,
nitrogen, sulfur) analyzer, NA 1500, Nitrogen, Carbon/Sulfur analyzer, Carlo Erba
Instruments (Artiola 1990). Available phosphorous and ammonia were analyzed using a
colorimetric method on soil extracts using a HITACHI U-2000 Spectrophotometer (Page
et al. 1982). Nitrite and nitrate were analyzed using ion chromatography with a Dionex
ICS-100 (USEPA 1984).

Other Methods and Data Sources
Weather data for Superior, AZ was obtained from a weather station managed by
the owner of the mine located less than 1 km from the pilot study. Gaps in data were
filled with data from NOAA's National Climatic Data Center (WRCC). The experiment
was analyzed by two way analysis of variance (ANOVA) with CB and Plant Type as
categorical variables. Means of the plant and soil nutrients and metals at each sampling
date (2005 and 2006) were the dependent variables.
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Results

Meteorological conditions
Figure 1 presents temperature and precipitation data for the study period and
historical monthly mean precipitation data. Temperature during the data collection was
close to the long-term mean based on data from the Western Regional Climate Center
(WRCC). During the study period in 2005, from April through December, 19.6 cm of
rain fell, which is over 10 cm less than the historical average (31.3 cm) for that time
period. Precipitation from January to November 2006 was close to the long-term mean
based on data from the WRCC; however the rainfall pattern diverged from historical
norms. Typically some precipitation occurs in all months, with steady winter rains
occurring December through March (mean 5 cm/ month), summer monsoons in July and
August (mean 6 cm/ month), and slightly less rainfall (3 cm/ month) in the fall. During
the study period, less than 1 cm of rain fell in most months. Summer monsoons were
typical, but a relative drought occurred from September 2005 until February 2006
followed by March 2006 when rainfall was almost 4 times more than normal.

Plant establishment, growth, and survival
Figure 3 shows the canopy area of A. canescens over the study. The canopy of
the shrubs grown without a capillary barrier did not significantly increase during two
growing seasons. The shrubs grown with a CB nearly doubled in size after one growing
season, but two of the three shrubs then died. These two shrubs were replaced in April

112

2006, one of which died during June 2006. In addition, one shrub grown without a CB
barrier died in June 2006. Overall shrub survival was 4 of 6 after the first growing season
(both from lysimeters with a CB), and 4 of 6 after the second growing season (one with a
CB, one without). Plants appeared to die due to lack of adequate soil moisture, as no
pathological conditions were observed over the study (see Soil Moisture Levels).
The mean canopy cover of the grass/ forb mix is shown in Figure 4. The grasses
and forbs germinated in March 2006, after heavy rains (over 10 cm), and maintained a
canopy cover of about 25% until the monsoon rains in August 2006, after which the
canopy grew to about 75%. Presence of a CB did not affect canopy cover of the GFM (P
> 0.05).

Soil Moisture Content
Figure 5 shows neutron probe data converted to the volumetric moisture content
in the upper (cover) layer of the lysimeters. Moisture content of soil from lysimeters with
and without capillary barriers is averaged for each plant type (ATCA, GFM, NP).
Figures 6a and 6b show moisture levels at the bottom of the lysimeters (recording
moisture levels primarily in the mine tailings) for each plant type with and without a
capillary barrier, respectively. All lysimeters showed an increase in soil moisture in the
cover layer following rain events, but A. canescens lysimeters had significantly lower soil
moisture content than lysimeters without plants. Soil moisture levels dipped below 0.1
cm3 cm-3 twice during the study, accounting for the mortality of some of the plants.
Lysimeters with the GFM were similar to unplanted lysimeters at the beginning of the
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experiment but after vegetation developed in March 2006, they also had lower soil
moisture in the cover layer than the unplanted lysimeters. Unplanted lysimeters without a
CB showed a rapid increase in soil moisture following the first rain events, and soil
moisture remained high (ca. 0.27 cm3 cm-3) for the remainder of the experiment,
indicating the tailings were likely saturated. Unplanted lysimeters with a CB showed the
same trend as those with a CB, but moisture levels were about 0.05 cm3 cm-3 lower
throughout the experiment. This was due to the low moisture-holding capacity of the CB
layer. Lysimeters with A. canescens had lower soil moisture levels in the tailings layer
than unplanted lysimeters over the experiment, but soil moisture levels tended to rise in
the tailings layer over the experiment even in the planted lysimeters. By the end of the
experiment, lysimeters with a CB (planted or unnplanted) and lysimeters with A.
canescens without a CB, converged on a common tailings moisture content that was
lower than in unplanted lysimeters without a CB.

Soil Chemical Analyses
Soil samples were collected from lysimeters in November 2006, after the
experiment concluded to determine soil nutrient and metals contents. Soil was analyzed
for DTPA (plant-available) metal content (Table 2), total metal content (Table 3), plantavailable nutrients (Table 4), and total nutrient content (Table 5).
No significant difference existed between the soil pH or electrical conductivity
(EC) in any of the treatments. The average pH of all the samples was 7.53 (standard
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deviation: 0.18). Most desert soil is slightly alkaline (pH 8.0). The mean EC was 1.95
mmos/cm (standard deviation: 0.59).
A three-way ANOVA was conducted on DTPA (plant-available) copper, zinc,
lead, and nickel concentrations and total copper, arsenic, zinc, lead, nickel, and chromium
concentrations. No significant differences were found in the cover soil by Plant
Treatment, presence of CB, or Soil Depth (P > 0.05). However, the cover soil after 21
months had siginificantly higher levels of DTPA and total copper concentrations than the
starting material, the Gila Conglomerate soil (Tables 2 and 3) (P < 0.05). The DTPA
copper concentration in the soil increased from about 18 µg copper/g soil to over 100
µg/g and the total copper concentration increased from about 200 µg/ g to about 700
µg/g, approaching the DTPA and total copper concentrations found in the mine tailings
(115 µg/g and 1000 µg/g, respectively) indicating the upward migration of copper from
the mine tailings into the cover material. The biosolids added to the lysimeters at the
beginning of the experiment also contained higher concentrations of copper, however
only 15 kg of biosolids was added to each lysimeter, which can not account for the
increased copper concentrations in the entire soil cover.
Nitrite concentrations were minimal (almost all less than the detectable limit of
2.0 µg/g soil). Some nitrite was detected in the surface soil, most likely due to the
biosolids. Nitrite and nitrate-nitrogen was not detected in the biosolids, but ammonia and
other forms of nitrogen found in biosolids can undergo chemical and microbial mediated
transformations that produce nitrite and nitrate (Brady and Weil 2002). Nitrate
concentrations of the soil with A. canescens or no plants were significantly higher in the
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surface soil than in either of the deeper soil samples. No difference existed between the
nitrate concentrations in any of the soil in which grasses and forbs grew. The increase in
nitrate was probably due to the biosolids added to the top of the ET cover. Grasses and
forbs have a shallower root system than shrubs; therefore they probably used the nitrate
in the surface soil more than the shrubs (Gibbens and Lenz 2001).
Total organic carbon concentrations were higher in surface soil with plants than in
deeper soil. The increased carbon content is probably due to the leaf litter found on the
surface soil. Available and total phosphorus concentrations were higher in the surface
soil than the deeper soil with plants growing in them. No significant difference existed
between phosphorus concentrations in the unplanted soil. Also, no significant difference
existed between ammonia-nitrogen and soluble potassium in any of the treatments. Total
nitrogen content was slightly higher in soil with plants and with a capillary barrier. Little
difference existed in the total nitrogen, organic carbon, potassium, or phosphorus
concentrations of the soil.

Plant tissue analyses
Plant tissue was collected from the shrubs and analyzed for metal content after the
first and second growing seasons (Table 6). No significant difference existed between
metal content from 2005 to 2006 or of A. canescens grown with or without a capillary
barrier. The copper concentration of the shrubs grown in lysimeters was higher than in
shrubs grown in a greenhouse (mean = 37.14 µg/g tissue compared to 9 µg/g), but
remained below the maximum tolerance of all domestic animals, except for sheep (25
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µg/g). The maximum metal tolerance of domestic animals is shown in Table 7. The
metal content of all other metals tested (zinc, lead, nickel) were also below the maximum
tolerance of domestic animals. The increase in copper concentration of the plant tissue
was most likely due to the upward migration of copper from the mine tailings into the soil
cover.
The mean nutrient content of plants is shown in Table 8. Nitrogen content of A.
canescens grown in lysimeters with a capillary barrier is slightly higher than nitrogen
content of plants in all other treatments. Total phosphorus content is lower in plants
grown in lysimeters compared to plants grown in the greenhouse. There was no
difference in potassium content of any of the plants. None of the plants exhibited any
signs of nutrient deficiency.

Discussion

Plants are critical to the success of an evapotranspiration (ET) cover because they
help dry out the ET cover and minimize erosion. Transplanting shrubs and seeding
perennial grasses and forbs establishes immediate and long-term sustainable vegetation
on the ET cover. Transplanted shrubs provide immediate vegetative cover, however a
diverse plant community should be established to withstand drought, fire, disease, and
other factors that could affect plant community survival. Establishing a vegetative cover
immediately is not possible by seeding grasses and forbs, particularly if proper conditions
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do not exist for their germination. Germination is dependent on factors such as climate
and plant establishment takes time. Once established, shrubs, grasses and forbs all
effectively dry out the ET cover, as shown in this experiment. However, this produced
mortality of some of the A. canescens plants, due to the limited soil moisture storage
capacity in the cap layer. A. canescens is normally a very deep rooted plant and it might
not be the best choice of a shrub species for shallow ET caps.
Placing a gravel capillary barrier between the tailings did not significantly reduce
infiltration of water into the mine tailings or reduce upward migration of copper into the
soil cover. Upward migration of soluble constituents is a concern in situations where a
water table occurs near the soil surface (Dollhopf 2001). Upward movement of soluble
constituents is not significant in well-drained soils where leaching is the predominant
process (Buol et al. 1980). The non-draining lysimeters may have created an artificially
high water table, which promoted the upward metal migration. However, evidence of
metal migration that causes covers to fail exists (e.g. Chammas et al. 1999; Menzies and
Mulligan 2000; Taylor et al. 2003) as well as evidence that the zone of metal migration is
limited to the interface between the tailings and cover material (Dollhopf 2001; Munk et
al. 2006). The upward migration of copper resulted in increased copper concentrations in
the tissue of plants grown on the soil cover; however the plants did not appear to have
signs of copper toxicity and did not reach levels that are toxic to any domestic animals
except sheep.
A soil depth of 85 or 100 cm of Gila Conglomerate did not completely prevent
infiltration of water into the mine tailings, but it was adequate to maintain grasses and
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forbs on the cover; shrubs had high mortality during drought periods. On an actual site,
more widely spaced shrubs might be able to survive on that soil depth by harvesting
water over a wider area than was possible in the lysimeters.

Conclusions

The ET cover designs reduced infiltration of water into tailings by absorbing
some of the water and by potentially reducing wind and water erosion of the mine tailings
off-site by providing a physical barrier between the tailings and the elements. However
85 cm of Gila Conglomerate soil with a capillary barrier or 100 cm without a capillary
barrier was inadequate to completely prevent infiltration of water into the tailings.
A mix of shrubs, grasses, and forbs should be planted on the ET caps. Grasses
and forbs can be difficult to establish by seed since germination depends on the
occurrence of specific conditions. However, once established, they dry the ET cover
better than shrubs. Transplanted shrubs provide an instant cover plant, however their
long term survival is less reliable than a mix of grasses and forbs. An ideal plant cover
consists of a mix of grasses, forbs, and shrubs for a long-term, sustainable vegetative
cover. Nutrient content of the soil was adequate for plant growth and survival.
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Figures and tables

Figure 1. Weather data from May 2005 to November 2006 for Superior, Arizona. Data
were obtained from a weather station in Superior, Arizona located less than 1 km from
the test plot operated by Resolution Copper Company. Historical mean precipitation data
was obtained from the Western Regional Climate Center (WRCC).
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Figure 2. Vertical cross section of a lysimeter with (diagram on left) and without
(diagram on right) a capillary barrier.
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Figure 3. Canopy growth of Atriplex canescens (ATCA) grown in lysimeters used in a
pilot study to test different evaporation cover designs to cover acidic copper mine tailings
in Superior, Arizona. Lines show mean canopy growth and standard error with and
without a capillary barrier (CB) (n=3 replicates). ATCA grown with a CB died over the
winter in 2005, probably from lack of water and were transplanted in April 2006. Bars
show precipitation data obtained from a weather station operated by Resolution Copper
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Figure 4. Canopy growth of a grass-forb mix (GFM) grown in lysimeters used in a pilot
study to test different evaporation cover designs to cover acidic copper mine tailings in
Superior, Arizona. Lines show mean canopy growth and standard error with and without
a capillary barrier (CB) (n=3 replicates). Bars show precipitation data obtained from a
weather station operated by Resolution Copper Company located less than 1 km from the
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Figure 5. Moisture content of soil 60 cm below the soil surface in lysimeters used in a
pilot study conducted from May 2005 to November 2006 in Superior, Arizona to
determine water content of different evapotranspiration cover designs. Lines show mean
volumetric water content of the soil in three evapotranspiration cover designs (lysimeters
planted with Atriplex canescens (ATCA), no plants (NP), a grass/ forb mix (GFM)) (n=6
replicates in all designs except n=5 for NP). The means include lysimeters with and
without capillary barriers for each plant type. The GFM germinated in March 2006; prior
to that there was no vegetation. Data were taken with a neutron probe and are averages
of counts per minute converted to volumetric moisture content (cm3 cm-3) based on
calibration of gravimetric moisture content of Gila Conglomerate. Bars show
precipitation data obtained from a weather station operated by Resolution Copper
Company located less than 1 km from the study site.
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Figures 6 a and b. Moisture content of primarily mine tailings in the bottom of lysimeters
with (Figure 6a) and without (Figure 6b) a capillary barrier (CB) used in a pilot study
conducted from May 2005 to November 2006 in Superior, Arizona to determine water
infiltration through different evapotranspiration cover designs. Lines show mean
volumetric water content of the mine tailings in three evapotranspiration cover designs
(Atriplex canescens (ATCA), no plants (NP), and grass/ forb mix (GFM)) (n=3 replicates
for all treatments except n=2 for NP-CB). The GFM germinated in March 2006; prior to
that there was no vegetation. Data were taken with a neutron probe and are averages of
counts per minute converted to volumetric moisture content (cm3 cm-3) based on
calibration of gravimetric moisture content of Gila Conglomerate. Bars show
precipitation data obtained from a weather station operated by Resolution Copper
Company located less than 1 km from the study site.
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Figure 6a.
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Table 1. Custom native seed mix sown on evapotranspiration covers used to cover acidic
copper mine tailings in a lysimeter pilot study in Superior, Arizona.

Scientific name

Common name

Planting rate (kg/ ha)

Grasses
Aristida purpurea

purple three-awn

1.78

Bothriochloa barbinoides

cane beardgrass

0.45

Bouteloua aristidoides

needle grama

1.34

Bouteloua curtipendula

sideoats grama

2.68

Plantago insularis

Indian wheatgrass

1.78

Setaria macrostachya

plains bristlegrass

0.89

Sporobolus cryptandrus

sand dropseed

0.22

Forbs
Lupinus succulentus

arroyo lupine

0.89

Baileya multiradiata

desert marigold

0.09

Cassia covesii

desert senna

0.45

Eschscholtzia mexicana

Mexican poppy

0.13

Sphaeralcea ambigua

desert globemallow

0.22

Other Material
Inert matter

10.04
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Table 2. DTPA metal content (plant-available metals) (µg/ g soil) of the Gila
Conglomerate soil from lysimeters used for a pilot study of different evapotranspiration
cover designs to cover acidic copper mine tailings in Superior, Arizona. Treatments
include lysimeters planted with Atriplex canescens (ATCA), grasses (GFM), or no plants
(NP) in lysimeters with (CB) and without (O) a capillary barrier. Soil was collected at 3
depths with a hand auger: surface (0-15 cm), middle (50-65 cm), soil/ CB or mine tailing
interface (70-85 cm or 75-90 cm, respectively). Reference media include Gila
Conglomerate soil, obtained locally to fill the lysimeters and acidic copper mine tailings
placed at the bottom of the lysimeters. Values in parentheses are standard deviations.
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Table 2.
Soil from lysimeters
Treat- Depth
Plant
ment
(cm)
ATC
CB
0-15
A
50-65

DTPA
Copper
(µg/ g soil)

DTPA Zinc
(µg/ g soil)

DTPA Lead
(µg/ g soil)

DTPA
Nickel
(µg/ g soil)

77.8 (15.8)

6.1 (1.3)

2.07 (0.54)

0.13 (0.03)

87.0 (23.4)

6.0 (2.2)

1.68 (0.40)

0.10 (0.04)

60-75

97.6 (28.1)

9.8 (0.6)

1.95 (0.12)

0.15 (0.00)

0-15

91.2 (12.0)

7.9 (1.8)

2.06 (0.21)

0.17 (0.06)

50-65

98.9 (15.1)

7.2 (1.8)

1.99 (0.14)

0.12 (0.05)

75-90

141.0 (12.3)

11.0 (3.0)

2.14 (0.49)

0.18 (0.11)

0-15

79.1 (14.3)

8.8 (1.7)

2.64 (0.66)

0.20 (0.04)

50-65

107.2 (11.6)

6.1 (0.8)

2.00 (0.33)

0.08 (0.01)

60-75

107.4 (12.9)

5.9 (0.8)

1.85 (0.30)

0.08 (0.02)

0-15

107.3 (17.0)

9.0 (1.1)

2.58 (0.78)

0.15 (0.03)

50-65

142.3 (18.3)

8.2 (0.1)

1.87 (0.22)

0.09 (0.03)

75-90

111.8 (22.0)

6.7 (1.2)

1.82 (0.36)

0.11 (0.06)

0-15

81.0 (18.9)

7.0 (3.5)

2.11 (0.08)

0.14 (0.09)

50-65

119.8 (28.4)

9.1 (4.7)

2.23 (0.35)

0.14 (0.03)

60-75

122.2 (0.2)

7.2 (2.0)

2.12 (0.34)

0.13 (0.03)

0-15

80.9 (20.3)

7.4 (2.4)

2.63 (0.95)

0.35 (0.40)

50-65

132.9 (26.2)

7.6 (0.8)

3.14 (1.02)

0.16 (0.06)

75-90

121.5 (67.4)

9.7 (7.2)

1.28 (0.67)

0.20 (0.09

Reference media

DTPA
Copper

DTPA Zinc

DTPA Lead

DTPA
Nickel

Gila Conglomerate

18.90

2.39

1.11

0.06

Mine tailings

115.77

16.43

0.05

1.62

O

GFM

CB

O

NP

CB

O
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Table 3. Total metal content (µg/ g soil) of the Gila Conglomerate soil from lysimeters and reference media used for a pilot
study of different evapotranspiration cover designs to cover acidic copper mine tailings in Superior, Arizona. Treatments
include lysimeters planted with Atriplex canescens (ATCA), grasses (GFM), or no plants (NP) in lysimeters with (CB) and
without (O) a capillary barrier. Soil was collected at 3 depths with a hand auger: surface (0-15 cm), middle (50-65 cm), soil/
CB or mine tailing interface (70-85 cm or 75-90 cm, respectively). Reference media include Gila Conglomerate soil, obtained
locally to fill the lysimeters, acidic copper mine tailings placed at the bottom of the lysimeters, and Class B biosolids applied to
the top of the soil at a rate equivalent to 32 metric tons ha-1 (15.3 kg) obtained from the 91st Avenue Wastewater Treatment
Plant in Phoenix, Arizona. Values in parentheses are standard deviations.
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Plant

Treatment

Depth
(cm)

Total Cu
(µg/g soil)

Total As
(µg/g soil)

Total Zn
(µg/g soil)

Total Pb
(µg/g soil)

ATCA

CB

0-15
50-65
60-75
0-15
50-65
75-90
0-15
50-65
60-75
0-15
50-65
75-90

666.6 (84.1)
699.7 (141.9)
712.3 (247.8)
741.3 (64.8)
680.1 (14.8)
776.7 (67.4)
647.7 (61.1)
659.0 (72.3)
603.1 (74.7)
716.3 (37.3)
716.4 (70.1)
657.8 (24.1)

32.4 (5.2)
33.9 (3.2)
29.0 (6.4)
31.0 (2.5)
24.6 (9.9)
31.9 (0.8)
28.3 (1.8)
31.0 (3.0)
28.1 (2.6)
30.4 (4.9)
31.4 (1.4)
31.6 (0.3)

112.2 (10.2)
115.2 (6.3)
140.0 (42.1)
130.3 (6.9)
117.7 (12.5)
125.6 (22.2)
132.7 (9.5)
159.3 (84.5)
100.2 (1.7)
130.4 (0.8)
111.5 (0.2)
121.6 (1.4)

22.5 (5.4)
26.1 (6.0)
20.9 (5.5)
21.6 (1.6)
21.4 (2.2)
21.1 (0.9)
24.5 (4.1)
19.6 (1.0)
18.0 (0.9)
29.8 (7.9)
22.2 (4.8)
22.9 (3.6)

Total Ni
(µg/g
soil)
10.9 (0.1)
11.2 (0.7)
12.1 (1.4)
11.1 (0.4)
10.9 (0.7)
11.1 (0.8)
11.2 (0.6)
10.2 (0.5)
10.1 (0.1)
10.5 (1.3)
10.7 (1.1)
11.4 (2.1)

0-15
50-65
60-75
0-15
50-65
75-90

706.9 (55.0)
601.4 (151.6)
589.7 (66.7)
701.6 (125.7)
720.6 (91.3)
1151.5 (539.6)

31.6 (2.2)
29.2 (4.5)
30.1 (2.3)
29.3 (1.2)
33.0 (2.0)
30.3 (2.2)

119.8 (15.2)
123.2 (35.6)
111.2 (15.3)
120.4 (15.3)
112.9 (8.1)
182.5 (64.5)

23.5 (5.0)
24.1 (9.9)
24.3 (8.8)
21.5 (1.0)
20.7 (1.2)
23.8 (8.2)

10.7 (1.1)
10.7 (1.3)
10.6 (0.8)
10.8 (0.5)
10.6 (0.3)
12.9 (1.2)

9.5 (1.4)
8.6 (2.7)
9.5 (3.6)
8.9 (0.7)
8.5 (1.4)
7.8 (0.4)

Total Cu
205.1 (176.7)

Total As
17.6 (10.3)

Total Zn
148.4 (88.7)

Total Pb
47.3 (44.7)

Total Ni
11.8 (2.1)

Total Cr
10.6 (7.0)

1034.3 (215.9)
487

9.6 (1.4)
7.81

128.4 (27.8)
N/A

40.0 (13.8)
45

3.13 (0.4)
47

5.0 (3.4)
N/A

O

GFM

CB

O

NP

CB

O

Reference Media
Gila Conglomerate
Mine tailings
Class B biosolids

Total Cr
(µg/g soil)
9.7 (1.3)
10.2 (1.9)
10.6 (2.4)
10.2 (1.0)
10.0 (0.8)
9.7 (1.0)
7.1 (6.2)
9.0 (1.0)
8.3 (0.4)
14.7 (4.7)
11.2 (0.3)
12.0 (5.2)
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Table 4. Mean plant-available nutrient content of the Gila Conglomerate soil from lysimeters used for a pilot study of different
evapotranspiration cover designs to cover acidic copper mine tailings in Superior, Arizona. Treatments include lysimeters
planted with Atriplex canescens (ATCA), grasses (GFM), or no plants (NP) in lysimeters with (CB) and without (O) a
capillary barrier. Soil was collected at 3 depths with a hand auger: surface (0-15 cm), middle (50-65 cm), soil/ CB or mine
tailing interface (70-85 cm or 75-90 cm, respectively). Class B biosolids were applied to the top of the soil at a rate equivalent
to 32 metric tons ha-1 (15.3 kg) obtained from the 91st Avenue Wastewater Treatment Plant in Phoenix, Arizona. Values for
the biosolids were obtained from the treatment plant; N/A indicates not available. Values in parentheses are standard
deviations.
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Table 4.

Plant

Treatment

Depth
(cm)

Nitrite
(µg/g soil)

Nitrate
(µg/g soil)

Ammonia-N
(µg/g soil)

Soluble
Potassium
(µg/g soil)

Available
Phosphorus
(µg/g soil)

ATCA

CB

0-15

<2.0

843.0 (154.0)

19.40

8.07 (4.75)

13.16 (1.69)

50-65

<2.0

337.0 (162.0)

12.89

5.79 (3.98)

6.88 (1.12)

60-75

<2.0

192.0 (40.0)

11.20

7.59 (1.93)

4.69 (1.09)

0-15

5.93 (3.80)

478.0 (91.0)

6.94

5.24 (2.28)

12.91 (3.48)

50-65

<2.0

170.0 (52.0)

16.56

3.52 (1.65)

7.05 (2.19)

75-90

<2.0

180.0 (158.0)

11.01

5.51 (2.92)

7.59 (1.83)

0-15

11.06 (14.16)

219.0 (134.0)

8.52

6.57 (0.38)

17.82 (1.39)

50-65

<2.0

208.0 (41.0)

9.76

2.91 (0.42)

5.41 (1.17)

60-75

<2.0

143.0 (45.0)

8.64

3.62 (0.97)

4.75 (0.48)

0-15

3.65 (2.33)

125.0 (146.0)

14.88

4.66 (1.68)

14.00 (0.08)

50-65

<2.0

198.0 (17.0)

5.74

3.68 (1.60)

5.33 (0.55)

75-90

<2.0

137.0 (14.0)

8.10

4.73 (3.10)

6.53 (1.71)

0-15

<2.0

637.0 (141.0)

14.53

6.71 (3.11)

16.12 (11.94)

50-65

<2.0

219.0 (71.0)

9.93

7.18 (0.47)

8.89 (4.09)

60-75

<2.0

243.0 (174.0)

10.99

7.77 (0.17)

7.91 (2.90)

0-15

4.93 (6.42)

661.0 (329.0)

8.62

5.58 (2.05)

14.99 (4.32)

50-65

<2.0

235.0 (99.0)

7.13

6.61 (1.49)

10.22 (3.77)

75-90

<2.0

129.0 (71.0)

10.48

8.69 (0.58)

3.69 (0.42)

<2.0

N/A

10.4

N/A

N/A

O

GFM

CB

O

NP

CB

O

Class B Biosolids
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Table 5. Mean total nutrient content of the Gila Conglomerate soil from lysimeters used for a pilot study of different
evapotranspiration cover designs to cover acidic copper mine tailings in Superior. Treatments include lysimeters planted with
Atriplex canescens (ATCA), grasses (GFM), or no plants (NP) in lysimeters with (CB) and without (O) a capillary barrier.
Soil was collected at 3 depths with a hand auger: surface (0-15 cm), middle (50-65 cm), soil/ CB or mine tailing interface (7085 cm or 75-90 cm, respectively). Class B biosolids were applied to the top of the soil at a rate equivalent to 32 metric tons ha1

(15.3 kg) obtained from the 91st Avenue Wastewater Treatment Plant in Phoenix, Arizona. Values for the biosolids were

obtained from the treatment plant; N/A indicates not available. Values in parentheses are standard deviations.
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Table 5.

Plant

Treatment

Depth
(cm)

Total N
(%)

Total Organic
Carbon (%)

Total Potassium
(µg/g soil)

Total
Phosphorus
(µg/g soil)

ATCA

CB

0-15

0.07 (0.01)

0.48 (0.03)

2263 (128)

770 (167)

50-65

0.04 (0.01)

0.33 (0.07)

2238 (220)

636 (128)

70-85

0.03 (0.00)

0.28 (0.04)

2299 (128)

624 (166)

0-15

0.07 (0.02)

0.53 (0.23)

2333 (85.0)

742 (79.4)

50-65

0.04 (0.01)

0.34 (0.08)

2210 (141)

615 (38.3)

75-90

0.05 (0.02)

0.33 (0.06)

2223 (102)

633 (79.7)

0-15

0.08 (0.01)

0.64 (0.08)

2288 (244)

1127 (109)

50-65

0.03 (0.00)

0.28 (0.08)

2263 (319)

672 (104)

70-85

0.03 (0.00)

0.24 (0.04)

2108 (45)

691 (113)

0-15

0.06 (0.02)

0.54 (0.17)

2238 (114)

820 (178)

50-65

0.03 (0.01)

0.32 (0.07)

2139 (176)

544 (44.5)

75-90

0.04 (0.01)

0.33 (0.05)

2351 (310)

628 (49.5)

0-15

0.07 (0.04)

0.50 (0.37)

2177 (201)

972 (217)

50-65

0.04 (0.02)

0.36 (0.20)

2408 (260)

809 (13.3)

70-85

0.04 (0.02)

0.33 (0.15)

2362 (293)

731 (59.5)

0-15

0.07 (0.02)

0.44 (0.26)

2231 (48.4)

990 (169)

50-65

0.04 (0.02)

0.35 (0.13)

2270 (60.7)

751 (105)

75-90

0.03 (0.01)

0.21 (0.11)

2152 (29.6)

727 (87.7)

5.86

21.5

1500

26,700

O

GFM

CB

O

NP

CB

O

Class B biosolids
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Table 6. Mean metal content (µg/g tissue) of plants grown in lysimeters for a pilot study of different evapotranspiration cover
designs used to cover acidic copper mine tailings in Superior, Arizona. Treatments include Atriplex canescens (ATCA) and a
grass/ forb mix (GFM) grown with (CB) and without (O) a capillary barrier. Values were compared to plants grown in a
greenhouse. All the ATCA were replaced in 2006 because they did not survive 2005.
Values in parentheses are standard deviations.
Plant

Treatment

Year

As

Cr

Cu

ATCA

CB

2005

1.47 (0.13)

0.69 (0.03)

36.8 (1.6)

CB

2006

1.21 (0.91)

0.98 (0.99) 33.9 (13.3) 4.0 (3.2) 0.71 (0.16) 3.1 (3.2) 107.7 (12.5)

O

2005

1.25 (0.40)

0.83 (0.38)

35.0 (5.4)

3.3 (1.4) 0.62 (0.45) 1.8 (0.3)

68.9 (30.5)

O

2006

0.72 (0.06)

0.82 (0.22)

40.3 (3.8)

4.1 (2.6) 0.73 (0.38) 1.8 (0.9)

101.5 (62)

0.10

0.38

9.0

Greenhouse 2006
GFM

CB
O

2006

9.29 (3.45)

0.44

Mo

Ni

3.1 (0.8) 0.74 (0.18) 1.4 (0.4)

0.4

<0.5

1.1

1.50 (1.07) 30.2 (10.6) 5.7 (2.6) 2.94 (0.99) 4.8 (1.6)

2006 11.69 (4.96) 1.04 (0.23)

Greenhouse 2006

Pb

1.49

30.0 (5.6)
3.4

4.3 (0.3) 2.51 (1.78) 3.9 (0.6)
1.1

<0.5

1.7

Zn
66.0 (2.9)

127. 6
88.8 (19.8)
75.9 (12.2)
174.4
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Table 7. Maximum metal tolerance of domestic animals in µg metal/g soil (National Academy Science 1980)

Cattle

Arsenic
(µg/g)
50

Chromium Copper
(µg/g)
(µg/g)
1000
100

Sheep

50

1000

25

30

10

50

300

Swine

50

1000

250

30

20

100

1000

Poultry

50

1000

300

30

100

300

1000

Horse

50

1000

800

30

5

50

500

Rabbit

50

1000

200

30

500

50

500

Lead
(µg/g)
30

Molybdenum
(µg/g)
10

Nickel
(µg/g)
50

Zinc
(µg/g)
500
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Table 8. Mean nutrient content (%) of plants grown in lysimeters for a pilot study of different evapotranspiration cover
designs used to cover acidic copper mine tailings in Superior, Arizona. Treatments include Atriplex canescens (ATCA) and a
grass/ forb mix (GFM) grown with (CB) and without (O) a capillary barrier. Values were compared to plants grown in a
greenhouse. Values in parentheses are standard deviations.

Total Nitrogen Total Phosphorus Total Potassium

Plant

Treatment

ATCA

CB

2.52 (0.74)

0.31 (0.08)

1.46 (0.78)

O

1.91 (1.04)

0.12 (0.07)

0.81 (0.09)

Greenhouse

0.77

1.47

1.81

CB

1.31 (0.68)

0.10 (0.09)

1.37 (0.08)

O

1.07 (0.26)

0.05 (0.02)

1.38 (0.10)

Greenhouse

1.05

2.10

1.11

GFM

140

Works Cited

Albright, W. H., Benson, C. H., Gee, G. W., Abichou, T., Roesler, A. C. and Rock, S. A.
2003. Examining the alternatives. Civil Engineering, 73: 70-74.
Anderson, J. E. 1997. Soil-plant cover systems for final closure of solid waste landfills
in arid regions. In: Landfill capping in the semi-arid west: Problems, perspectives, and
solutions. Reynolds, T. D. and Morris, R. C. Environmental Science and Research
Foundation, Idaho Falls, Idaho, 27-38.
Artiola, J. F. 1990. Determination of carbon, nitrogen, and sulfur in soils, sediments,
and wastes. International Journal of Environmental and Analytical Chemistry, 41: 159171.
Brady, N.C. and Weil, R.R. 2002. Elements of the Nature and Properties of Soils.
Prentice Hall, New York.
Buol, S.W., Hole, F.D. and McCracken, R.J. 1980. Soil genesis and classification. Iowa
State University Press, Ames, Iowa.
Chammas, G., McCaulou, D.R. and Jones, G.L. 1999. Construction and preliminary
evaluation of copper tailings reclamation test plots at Cyprus Miami Mining Corporation.
In Proc. of the 1999 Natl. Mtg. of the Ameri. Soc. for Surface Mining and Reclamation,
Scottsdale, Arizona. 13-19 August 13-19 1999.
Dollhopf, D.J. 2001. Contaminant migration from acidic-metaliferous tailings into an
earthen cover during a 26 year time period. In Proc. of the Amer. Soc. of Surface Mining
and Reclamation, Albuquerque, New Mexico. 3-7 June 2001.
Dwyer, S. F. 2001. Finding a better cover. Civil Engineering, 71: 58-63.
Gibbens, R. P. and Lenz, J. M. 2001. Root systems of some Chihuahuan Desert plants.
Journal of Arid Environments, 49: 221-263.
Hauser, V. L., Weand, B. L. and Gill, M. D. 2001. Natural covers for landfills and
buried waste. Journal of Environmental Engineering-ASCE, 127: 768-775.
Lottermoser, B. G. 2003. Mine Wastes: Characterization, Treatment, and Environmental
Impacts. Springer, Berlin.
Menzies, N.W. and Mulligan, D.R. 2000. Vegetation dieback on clay-capped pyritic
mine waste. Journal of Environmental Quality, 29: 437-442.

141

Mining review. 2008. Annual review 2007: Mining, exploration, and coal overviews.
Mining Engineering, 60: 31-43.
Morris, C. E. and Stormont, J. C. 1997. Capillary barriers and subtitle D covers:
Estimating equivalency. Journal of Environmental Engineering-ASCE, 123: 3-10.
Munk, L., Jaworski, M., Jojola, M. and Romig, D. 2006. Upward migration of
constituents in soil covers at semi-arid mine sites. In R.I. Barnhisel (ed.) Proc. from the
7th Int. Conf. on Acid Rock Drainage (ICARD), St. Louis, Missouri. 26-30 March 2006.
American Society of Mining and Reclamation (ASMR), Lexington, Kentucky.
National Academy of Science. 1980. Mineral tolerance of domestic animals.
Washington, D.C.
Page, A. L., Miller, R. H. and Keeney, D. R. 1982. Methods of Soil Analysis Part 2Chemical and Microbiological Properties. American Society of Agronomy, Soil Science
Society of America.
Rykaart, M., Hockley, D., Noel, M. and Paul, M. 2006. Findings of international review
of soil cover design and construction practices for mine waste closure. In: Proceedings
of the 7th International Conference on Acid Rock Drainage (ICARD). March 26-30,
2006, St. Louis, Missouri.
Scanlon, B. R., Reedy, R. C., Keese, K. E. and Dwyer, S. F. 2005. Evaluation of
evapotranspirative covers for waste containment in arid and semiarid regions in the
southwestern USA. Vadose Zone Journal, 4: 55-71.
Sydnor, R. S. and Redente, E. F. 2000. Long-term plant community development on
topsoil treatments overlying a phytotoxic growth medium. Journal of Environmental
Quality, 29: 1778-1786.
Taylor, G., Spain, A., Timms, G., Kuznetsov, V. and Bennett, J. 2003. The mediumterm performance of waste rock covers — Rum Jungle as a case study. In Proc. of the
6th Int. Conf.on Acid Rock Drainage, Cairns, Queensland. 12-18 July 2003.
United States Environmental Protection Agency (USEPA). 2003. Evapotranspiration
landfill cover system fact sheet. EPA 542-F-03-015: 1-12.
United States Environmental Protection Agency (USEPA). 1986. Methods of analysis of
hazardous solid wastes. SW-846. Third ed. Office of Solid Waste and Emergency
Response. Washington, DC. Methods 3050 and 70000.

142

United States Environmental Protection Agency (USEPA). 1984. Test method: The
determination of inorganic anions in water by ion chromatography. Method 300. EPA600/4-84-017, March 1984.
Western Regional Climate Center (WRCC). http://www.wrcc.dri.edu/index.html. Last
accessed 7/19/2005.
Wing, N. R. and Gee, G. W. 1994. Quest for the perfect cap. Civil Engineering, 64: 3841.
Zornberg, J. G., LaFountain, L. and Caldwell, J. A. 2003. Analysis and design of
evapotranspirative cover for hazardous waste landfill. Journal of Geotechnical and
Geoenvironmental Engineering, 129: 427-438.

143

APPENDIX C
BACTERIAL DIVERSITY OF MINE TAILINGS AMENDED WITH CLASS B
BIOSOLIDS

To be submitted to Environmental Microbiology

Monisha J. Banerjee
Ian L. Pepper

M. J. Banerjee (corresponding author) and I. L. Pepper
Environmental Research Laboratory
2601 East Airport Drive
University of Arizona
Tucson, AZ 85716

Date of the manuscript draft: February 9, 2009

144

Abstract
Mine tailings are almost completely devoid of nutrients, organic matter, soil
structure, and microorganisms; and may contain high levels of metals. Therefore, mine
tailing piles are often barren or have minimal vegetation, which make them vulnerable to
wind and water erosion, which can pose a threat to human health and the environment.
One approach to reducing erosion and concomitant pollution is to promote revegetation
of the tailings via organic amendments, including biosolids. A mine tailing plot at a
copper mine located near Tucson, Arizona was designated for this study. Class A
Exceptional Quality biosolids from Green Valley Wastewater Treatment Facility were
spread on the surface of the tailings at a rate of about 270 tonnes/ha and ripped into the
top 15 to 20 cm of the tailings in April 2006. The unamended mine tailings were circumneutral, loamy sand in texture, and contained very low amounts of organic matter. In
contrast, the dried biosolids (which also contained some soil material) contained very
high amounts of organic matter and nitrogen. . The control site, located adjacent to the
mine tailing plot, was vegetated with natural desert plants. Surface samples of mine
tailings (MT), biosolid-amended mine tailings (BSMT), and control soil (DST), were also
collected in April 2006, 2 weeks after biosolids were applied. After biosolid amendment,
heterotrophic plate counts of the amended tailings increased by 3 orders of magnitude to
106 CFU per gram. HPC and total counts had no significant differences between BSMT
and BS. This indicates bacterial growth within the amended tailings, since the
concentration of biosolids was diluted upon introduction into the tailings. Community
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DNA was extracted from BSMT and DST samples and clone libraries were created and
compared. The amended tailings were less diverse than the desert soil, but more diverse
than values reported in the literature for pure tailings. In the amended tailings, some
bacteria were identified that are known to be found in biosolids, while others were known
soil borne bacteria, indicating that these species were introduced from neighboring soils
or from the small amounts of soil within the biosolids used for amendment. This study
indicates that even 2 weeks after amendment with biosolids, mine tailings support a large
diverse population of bacteria of biosolid and soil borne origin.

Introduction

Mine tailings are crushed rock that has been treated to extract metals. They are
almost completely devoid of nutrients, organic matter, soil structure, and
microorganisms; and may contain high levels of metals (Krzaklewski & Pietrzykowski,
2002; Ye et al., 2002). Therefore, mine tailing piles are often barren or have minimal
vegetation, which make them vulnerable to wind and water erosion. They can pose a
threat to human health and the environment via air or water pollution, and are usually
detrimental to the landscape. Biosolids have been used in numerous mine reclamation
projects because they are a good source of organic matter, nutrients, and microorganisms
(Seaker & Sopper, 1988; Brown et al., 2003; Martinez et al., 2003; Halofsky &
McCormick, 2005; Ussiri & Lal, 2005). Biosolids are defined by the U.S. Environmental
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Protection Agency (EPA) as “the primarily organic solid product yielded by municipal
wastewater treatment processes that can be beneficially recycled” (USEPA, 1995) .
Soil microorganisms represent a considerable fraction of the living biomass on
Earth (Whitman et al., 1998) with surface soils containing 103 to 104 kg of microbial
biomass per hectare (Brady & Weil, 2002) and 108 to 1010 bacteria per gram of “healthy”
soil (Maier & Pepper, 2008). Despite this abundance and the importance of soil
microorganisms for key ecosystem functions (Kent & Triplett, 2002; Wardle et al., 2004;
Leininger et al., 2006), the diversity and structure of soil microbial communities remain
poorly studied. Less than 1% of bacteria in soil can be identified with cultural methods
(Torsvik & Øvreås, 2002); however with the advent of molecular techniques, we are
beginning to understand the full extent of microbial diversity.
The status of the soil microbial community can provide a good indication of
whether a reclaimed system is on the correct trajectory of recovery for revegetation
(Harris, 2003), and if that recovery is self-sustaining. Microbial community size,
structure and activity can be used as indicators of reclamation progress (Kelly & Tate,
1998; Yin et al., 2000). Abiotic characteristics of a soil system, such as pH, electrical
conductivity, heavy metals content, and organic matter content, are also used to measure
soil quality. However, these parameters give no indication of the structure and
functioning of the soil, or how the system will respond to stress or disturbances (Harris,
2003). In addition, ecosystem functioning can be governed by soil microbial population
dynamics (Kennedy & Smith, 1995). Measurements of the soil microbial community can
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be used to determine the biodiversity, ecological processes, and resiliency of a system by
determining the redundancy of functional groups (Yin et al., 2000).
The microbial community of mine tailings and biosolids-amended mine tailings
is poorly studied. By analyzing the diversity of these microbial communities, we can
determine if the microbial community in reclaimed mine tailings is similar to that found
within indigenous desert soils. Microbial diversity in mine tailings is typically low
compared to natural soils, often consisting of only a few types of microorganisms
(Bruneel et al., 2005; Mendez et al., 2008). It is well known that the microbial
community increases in biomass and numbers post-biosolid amendment (Moynahan et
al., 2002; Mummey et al., 2002), however it is not known if: i) the biosolids provide
adequate substrate and nutrients so that the existing community in the tailings will
increase; ii) microorganisms found in the biosolids colonize the tailings; iii) biosolids
facilitate survival of microorganisms introduced from surrounding soil environments ; or
iv) a combination of these factors. After adding biosolids, is the increase in numbers and
biomass accompanied by an increase in microbial diversity? If so, what are the types and
functions of these microorganisms?
The ultimate goal of mine restoration is to contain the waste, revegetate the tailing
piles, and restore the natural nutrient cycles to ensure long-term establishment of a plant
community. Establishing a plant community minimizes erosion, provides wildlife
habitat, and makes the site more attractive. A diverse, functional microbial community
contributes to the successful restoration of mine sites by aiding in plant community
establishment, soil development, and nutrient cycling (Moynahan et al., 2002). Most
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research focuses on the effect of reclamation on plant growth, however to ensure a long
term sustainable plant community, a functioning microbial community is necessary. By
looking at the microbial community in biosolids-amended tailings, we aim to answer the
critical questions: i) can we transform mine tailings, an inorganic matrix, into a long-term
sustainable soil medium for plant growth by adding biosolids; and ii) can the addition of
one waste material (biosolids) to another waste material (mine tailings) result in reduced
pollution of the environment?

Experimental procedures

Study area
A mine tailing plot at a copper mine located near Tucson, Arizona was designated
for this study. Class A biosolids from Green Valley Wastewater Treatment Facility were
spread on the surface of the tailings at a rate of about 270 tonnes/ ha and ripped into the
top 15 to 20 cm of the tailings in April 1, 2006. The unamended mine tailings were
circum-neutral, loamy sand in texture, and contained very low amounts of organic matter
and nitrogen (both <1%). In contrast, the dried biosolids (which also contained some soil
material) contained very high amounts of organic matter (>20%) and nitrogen (5%). The
biosolids were harvested as waste activated sludge from the Pima County Green Valley
Reclamation Facility biological nutrient removal oxidation ditch (BNROD) process,
thickened from about 1.5% solids content to 4% in gravity belt filters and aerated in
sludge retention tanks for three weeks. The aerated sludge was then thickened to 14% in a
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belt filter press and pumped into concrete paved drying beds where they were ambient
air-dried for a minimum of 11 months. The control desert soil site, located adjacent to
the mine tailing plot, was vegetated with indigenous desert plants. Surface samples of
mine tailings (MT), biosolid-amended mine tailings (BSMT), and control soil (DST),
were collected in April 12, 2006. A composite sample in which five subsamples were
taken along a 30 m transect randomly placed in each site were collected at each site (3
composite samples total). All samples were thoroughly mixed and stored at 4°C prior to
use. After each sampling, soils were sieved through a 2 mm sieve and analyzed for
moisture content, culturable heterotrophic plate counts (HPC), and total bacterial counts
(TBC).

Heterotrophic plate counts (HPC) and total bacterial counts
Heterotrophic plate counts (HPCs) were determined for samples at all sites. Ten
grams of sample from each site were placed in a 250-ml jar containing 95 ml 0.85%
saline (EMD Chemicals Inc. Gibbstown, NJ) and 2 drops of Tween 80, shaken vigorously
for 10 minutes, serially diluted ten-fold in triplicate, and then plated on R2A agar (Difco
Co., Sparks, MD) amended with cycloheximide (200 mg/liter agar), a fungicide. Plates
were incubated at 27°C for 7 days and then enumerated. Counts are reported as colony
forming units (CFU) per gram dry weight of each sample.
Serial dilutions were also used for total bacterial count (TBC) analysis according
to the protocol in (Hobbie et al., 1977). TBC assays were conducted using acridine
orange stain; at least 200 bacteria were counted per sample (Schmidt & Paul, 1982).
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Soil bacterial community DNA extraction and quantification
Total soil community DNA was extracted from 5.0 g soil per site using the
PowerMax Soil DNA Isolation kit (MoBio Laboratories; Carlsbad, CA) as specified by
the manufacturer. One ml of extracted DNA was repurified and concentrated to a 50 µl
DNA solution using a Qiagen PCR purification kit (Qiagen Inc.; Valencia, CA). The
concentration of the DNA solution recovered during the DNA extraction step was
quantified using a calibrated TBS-380 mini fluorometer (Turner BioSystems, Sunnyvale,
CA) in conjunction with a minicell adapter (Turner BioSystems, Sunnyvale, CA), and
PicoGreen double-stranded DNA quantification reagent (Molecular Probes, Invitrogen,
Carlsbad, CA).

PCR amplification of 16S rRNA
The following 25 µl PCR reaction (Saiki et al., 1988) was prepared for each
sample: 0.2 µl of 1X AmpliTaq Gold buffer (Applied Biosystems, Foster City, CA), 3 µl
of 25 mM MgCl2, 0.5 µl of 10 mM dNTP mix (equimolar of each dNTP), 0.5 µM of
forward and reverse primer mixture (10 µM/µl each), 1 unit AmpliTaq gold hot-start
DNA polymerase (Applied Biosystems, Foster City, CA), dH2O (Integrated DNA
Technologies; Coralville, IA), and 3 ng/µl template DNA. The universal eubacterial
primers 314f (5’- CTCCTACGGAGGCAGCAG-3’) and 1492r (5’GGYTACCTTGTTACGACTT-3’) were used to produce about a 1151 bp product. All
reactions were carried out in an Applied Biosystems Geneamp PCR System 2700
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(Applied Biosystems). Cycling conditions were: initial denaturation (10 min at 950C); 36
cycles at: denaturation (40 s at 950C); annealing (45 s at 550C); and extension (60 s at
720C); a final extension (10 minutes at 720C) to optimize elongation of the PCR product;
followed by an infinite hold at 40C.
The PCR products were purified with a Qiagen PCR purification kit and eluted
with 50 µl elution buffer. The entire volume was then electrophoresed through a 1.5%
(w/v) agarose and 1X Tris Borate gel at 120 V for 60 minutes. The gels were stained with
ethidium bromide and visualized under an ultra violet (UV) light box operated at
approximately 365nm. The PCR products were excised from the gel then purified using a
Qiagen Gel Purification kit according to the manufacture’s protocol.

Cloning
The purified PCR product was ligated into a transport plasmid vector (TOPO TA
Cloning® kit, containing pCR®2.1-TOPO) and cloned using TOPO10 One Shot TM
(Invitrogen, Carlsbad, CA) Escherichia coli, chemically competent cells (each 50µl)
following the manufacturer’s recommended protocol. Direct cloning of PCR products
using commercially available kits can be difficult because the proofreading polymerase
removes the 3’ Adenine (A) overhang necessary for TA cloning. Therefore, the purified
PCR product was incubated (10 µl PCR product, 1 µl dATP, 1 µl MgCl2, and 1 µl Taq
buffer) for 60 min at 720C for the addition of the 3’A-overhang. Protocols for the
positive (TOPO TA® vector + 750 bp DNA template) and negative (TOPO TA® vector
only) controls were performed according to the manufacturer’s protocol (Invitrogen;
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Carlsbad, CA). Positive (i.e. white) colonies with inserts were removed with a sterile
pipette tip and placed into 50 µl sterile dH2O and frozen at -80°C.

Colony PCR and sequencing of 16S rRNA
A colony PCR was performed to evaluate the cloning efficiency and confirm the
insertion of the 16S rRNA PCR product into the vector. Colony PCR primers M13
forward (5’-CTGGCCGTCGTTTT-3’) and M13 reverse (5’-GTCATAGCTGTTTCCTG3’) (Operon; Huntsville, AL) were used to amplify the cloned 16S rRNA fragment. A
1400 bp PCR product was visualized by agarose gel electrophoresis on an ethidium
bromide stained 0.9 % (w/v) gel and the resulting PCR products were sent to the
University of Arizona’s Genomic Analysis and Technology Core sequencing laboratory
for purification and sequencing. Purification was completed using a 96-well purification
kit (Millipore, Billerica, MA). Samples were sequenced using the 341F primer in a
3730xl DNA Analyzer (Applied Biosystems, Foster City, CA).

16S rRNA Sequence Analysis
DNA sequences were analyzed for quality and trimmed at fixed intervals (<30 bp
and >750 bp) using FAKtory (Miller and Myers, 1999), a software program maintained
by the University of Arizona’s Biotechnology Computing Facility (Tucson, AZ). Only
sequences with at least 400 bp of readable sequences were used for further analysis,
because phylogenic assignment of short sequences can be unreliable (Embley &
Stackebrandt, 1997).
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The sequences were aligned and analyzed for phylogenic identity using the
Ribosomal Database Project II (RDP) “Classifier” program (Cole et al., 2003; Wang et
al., 2007). 16S rRNA sequence libraries of the DST and BSMT community DNA were
also compared using the RDP “Library Compare” tool designed to compare microbial
communities and results were considered significant at the 95% confidence level (Wang
et al., 2007).
The sequences were also analyzed to identify known sequences using BLASTn
(National Center for Biotechnology Information), which searches sequences in the
GenBank database. BLASTn results were viewed and organized using Sequence
Comparison Output Organizing Tool (SCOOTaR) (Arizona Research Biotechnology
Computing Facility, University of Arizona). Sequences which showed at least 97%
homology were used for identification at the genus and species level.

Statistical analysis
Statistical analyses were generated using SYSTAT 12 for Windows (Systat
Software Inc.). All data were tested for normality and log-transformed prior to analyses.
The effect of each site on heterotrophic plate counts (HPC) and total bacterial counts
(TBC) were analyzed using a one-way analysis of variance (ANOVA). Significant
differences between means at the p < 0.05 level were determined using the Tukey’s
studentized range test (Tukey’s Honestly Significant Difference [Tukey’s HSD]).
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Results
Microbial counts
Microbial counts were analyzed in order to evaluate the abundance of the
microbial community at each site. Heterotrophic plate counts (HPC) of the mine tailings
(MT), desert soil (DST), and biosolid-amended mine tailings (BSMT) were significantly
different (p < 0.0001) among the sites (Figure 1). The MT had 2 logs fewer HPCs than
the DST soil (3.1 x 103 CFU/g dry soil compared to 5.1 x 105 CFU/g dry soil), which had
1 log fewer than the BSMT (6.78 x 106 CFU/g dry soil). Counts in the BSMT were not
significantly different than those from the biosolids (BS), which had 1.28 x 107 CFU/g
dry soil.
Total bacterial counts (TBC) of the DST soil and BSMT were also significantly
different (p < 0.0001). DST soil had 1 log fewer TBCs than both the BSMT and BS
samples (1.85 x 107 bacteria/g dry soil compared to 1.01 x 108 bacteria/g dry soil and
1.26 x 108 bacteria/g dry soil). There was no significant difference between the BSMT
and the BS samples. TBCs were not enumerated for the mine tailings due to low
bacterial numbers and concomitant visual interference of cells by tailings particles. Since
higher numbers of microorganisms were present in all the other samples, samples could
be diluted, which reduced visual interference by the particles.
In all the samples, total bacterial counts were at least 1 order of magnitude greater
than culturable bacteria counts. Culturable bacteria were 3, 6, and 10% of total counts in
the desert, biosolid-amended tailings, and biosolids, respectively. It is well documented
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that only 1-10% of bacteria observed with direct microscopic counts can be cultured on
media in the laboratory (e.g. (Pepper & Gerba, 2009).

rRNA Clone Sequencing and Phylogenic Analyses
DNA was extracted from the mine tailings, but we were unable to clone the DNA
either due to inhibition from known heavy metals (data not shown) or due to the low
concentration of DNA. The mine tailings contain high concentrations of heavy metals,
including copper and molybdenum, both of which can inhibit PCR and other downstream
applications, such as cloning (Wilson, 1997). We attempted to use a chelator to remove
the metals from the sample, but were still unable to clone the mine tailing sample. We
also attempted to concentrate the DNA using a PCR purification kit (Qiagen Inc.;
Valencia, CA). Concentrating the DNA, also concentrates any inhibitors; hence this
approach was also unsuccessful. Therefore, results are given for two samples, which
allow for a comparison of the diversity of biosolid-amended mine tailings (BSMT) and
desert (DST) soil samples.
A total of 171 sequences from the DST sample and 305 sequences from the
BSMT sample were subject to phylogenic analysis. Cloning the BSMT sample resulted
in more clones, therefore more colonies were analyzed. All sequences analyzed were at
least 400 bp, with most greater than 650 bp.
Community DNA from the BSMT and DST samples were analyzed using the
Ribosomal Database Project (RDP) “Classifier” and “Library Compare” tools (Figures 2
and 3). The bacterial composition of the two samples appears to be different; however

156

there are also some similarities. The BSMT sample was dominated by 4 phyla:
Bacteroidetes (75 colonies, 25%), Actinobacteria (73, 24%), Proteobacteria (70, 23%),
and Firmicutes (45, 15%). The DST sample was dominated by 3 phyla: Acidobacteria
(46, 27%), Actinobacteria (44, 26%), and Proteobacteria (25, 15%). Acidobacteria were
found only in the DST sample. Ten different phyla were found in the DST sample,
compared to only 6 phyla in the BSMT sample. Chloroflexi, Cyanobacteria, Nitrospira,
and Verrucomicrobia were found exclusively in the DST sample and TM7 was found
exclusively in the BSMT sample, although fewer than 5 colonies were identified in each
of these phyla. Both samples contained Planctomycetes, but again, fewer than 5 colonies
were identified from this phyla. The number of clones does not necessarily represent the
abundance in the sample due to PCR biases. Nucleic acid extraction efficiency may vary
for different bacteria, the number of copies of 16S rRNA genes varies per cell, and
preferential amplification of some sequence types may occur relative to other sequences
by PCR (Wintzingerode et al., 1997; Frostegard et al., 1999; Janssen, 2006). More
unclassified bacteria were found in the DST sample compared to the BSMT sample (21%
compared to 13% respectively).
The BSMT sample had 10 known classes of bacteria; the DST sample had 11.
The BSMT sample was dominated by Actinobacteria (73, 30%), Sphingobacteria (54,
22%), Bacilli (44, 18%), and Betaproteobacteria (39, 16%). The DST sample was
dominated by Acidobacteria (46, 34%) and Actinobacteria (44, 33%).
Alphaproteobacteria, Bacilli, Betaproteobacteria, Gammaproteobacteria,
Planctomycetacia, Sphingobacteria, were found in both samples. Bacteroidetes,
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Deltaproteobacteria, and Flavobacteria, were found exclusively in the BSMT sample.
Acidobacteria, Cyanobacteria, Nitrospira, and Verrucomicrobiae were found exclusively
in the DST sample.
Based on the criterion that the same species have at least 97% homology of 16S
rRNA sequences (Maier & Pepper, 2008), the sequences were compared to known
GenBank sequences. However it is possible that even a 1% difference represents
different species (Maier & Pepper, 2008). Of the 476 total sequences, only 96 sequences,
67 from the BSMT sample (22% of BSMT sequences) and 29 from the DST sample
(17% of DST sequences), exhibited at least 97% similarity to known GenBank
sequences. The 96 sequences represented 64 different genera (Tables 1 and 2). Both
samples contained bacteria commonly found in soil (e.g. Bacillus sp.), associated with
plants (e.g. Methylobacterium sp.), isolated from desert soil (Geodermatophilus obscurus
and Lysobacter deserti from BSMT sample and Ramlibacter henchirensis and
Microcoleus vaginatus from the DST sample), and bacteria capable of metabolizing
unique energy sources (e.g Chelatococcus sp. and Deinococcus sp.). The BSMT sample
also contained bacteria isolated from sewage sludge (e.g. Pseudaminobacter defluvii and
Oceanobacillus caeni) and three genera that contain pathogenic species (Alcaligenes sp.,
Bordetella sp, and Rhodococcus sp.). The DST sample also contained bacteria isolated
from extreme environments (e.g. Balneimonas sp., Microvirga sp. Rubrobacter sp.).
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Discussion
Environmental microbial communities can contain large numbers of different
species of microorganisms. One gram of soil may contain 100 to 100,000 different
bacterial species (Torsvik & Øvreås, 2002; Maier & Pepper, 2008). Until recently, most
characterization of microbial communities was conducted using cultural methods.
Studies using nucleic acid based techniques have indicated that only a minor portion
(often less than 1%) of the species in environments can be successfully enriched and
cultivated with conventional cultural methods (Torsvik & Øvreås, 2002). In the last 20 or
so years, since culture-independent technology developed, scientists are gaining a greater
understanding of microbial communities by identifying more of the species present and
determining their functions.
In this study, the microbial communities in circum-neutral copper mine tailings
recently amended with Class A biosolids and in desert soil were studied using
heterotrophic plate counts (HPC), total direct counts (TDC), and culture-independent
techniques. Mine tailings recently amended with biosolids (BSMT) had greater microbial
numbers than adjacent undisturbed desert soil (DST). The HPC of the BSMT increased
by 3 orders of magnitude and no significant differences existed between the HPC and the
TDC in the BSMT and biosolids samples. This indicated bacterial growth within
amended mine tailings since the concentration of biosolids was diluted upon introduction
into the tailings and yet amended tailings had similar counts to the biosolids.
The microbial communities found in the DST and BSMT samples were also
structured differently, with DST and BSMT samples containing bacteria specific only to
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those samples. Acidobacteria dominated the desert soil sample, but were absent in the
biosolid-amended mine tailings. Interestingly, only two weeks after biosolids
application, none of the most common bacteria typically found in mine tailings were
identified (e.g. Thiobacillus spp., Leptospirillum spp.). However Arthrobacter spp.,
Bacillus spp., Methylobacterium spp., Pseudomonas spp., and Streptomyces spp, which
were identified in the biosolids-amended mine tailings, have all been found in mines
(Miller et al., 1987; Groudev & Groudeva, 1993; Kunito et al., 2001). Species of
Bacillus and Methylobacterium have been identified as the predominant copper-resistant
bacterial species in rhizosphere and non-rhizosphere soils, respectively (Kunito et al.,
2001). These species were identified in both the biosolid-amended mine tailings and the
desert soil samples.
Only 20% of the sequences could be identified to the genus level, which is
expected, because the majority (79 to 89%) of 16S rRNA gene sequences are from
bacteria that are not affiliated with known genera (Janssen, 2006). Soil bacteria are
affiliated with at least 32 phylum-level groups. An average of 92% of soil clone libraries
are members of nine dominant groups: Proteobacteria (39%), Acidobacteria (20%),
Actinobacteria (13%), Verrucomicrobia (7%), Bacteroidetes (5%), Chloroflexi (3%),
Planctomycetes (2%), Gemmatimonadetes (2%), and Firmicutes (2%) (Janssen, 2006).
All but three of the 400 identified clones from the samples were from these phyla. The
DST sample has a distribution of phyla similar to that of other soils, with a greater
abundance of Alphaproteobacteria, Acidobacteria, and Actinobacteria, and a lesser
abundance of Bacteroidetes, Firmicutes, and Planctomycetes (Janssen, 2006). The
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BSMT sample differed from typical soil samples in that although it had a great
abundance of Actinobacteria and Proteobacteria it also had an abundance of Firmicutes
and Bacteroidetes. It was also less diverse, in that bacteria were identified from 6 phyla
compared to 10 from the desert soil. Moynahan et al. (2002) found that heterotrophic
bacteria recovered more readily than functional diversity during reclamation.
Acidobacterium, which were only found in the desert soil sample, are genetically
and metabolically diverse and are ubiquitous in soil (Barns et al., 1999). It is interesting
that Acidobacteria were not detected in the BSMT sample, because they are so prevalent
in soil (Barns et al., 1999). Actinobacteria or actinomycetes, which made up about 25%
of both the BSMT and DST soil samples, are Gram-positive bacteria. They include some
common soil bacteria, which play an important role in organic matter decomposition (e.g.
humic formation) and thus the carbon cycle. They are also of high pharmacological and
commercial interest for antibiotics. Proteobacteria, which were found in both samples,
comprise the largest and most phenotypically diverse division of prokaryotes (Madigan &
Martinko, 2005). Bacteroidetes, also found in both samples, is composed of three large
classes of bacteria that are widely distributed in the environment, including soil,
sediments, sea water and the guts of animals. The phylum contains many bacteria
known for their ability to use macromolecules such as proteins, starches, cellulose, and
chitin.
Amendment of mine tailings with biosolids immediately resulted in bacterial
populations significantly greater than those in natural desert soil in close proximity to the
mine tailings. Even two weeks after biosolid application, mine tailings had effectively
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been colonized by both biosolid-borne organisms and soil-borne organisms. Wertz et al
(2007) found similar results when they analyzed recolonization of a sterile soil clod by
indigenous microflora from non-disturbed soil. Two weeks after a soil clod was
sterilized, there was one log greater heterotrophic bacteria in the sterilized soil clod than
in the surrounding, non-sterile soil. They also found that the inner portion of the sterile
soil clod, which was most distant from the surrounding, non-sterile soil aggregates, had
detectable heterotrophic bacteria after 2 days and reached its maximum number of
heterotrophic bacteria after just eight days. Postma (1990) also showed that the final
population size was higher in a sterilized soil than in the same non-sterilized soil after
inoculation of rhizobacteria. In our study, the greater number of bacteria was most likely
due to the biosolids providing more substrate for microorganisms than natural desert soil
to support a greater biotic capacity and/ or due to an increase in moisture content from
adding the biosolids (1.6% moisture in the desert soil compared to 3.5% in the biosolidamended mine tailings).
Gram-negative bacteria and actinomycetes comprised the majority of identified
bacteria (more than 75%). Nutrient uptake from the environment is easier for Gramnegative bacteria than for Gram-positive bacteria (Saida et al., 1998) and therefore are
more likely to be found in stressful, resource limited environments. Actinomycetes also
tolerate stressful environments, like high temperatures and water stress found in the
desert, better than many other types of bacteria (Pepper & Gerba, 2009).
Currently, very little information exists on the microbial community composition
of desert soils, biosolids, mine tailings, and reclaimed mine tailings. De la Iglesia et al.
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(2006) were one of the first to use culture-independent methods to examine the microbial
community of reclaimed copper mine tailings. However, by using terminal-restriction
fragment length polymorphism (T-RFLP), they were limited in the taxonomic resolution
they evaluated. Thus they could only look at the phyla level, rather than the species level
of detail, and T-RFLP captures only the most abundant bacteria (De la Iglesia et al.,
2006). Mendez et al. (2008) also looked at the microbial community of copper mine
tailings, but they characterized mine tailings and compared them to natural desert soil.
As such surveys are conducted, one question will be to decide the appropriate level of
taxonomic resolution that should be used to describe microbial communities.
This is the first study to create a clone library of reclaimed tailings and compare it to
desert soil. Since microorganisms play a key role in the long-term success of reclamation
it is important to characterize these communities. Ultimately, we may find biomarkers
that can be used to determine if reclamation projects are on the trajectory towards
success. The results of this study show that just two weeks after biosolids-application to
circum-neutral copper mine tailings, an abundance of diverse microorganisms are
thriving. Continued monitoring is necessary to chart the stability of the microbial
community and to see if revegetation occurs and is maintained.
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Figures and tables
Figure 1. Number of microorganisms found in circum-neutral copper mine tailings,
biosolids, biosolid-amended mine tailings, and desert soil in Tucson, Arizona. Bars
represent means and standard deviation of total direct and heterotrophic plate counts for
each site (n = 3 replicates for each site). Data were log-transformed prior to analysis by
ANOVA. Different letters over bars indicate means are significantly different at p<
0.0001. *TDC were not counted for the mine tailings because not enough
microorganisms were present in the sample to count without visual interference by mine
tailing particles. When greater numbers of microorganisms are present, samples are
diluted to reduce visual interference by soil particles.
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Figure 2. Phyla of bacteria cloned from biosolid-amended circum-neutral copper mine
tailings (BSMT) and desert (DST) soil. The data given is phylum, number of colonies,
percent of colonies. Phyla that are bold and followed by an * indicate a significant
difference in the number of colonies compared to the other sample at the 95% confidence
threshold. Data were analyzed using the Ribosomal Database Project (RDP) “Classifier”
and “Library Compare” tools.
Biosolid-amended mine tailings (BSMT)
Unclassified bacteria, 38,
12.5%
Actinobacteria, 73, 24.1%

TM7, 1, 0.3%

Proteobacteria, 70, 23.1%*

Planctomycetes, 1, 0.3%

Bacteroidetes, 75, 24.8%*

Firmicutes, 45, 14.9%*

Desert (DST) soil

Actinobacteria, 44, 25.6%
Acidobacteria, 46, 27.4%*
Bacteroidetes, 5, 3.0%*

Chloroflexi, 1, 0.6%
Cyanobacteria, 1, 0.6%
Firmicutes, 7, 4.2%*
Nitrospira, 1, 0.6%
Planctomycetes, 4, 2.3%
Unclassified bacteria,
36, 21.0%

Proteobacteria, 25, 14.9%*
Verrucomicrobia, 2, 1.2%
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Figure 3. Classes of known bacteria cloned from biosolid-amended circum-neutral
copper mine tailings (BSMT) and desert (DST) soil. The data given is class, number of
colonies, percent of colonies. Phyla that are bold and followed by an * indicate a
significant difference in the number of colonies compared to the other sample at the 95%
confidence threshold. Data were analyzed using the Ribosomal Database Project (RDP)
“Classifier” and “Library Compare” tools.
Biosolid-amended mine tailings (BSMT)
Sphingobacteria, 54,
21.9%*
Actinobacteria, 73, 29.6%

Planctomycetacia, 1, 0.4%
Gammaproteobacteria, 12,
4.9%
Flavobacteria, 2, 0.8%
Deltaproteobacteria, 1, 0.4%
Alphaproteobacteria, 14,
5.7%*
Betaproteobacteria, 39,
15.8%*
Bacilli, 44, 17.8%*

Bacteroidetes, 7, 2.8%

Desert (DST) soil

Acidobacteria, 46, 34.1%*

Actinobacteria, 44, 32.6%

Verrucomicrobiae, 2, 1.5%

Sphingobacteria, 5, 3.7%*
Planctomycetacia, 4, 3.0%

Alphaproteobacteria, 16,
11.9%*

Nitrospira, 1, 0.7%
Gammaproteobacteria, 4,
3.0%
Cyanobacteria, 1, 0.7%

Bacilli, 7, 5.2%*

Betaproteobacteria, 5, 3.7%
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Table 1. Genus Identification of Proteobacteria found in desert and biosolid-amended
circum-neutral copper mine tailing samples, as identified by NCBI BLAST (National
Center for Biotechnology Information Basic Local Alignment Search Tool).
All sequences recorded were identified using a minimum fragment length of 400 base pairs and had a
sequence match identity of at least 97%.
General description
Reference(s)
Genus/ Species
Samples
affected
(# of
clones)
Alphaproteobacteria
Balneimonas sp.

DST (1)

Bosea thiooxidans

DST (1)

Chelatococcus sp.
Mesorhizobium loti
Mesorhizobium sp.

BSMT (1)
DST (2)
BSMT (1)
BSMT (1)

Methylobacterium
sp.

BSMT (3)
DST (1)

Microvirga sp.

DST (2)

Nitratireductor sp.

BSMT (1)

Pseudaminobacter
defluvii

BSMT (1)

Rhizobium sp.

BSMT (1)

Sinorhizobium sp.

BSMT (1)

Gram-negative, non-sporulating, motile, aerobic,
chemoorganotropic bacteria isolated from hot springs.
Optimum growth temperature is 40–45 °C.
A gram-negative bacteria, capable of oxidizing
reduced inorganic sulfur compounds, isolated from
agricultural soil.
Gram-negative, obligately aerobic, nitrilotriacetate
(NTA)-utilizing bacteria.
See Mesorhizobium sp. for description
Soil and rhizosphere bacteria of agronomic importance
because they form nitrogen-fixing symbioses with
leguminous plants.
Gram-negative, rod-shaped, methane-oxidizing
bacteria. Utilize methanol emitted by the stomata of
plants and have been shown to stimulate seed
germination and plant development, perhaps by
producing phytohormones. This bacterium is found
mostly in soils, on the surface of leaves, and in other
parts of plants.
Gram-negative, small, rod-shaped, aerobic bacteria.
The optimum temperature for growth is 41°C, with a
temperature range between 25 and 45°C. It reduces
nitrate to nitrite.
Gram-negative, rod-shaped, nitrate-reducing
bacterium. Optimum growth conditions are 30–35 °C.
No growth occurs at pHs lower than 7.
Gram-negative, coccoid to rod-shaped cells. Cells are
motile. Oxidative metabolism. Isolated from
activated sludge
Gram-negative, rod-shaped, non-sporulating, aerobic,
motile, chemoorganotrophic bacteria. Utilizes a wide
range of carbohydrates and salts of organic acids as
sole carbon sources, without gas formation. Induce
hypertrophisms in plants. Hypertrophisms in most
species are root nodules either with or without
symbiotic nitrogen fixation.
Gram-negative, rod-shaped, non-sporulating, aerobic,
motile, chemoorganotrophic bacteria. Do not exhibit a
wide host range, but nodulate some plants. Isolated
from fast-growing soybean rhizobia.

(Takeda et
al., 2004)
(Das et al.,
1996)
(Auling et al.,
1993)
(Kaneko et
al., 2000)
(Patt et al.,
1976;
Lidstrom &
Chistoserdova
, 2002)

(Kanso &
Patel, 2003)

(Labbe et al.,
2004)
(Kampfer et
al., 1999)
(Young et al.,
2001)

(Chen et al.,
1988)
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Betaproteobacteria
Alcaligenes sp.

BSMT (3)

Bordetella petrii

BSMT (2)

Bordetella sp.

BSMT (2)

Burkholderia sp.

BSMT (2)
DST (1)

Comamonas sp.

BSMT (1)

Herbaspirillum sp.

BSMT (7)

Janthinobacterium
sp.

BSMT (1)

Oxalobacter sp.

BSMT (1)

Pusillimonas
terrae*

BSMT (4)

Gram-negative, rod-shaped, aerobic or facultative
anaerobic, motile bacteria that do not ferment
carbohydrates and commonly occur in water and soil.
Some species are pathogenic.
Gram-negative, rod-shaped to circular, nonsporulating, aerobic or anaerobic, non-motile bacteria.
May be pathogenic. Isolated from many river
sediment, polluted soils, and grass roots.
Gram-negative, coccobacilli. All, except B. petrii, are
obligate aerobes. 3 are human pathogens. Others
cause diseases in other mammals and birds. Isolated
from many environments including: river sediment,
polluted soils, and grass roots.
Previously part of Pseudomonas genus. Ubiquitous
gram-negative, rod-shaped motile, obligately aerobic
bacteria including both animal/human and plant
pathogens as well as some environmentally-important
species.
Gram-negative, straight or curved rod-shaped, motile,
strictly aerobic, nonfermentative, and
chemoorganotrophic bacteria. Isolated from soil or
water in natural and industrial environments. Isolated
from clinical samples as well, but show not pathogenic
effect on healthy humans.
Gram-negative, small, spiral-shaped, motile bacteria
from herbaceous seed-bearing plants. Has a typical
respiratory metabolism, and sugars are not fermented.
Fixes atmospheric N2 under microaerobic conditions
and grows well with N2 as a sole nitrogen source. The
habitat of Herbaspirillum strains is soil and the roots
of members of the Gramineae. The genus includes a
mild plant pathogen.
Gram-negative, rod-shaped, strictly aerobic, motile
bacteria. Typically found in temperate regions. One
species is a soft rot pathogen of cultivated mushrooms.

Gram-negative, straight or curved rod-shaped, nonmotile, non-spore-forming, obligately anaerobic
bacteria that degrade oxalic acid. Inhabit the large
bowel of humans and other large animals. Isolated
from the rumen of sheep, cecum of pigs, and feces of
humans.

(Madigan &
Martinko,
2005)
(von
Wintzingerod
e et al., 2001;
Gross et al.,
2008)
(Ryan & Ray,
2004)

(Yabuuchi et
al., 1992)

(De Vos et
al., 1985;
Willems et
al., 1991)

(Baldani et
al., 1986;
Baldani et al.,
1996)

(De Ley et
al., 1978;
Bergey &
Holt, 1994;
Lincoln et al.,
1999)
(Allison et
al., 1985)
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Table 2. Genus identification of non-Proteobacteria found in cloned desert soil (DST)
and biosolid-amended circum-neutral copper mine tailing (BSMT) samples based on 16s
rRNA sequence analysis, as identified by NCBI BLAST (National Center for
Biotechnology Information Basic Local Alignment Search Tool).
All sequences recorded were identified using a minimum fragment length of 400 base pairs and had a
sequence match identity of at least 97%.
* These taxonomic names were not validly published at the time of submission of the corresponding
sequence entry or entries according to the National Center for Biological Information (NCBI).
Phylum

Genus/ Species

Samples
affected (#
of clones)
DST (3)

Acidobacteria

Acidobacterium
sp.

Acidobacteria

Holophaga sp.

Actinobacteria

Actinomadura
bangladeshensis
Actinomadura
hallensis
Actinotelluria
brasiliensis*
Arthrobacter
nicotianae

BSMT (1)

Actinobacteria

Arthrobacter sp.

BSMT (5)

Actinobacteria

Blastococcus
aggregatus

BSMT (2)

Actinobacteria

Brachybacterium
.faecium

BSMT (1)

Actinobacteria

Cellulomonas
bogoriensis

BSMT (1)

Actinobacteria
Actinobacteria
Actinobacteria

DST (2)

BSMT (1)

General description

Reference

An acidophilic chemoorganotrophic
bacterium containing menaquinone from
acidic mineral environment. May be an
important contributor to ecosystems, since
they are particularly abundant within soils.
Gram-negative, rod-shaped, obligately
anaerobic, homoacetogenic bacterium
isolated from freshwater mud. Cells
utilize methyl substituents of methylated
aromatic compounds. Degrades
trihydroxybenzenes.
Aerobic, gram-positive bacteria isolated
from a sandy soil in Bangladesh.
A novel actinomycete isolated from soil
from Mt. Halla in Korea

(Kishimoto et
al., 1991;
Eichorst et
al., 2007)
(Liesack et
al., 1994)

(Ara et al.,
2008)
(Lee & Jeong,
2006)

BSMT (1)
BSMT (1)

Gram-positive to Gram-variable, rodshaped, pleomorphic, non-motile, nonsporulating, aerobic to facultatively
anaerobic bacterium.
Gram-positive obligate aerobes that are
rods during exponential growth and cocci
in their stationary phase that are
commonly found in soil.
Gram-positive, highly irregular vibrioid or
rod-shaped, motile or non-motile, aerobic.
Isolated from rocks near the Baltic Sea.
Gram-positive, non-motile aerobic
chemoorganotrophic bacteria that may
reduce nitrate. Isolated from poultry litter
Gram-positive, rod-shaped, alkaliphilic,
slightly halotolerant, chemoorganotrophic
bacterium isolated from sediment.

(Laneelle et
al., 1980)

(O'Loughlin
et al., 1999)

(Urzi et al.,
2000)
(Collins et al.,
1988)
(Jones et al.,
2005)
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Phylum

Genus/ Species

Samples
affected (#
of clones)
BSMT (1)

Actinobacteria

Corynebacterium
cf. aquaticum

Actinobacteria

Frigoribacterium
sp.

BSMT (1)

Actinobacteria

Frondicola
australicus

BSMT (1)

Actinobacteria

Geodermatophilus
obscurus

BSMT (1)

Actinobacteria

BSMT (2)

Actinobacteria

Georgenia
ferrireducens*
Georgenia sp.

BSMT (6)

Actinobacteria

Marmoricola sp.

BSMT (2)

Actinobacteria

Microbacterium
sp.

BSMT (6)

Actinobacteria

Microbacterium
thalassium

BSMT (2)

Actinobacteria

Micromonospora
sp.

BSMT (1)

Actinobacteria

Nocardioides
kribbensis

DST (2)

General description

Gram-positive, rod-shaped, non-motile,
aerobic or facultatively anaerobic, nonsporulated, rod-shaped actinobacteria.
Corynebacteria are a diverse group found
in a range of different ecological niches
such as soil, vegetables, sewage, skin, and
cheese smear.
Gram-positive, irregular rod-shaped,
motile, non-sporulating bacterium.
Growth is observed between 2 and 25°C.
Species have been isolated from dust, an
animal shed, air inside a museum, and
soil.
Gram-positive, irregular rod-shaped, nonmotile, non-sporulating, aerobic
bacterium. Isolated from decaying leaf
litter.
Gram-positive, tuber-shaped, aerobic,
chemoorganotrophic, mesophilic
bacterium that inhabit soil. Isolated from
soil from the Amargosa Desert in Nevada.
See Georgenia sp. for a description.
Gram-positive, rod-shaped or cocci, nonmotile, non-sporulating, aerobic or
anaerobic bacteria.
Gram-positive, spherical, non-motile, nonsporulating, aerobic bacterium. Isolated
from a rock surface.
Gram-positive, irregular rod-shaped,
motile by lateral flagella or non-motile,
non-sporulating, obligately aerobic,
chemoorganotrophic, thermotolerant
bacterium. Found in dairy products,
sewage, and insects. Widely distributed in
soil.
See description for Microbacterium sp.
Isolated from soil of the rhizosphere of
mangrove.
Gram-positive, non-motile, develops
spores, aerobic to microaerobic,
chemoorganotrophic, low pH sensitive,
bacterium that inhabits soil, water, and
marine environments, and sediments.
See Nocardioides sp. for description.
Isolated from an alkaline soil in Korea.

Reference

(Bergey &
Holt, 1994)

(Kampfer et
al., 2000)

(Zhang et al.,
2007)

(Bergey &
Holt, 1994)

(Altenburger
et al., 2002)
(Urzi et al.,
2000)
(Bergey &
Holt, 1994;
Takeuchi &
Hatano, 1998)

(Bergey &
Holt, 1994;
Takeuchi &
Hatano, 1998)
(Bergey &
Holt, 1994;
Takeuchi &
Hatano, 1998)
(Yoon et al.,
2005)
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Phylum

Genus/ Species

Samples
affected (#
of clones)
BSMT (1)

General description

Actinobacteria

Nocardioides sp.

Actinobacteria

Ornithinimicrobiu
m sp.

Actinobacteria

Pseudonocardia
zijingensis

DST (1)

Actinobacteria

Rhodococcus sp.

BSMT (1)

Actinobacteria

Rubrobacter sp.

DST (1)

Actinobacteria

Saccharomonospo
ra caesia
Saccharomonospo
ra viridis

BSMT (2)

Streptomyces
flavoviridis
Streptomyces
heliomycini
Streptomyces
inaequalis*
Streptomyces
piloviolofuscus
Streptomyces
pseudogriseolus

BSMT (1)

Gram-positive to Gram-variable (in older
cultures), rod or coccoid-shaped, nonsporulating, aerobic actinomycetes.
Gram-positive, irregular rod or coccishaped, non-motile, non-sporulating,
aerobic to microaerobic actinomycetes
that contains the amino acid ornithine.
Gram-positive, non-motile, spore-forming,
aerobic, biochemically versatile
actinomycetes that form extensively
branched vegetative and aerial hyphae.
Isolated from soil in China.
Gram-positive, rod-shaped, nonsporulating, aerobic actinomycetes. A few
species are pathogenic, but most are
benign and have been found to thrive in a
broad range of environments, including
soil, water, and eukaryotic cells. Able to
catabolize a wide range of compounds.
Gram-positive, irregular rod-shaped, nonmotile, non-sporulating, aerobic
chemoorganotrophic actinomycetes.
Isolated from radioactive hot springs in
Japan.
Spore-forming, aerobic actinomycetes that
lives in soil.
Spore-forming, aerobic thermophilic
actinomycetes that lives in soil. It has
been implicated in a range of
hypersensitivity pneumonitides, including
farmer's lung, but is generally isolated in
small numbers from contaminated
environments.
See description for Streptomyces sp.

BSMT (2)

See description for Streptomyces sp.

Actinobacteria

Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria
Actinobacteria

BSMT (2)

BSMT (1)

BSMT (1)
BSMT (1)

See description for Streptomyces sp.

BSMT (3)

See description for Streptomyces sp.

Reference

(Yoon et al.,
2005)
(Groth et al.,
2001)

(Bergey &
Holt, 1994;
Huang et al.,
2002)
(Bergey &
Holt, 1994)

(Suzuki et al.,
1988)

(Runmao,
1987)
(Amner et al.,
1989)
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Phylum

Genus/ Species

Samples
affected (#
of clones)
BSMT (3)

Actinobacteria

Streptomyces sp.

Actinobacteria

Streptomyces
thermocarboxydus

BSMT (1)

Actinobacteria

Streptomyces
variabilis
Adhaeribacter
aquaticus
Adhaeribacter sp.

BSMT (4)

Bacteroidetes
Bacteroidetes

BSMT (2)
BSMT (1)

Bacteroidetes

Echinicola
vietnamensis

BSMT (8)

Bacteroidetes

Flavobacterium
sp.

BSMT (3)

Bacteroidetes

Mucilaginibacter
sp.

BSMT (4)

Bacteroidetes

Parapedobacter
koreensis

BSMT (1)

Bacteroidetes

Pedobacter sp.

BSMT (2)

Bacteroidetes

Pontibacter sp.

BSMT (8)

Bacteroidetes

Rhodocytophaga
aerolata*

BSMT (2)

General description

Reference

Gram-positive, aerobic actinomycetes that
use a range of carbon sources. Found
primarily in soil and decaying vegetation.
Produce more than 5,000 bioactive
compounds. Largest genus of
Actinobacteria, containing more than 500
species.
See description for Streptomyces sp.
thermophilic, carboxydotrophic
actinomycetes isolated from soils and
composts.
See description for Streptomyces sp.

(Anderson &
Wellington,
2001)

See description for Adhaeribacter sp.
Isolated from a potable water biofilm.
A Gram-negative, rod-shaped, non-motile,
obligately aerobic, chemoorganotrophic
bacterium isolated from a potable water
biofilm. Includes 1 species.
A novel marine, heterotrophic, gliding,
halotolerant and light-pink pigmented
bacterium.
Gram-negative, rod-shaped, motile,
aerobic, chemoorganotrophic bacteria that
decompose several polysaccharides but
not cellulose. Widely distributed in soil
and freshwater habitats. Includes over 50
species.
Gram-negative, rod-shaped, nonsporulating, non-motile, facultatively
aerobic, chemoorganotrophic bacteria that
produce large amounts of EPS (mucus).
Strains have been isolated from Sphagnum
peat bogs. Includes 3 species.
Gram-negative, rod-shaped, nonsporulating, non-motile, aerobic
bacterium. Isolated from dried rice straw
Gram-negative, rod-shaped, motile,
obligately aerobic bacteria. Members of
this genus have been isolated from soil,
fish, a nitrifying inoculum and glacier
samples. Includes 7 species.
Gram-negative, rod-shaped, motile,
aerobic, chemoorganotrophic bacteria.
Includes 3 species.

(Rickard et
al., 2005)
(Rickard et
al., 2005)

(Kim et al.,
1998)

(Nedashkovsk
aya et al.,
2007)
(Bernardet et
al., 1996)

(Pankratov et
al., 2007)

(Kim et al.,
2007)
(Steyn et al.,
1998; Gallego
et al., 2006)

(Nedashkovsk
aya et al.,
2005)
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Phylum

Genus/ Species

Samples
affected (#
of clones)
DST (1)

Cyanobacteria

Microcoleus
vaginatus

Cyanobacteria

Oceanobacillus
caeni

BSMT (3)

DeinococcusThermus

Deinococcus sp.

BSMT (2)
DST (4)

Firmicutes

Ammoniphilus
oxalaticus

BSMT (2)

Firmicutes

Bacillus acidicola

BSMT (1)

Firmicutes

Bacillus aeolius

BSMT (2)

Firmicutes

Bacillus badius

BSMT (1)

Firmicutes

Bacillus
hackensackii
Bacillus lentus

BSMT (1)

Firmicutes

Firmicutes
Firmicutes

Bacillus
longiquaesitum*
Bacillus
methanolicus

BSMT (1)

General description

Dominant cyanobacterium found in
biological soil crusts in the desert.

Gram-positive, rod-shaped, sporeforming, motile, aerobic bacterium.
Isolated from the activated sludge of a
Bacillus-dominated wastewater treatment
system in South Korea.
Gram-positive, spherical, non-motile,
aerobic, chemoorganotrophic bacteria. All
known species are radiation-resistant and
two are thermo-tolerant. Deinococcus has
been used for bioremediation to consume
and digest solvents and heavy metals in a
highly radioactive site. Includes over 30
species.
Gram-variable, rod-shaped, endosporeforming, motile, aerobic obligately
oxalotrophic bacterium, which is
ammonium-dependent and haloalkali
tolerant.
Grows at pH values from 3.5 to 7.0.
See description of Bacillus sp.
Thermophilic and halophilic. Isolated
from the water of a shallow sea hot spring
in Italy. Has potential biotechnological
important properties such as
exopolysaccharide production, surfactant
activity, and utilization of hydrocarbons.
See description of Bacillus sp. Isolated
from the intestinal tract of children.
See description of Bacillus sp. Isolated
from a patient's blood culture.
See description of Bacillus sp.
Alkophilic. An important industrial
organism, which produces a commercially
important alkaline protease. Isolated
mainly from soil, but also food and spices.

Reference

(Yeager et al.,
2004; Reddy
& GarciaPichel, 2005)
(Nam et al.,
2008)

(Brooks &
Murray,
1981; Brim et
al., 2000;
Brim et al.,
2003; Brim et
al., 2006)
(Zaitsev et
al., 1998)

(Albert et al.,
2005)
(Gugliandolo
et al., 2003)

(Batchelor,
1919)
(Hong et al.,
2003)
(Jorgensen et
al., 2000)

DST (1)
BSMT (1)

See description of Bacillus sp.
Thermotolerant, methanol-utilizing, and
obligately aerobic. Isolated from soil
samples, aerobic wastewater treatment
systems, and volcanic hot springs.

(Arfman et
al., 1992)
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Phylum

Genus/ Species

Samples
affected (#
of clones)
BSMT (2)

Firmicutes

Bacillus nealsonii

Firmicutes

Bacillus niacini

BSMT (1)
DST (1)

Firmicutes

Bacillus silvestris

BSMT (1)

Firmicutes

Bacillus sp.

BSMT
(20) DST
(1)

Firmicutes

Ornithinibacillus
bavariensis

BSMT (4)

Firmicutes

Paenibacillus
ginsengarvi

Firmicutes

Planococcus sp.

BSMT (1)

Firmicutes

Sporosarcina sp.

BSMT (1)

DST (1)

General description

Reference

See description of Bacillus sp.
Facultatively anaerobic. Isolated from
dust particles collected from a space-craft
assemble facility
See description of Bacillus sp. Gramvariable. Abundant in soil. Poor growth
occurs on nutrient agar. Biotin, thiamine,
and vitamin B are required for growth.
See description of Bacillus sp. Obligately
aerobic. Isolated from forest soil in
Germany
Gram-positive, rod-shaped, endosporeforming, motile, aerobic or facultatively
anaerobic, chemoorganotrophic bacteria.
Includes phenotypically heterogeneous
organisms with a wide range of nutritional
requirements, growth conditions and
metabolic diversity. Members have been
isolated from a wide variety of aquatic and
terrestrial environments, ranging from
sewage sludge, to ocean sediments to
desert soils. Includes over 60 species.
Gram-positive, rod-shaped, endosporeforming, motile, aerobic, bacterium
isolated from pasteurized milk from
Bavaria, Germany.
Gram-positive, rod-shaped, sporeforming, non-motile, aerobic bacterium.
Isolated from soil from a ginseng field in
South Korea.
Gram-positive to Gram-variable,
spherical, non-sporulating, motile,
aerobic, chemoorganotrophic, halotolerant
bacteria. Widely distributed in marine
environments. Includes 12 species.
Gram-positive or Gram-variable, spherical
or oval, endospore-forming, motile,
strictly aerobic or facultatively anaerobic,
chemoorganotrophic bacteria. Widely
distributed in soil and also isolated from
seawater. Includes 6 species

(Venkateswar
an et al.,
2003)
(Nagel &
Andreesen,
1991)
(Rheims et
al., 1999)
(Demharter &
Hensel, 1989;
Bergey &
Holt, 1994;
Roberts et al.,
1994; Ruger
et al., 2000)

(Mayr et al.,
2006)

(Yoon et al.,
2007)

(Bergey &
Holt, 1994)

(Bergey &
Holt, 1994;
Yoon et al.,
2001)
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Phylum

Genus/ Species

Firmicutes

Virgibacillus sp.
aka Salibacillus
sp.

Nitrospira

Nitrospira sp.

Samples
affected (#
of clones)
BSMT (4)

DST (1)

General description

Gram-positive, rod-shaped, endosporeforming, motile, aerobic or facultatively
anaerobic, chemoorganotrophic,
halotolerant bacteria. Members of the
genus show a wide range of activities,
which may reflect undiscovered
requirements for growth factors and/or
special environmental conditions.
Includes at least 13 species.
Gram-negative, loosely coiled spiral to
vibroid-shaped, non-motile, aerobic,
obligately chemolithoautotrophic,
obligately halophilic nitrifying bacteria.
Nitrite is its only energy sources. Grows
in salt water. Isolated from diverse
marine environments and soil samples
collected in Nambia.

Reference

(Heyndrickx
et al., 1998;
Heyrman et
al., 2003)

(Watson et
al., 1986;
Bergey &
Holt, 1994)
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APPENDIX D
A PICTURE IS WORTH A THOUSAND WORDS
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Abandoned farmland/ Redhawk Site. Arlington, AZ, 50 miles west of Phoenix
2/2002 Before any restoration work.

3/2002 Beginning. During set-up of experiment. Imprinted plots are in the foreground
and mulched plots are in the background.

4/2002 One month after start of experiment. Irrigated plots are wet. Large plants are
Salsola iberica.
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9/2002 After six months. Middle of picture shows the irrigated plots, mostly Salsola
iberica growing. On either side are unirrigated plots.

3/2004 End of experiment. Foreground is the unirrigated plots, background with the
bigger plants are irrigated plots.

3/2004 Natural surrounding desert taken near abandoned farmland site.
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Acidic copper mine tailings/ Resolution Copper Company site
Superior, AZ, 65 miles east of Phoenix, AZ
2/2005 Mine tailings pile.

2/2005 Proximity of mine tailings piles to town.

4/2005 Close-up of mine tailings. Shows that they are very heterogeneous.
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5/7/2005 Layout of unplanted lysimeters. Lysimeters were buried in soil less than 1 km
from mine tailings pile.

5/20/2005 Lysimeters right after transplanting Atriplex canescens.

8/2006 15 months after start of experiment. Lysimeters planted with Atriplex canescens
(on left) and seeded with grass-forb mix (on right).
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Neutral copper mine tailings/ Mission Mine site, Sahuarita, AZ
20 miles south of Tucson, AZ
4/2005 Circum-neutral copper mine tailings before biosolids amendment.

4/2005 Circum-neutral copper mine tailings immediately after Class A biosolids
application.

