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ABSTRACT 

The results of a study on the potential for phytoremediation of nitrate and 

ammonium contaminated soil and groundwater at the Monument Valley Uranium Mill 

Tailings Remedial Action (UMTRA) Project site are presented in this dissertation. The 

following is a summary of the most important findings: 

A phytoremediation plot was established to remediate soil nitrate and ammonium 

contamination at a former uranium ore processing site. A triplex canescem were planted 

and deficit irrigated, preventing recharge into the shallow aquifer. Initial soil 

concentration of nitrate-N was approximately 180 mg kg*" but decreased to only 80 mg 

kg"' after a 41 month period. A decrease in nitrate-N concentrations was observed 

throughout the 4.6 m soil profile, which was a unique observation. Ammonium-N 

concentrations remained at initial levels of approximately 180 mg kg"' and did not 

decline over the course of the study. Soluble salts in the soil decreased by only 20% in 

the soil, which was attributable to the loss in nitrate. Residual soil nitrogen became 

enriched in which indicates biological denitrification. Nitrate-N loss was 1,360 kg 

ha"' yr"', which is approximately three times higher than agricultural soils. These 

findings may provide a low-cost method for nitrate remediation in soils. 

A. canescem and Sarcobatus vermiculatus are native phreatophytic shrubs at the 

UMTRA Project site that were evaluated for their potential to remove nitrate from the 

shallow aquifer. Stable isotope signatures from the water extracted from plant stems 

were similar to the groundwater isotope signatures, suggesting that the plants are rooted 

in the plume. Currently only 7% of the plume area is vegetated, mainly due to heavy 
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grazing. When protected from grazing, plants were found to increase in cover by over 

50% per year during a three-year period. Transplants of A. canescens that were 

protected from grazing and irrigated during the first summer after planting were rooted in 

the plume within three years, growing greater than 2-m in height. Based on these results, 

the nitrate plume could be removed within 13 years if grazing were restricted and 

vegetation were to be enhanced to 50% cover, whereas almost six decades would be 

required to remediate the plume under current conditions. This study shows that 

phytoremediation may be an inexpensive and non-invasive means of nitrate remediation 

at this and other arid locations. 



9 

1. INTRODUCTION 

L I .  T h e  N i t r o g e n  P r o b l e m  

Over the past 50 years, industrial production of nitrogen fertilizers, combustion of 

fossil fiiels, and the increase of production from legume crops has increased the amount 

of reactive nitrogen that has entered the biosphere. Compounds such as ammonium and 

nitrate are part of a biological cascade that may be detrimental to ecosystems and human 

health, until they are converted to nonreactive Na via denitrification. N2O, another 

potential end product, is a greenhouse gas (Galloway et al., 2003). 

Nitrate and ammonium are common contaminants from agricultural and mining 

activities in the arid and semiarid deserts of the United States (Hossner, 1988; Middieton 

and Thomas, 1997). Nitrate moves through the soil and into groundwater more readily 

than ammonium due to its negative charge. The EPA has set drinking water standards for 

nitrate at lOmgL"' nitrate-nitrogen. At levels above this, children are at risk of getting 

methemoglobinema, or "blue baby syndrome", which can be fatal (Soares, 2000). Water 

containing levels higher than 10 mg L nitrate-nitrogen must be treated before use as 

drinking water. 

Nitrate remediation may be accomplished by various physical and chemical 

methods including; ion exchange, spray evaporation, distillation, and biological 

denitrification (Kapoor and Viraraghavan, 1997; Shirimali and Singh, 2001; U.S. 

Department of Energy, 1999). The cost of using these methods varies greatly and can be 

a major obstacle due to the high volume of water and soil that requires treatment. These 

methods also do not accomplish revegetation of the sites, which is often a requirement of 
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regulatory agencies and the local community. Our approach to site clean-up includes 

revegetation with native shrubs to accomplish both goals of remediation and revegetation. 

By establishing camscens on the contaminated soil and applying irrigation, the 

plants will use the nitrate and ammonium as nutrients and stimulate microbial activity, 

which results in increased denitrification rates. By studying the nitrate concentration and 

the stable isotope signatures of subpile soil over time, plant uptake of nitrogen and 

denitrification rates can be determined. 

In addition to soil remediation, groundwater remediation is also a goal, that may 

be accomplished using the existing phreatophytes over the plume. By studying the stable 

isotope signatures of water in the plants, soil, and groundwater we can determine the 

water source of the plants. Thus, if the plants are rooted into the groundwater, they can 

remove nitrate to use as a nutrient source and reduce the concentration of nitrate in the 

plume in a passive phytoremediation process. 

1.2. Tuba City LMTRA Project Site 

The Tuba City Uranium Mill Tailings Radiation Control Act (UMTRA) Project is 

located approximately 10 km east of Tuba City, Arizona. The former uranium mill was 

operated from 1955 to 1966 and groundwater has been extensively contaminated as a 

result of milling operations. Revegetation of the site is a requirement of Uranium Mill 

Tailings Radiation Control Act (UMTRCA), which was enacted in 1983. The act requires 

the federal government to perform site cleanup (40 CFR Part 192 subpart A). There are 
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24 tailings sites affected by the legislation, and 23 of these are in the western United 

States. 

During remediation in the 1980's, top soil and other contaminated materials at 

Tuba City were removed and buried in a disposal cell on site. As a result, the soil was 

devoid of vegetation and had considerably less plant diversity than adjacent, undisturbed 

soil (Lash et a!., 1999). The Department of Energy (DOE) contracted the University of 

Arizona's Environmental Research Laboratory to restore native vegetation on site. Direct 

seeding techniques and transplants were used to determine the best option for site 

revegetation. Irrigation was also investigated as a way to increase plant survival. This 

study is presented in Appendix A of the dissertation, and provided the basis for 

phytoremediation methods conducted at Monument Valley. 

1.3. History of the Monument Valley UMTRA Project Site 

The Monument Valley UMTRA Project site is located on the Navajo Nation 

approximately 27 km southeast of Mexican Hat, Utah. Milling operations were ongoing 

at the site from 1955 through 1968. Uranium ore was mined during this period by private 

companies for federal government use in national defense. After milling operations 

ceased in 1968, the area was left with tailings piles, leaching areas, and an evaporation 

pond. Although levels of radiation in the tailings piles were low, human exposure was a 

concern, as some of the sand-like tailings were removed and used for construction 

purposes. The DOE, as directed by the Environmental Protection Agency (EPA), was 



12 

responsible for tailings disposal and storage, which was completed by 1994 in Monument 

Valley (U.S. Department of Energy, 1999). 

In addition to tailings removal, the DOE is responsible for remediation of soil and 

groundwater at the site. The main chemicals of concern at the site are nitrate and 

ammonia, and to a lesser extent, sulfate. These compounds were used to adjust the pH for 

extracting uranium from the ore. Extractions were performed in unlined areas and as a 

result, soil and groundwater at the site became contaminated. Approximately 4 ha of the 

site are contaminated throughout the sandy soil profile. A plume of nitrate contamination 

in the alluvial aquifer extends from the former tailings pile area (subpile soil) away from 

the site. 

The University of Arizona's Environmental Research Laboratory is working with 

the DOE to implement a cost-effective means of remediation. It was envisioned that A. 

canescens planted on subpile soil could use the nitrate and ammonia as nutrients, if 

irrigation was supplied to stimulate plant growth and microbial activity. The.^. canescens 

would also prevent recharge into the aquifer, halting further nitrate contamination. It was 

also hypothesized that the Sarcohatus vermiculatm and A. canescens that are already 

growing on the plume area would remove the water and nitrate from the plume as a 

passive phytoremediation process. These hypotheses were tested in Appendices B and C, 

respectively, of this dissertation. 

1.4. A triplex canescens and Sarcobatus vermiculatus in soil remediation and 

revegetation 
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A. camscem (fourwing saltbush) is a xerohalophytic chenopod shrub. It is an 

important forage plant for wildlife and domestic livestock and is found throughout the 

western deserts of the United States, Mexico, and Canada (Sanderson and Stutz, 1994; 

Wood et al., 1995). It is a facultative phreatophyte that can root to depths of over 8 m 

and is widely used for revegetation projects in arid regions around the world (Nichols, 

1993; Glenn et al., 1998). A. camscem is also used for sand dune stabilization and is 

capable of accumulating high levels of salts in above-ground tissue. It is highly salt 

tolerant, known to be capable of growing in soils containing greater than 7.5 ds m' 

soluble salts (Welch, 1978). Two varieties, angustifolia and occidentalis are found on the 

UMTRA Project sites in Northern Arizona. Variety occidentalis is the most widely 

distributed of the two, however, angustifolia has larger frait, more leaf area, greater 

canopy area, and is better adapted to survival in dune sand (Glenn et al.,1998). 

Transplanting is the most successful method for establishing stands of^. 

canescens (Aldon, 1972, Glenn et al., 2001). Irrigation becomes necessary for 

successful establishment in arid regions, such as the Colorado Plateau, although the 

amount of water and mode of application are subjects of debate. Transplants often require 

temporary enclosures for protection from grazing (Glenn et al., 2001; Grantz et al., 1998). 

In order for A. canescens to maintain vigor and be productive, grazing should be limited 

and include periodic seasons of grazing exclusion as part of the revegetation plan (Jones 

and Arous, 2000). Pieper and Donart (1978) found that one growing season every 3 to 4 

years is sufficient for established plants to remain productive and maintain vigor. 
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Sarcobatus vermiculatus (greasewood) is a Chenopod shrub that is distributed 

throughout the west much like A. camscem. It is also a salt tolerant phreatophyte 

(rooting depth can be >17m) that is a valuable forage plant, although sheep and cattle 

may become poisoned if it is eaten in large quantities (U.S. Department of Agriculture, 

2003). 

Monitoring of plant growth and production can be accomplished by a variety of 

methods, including biomass density, ground cover area, and canopy volume. Biomass 

density is commonly measured by harvesting leaf and stem tissue from a quadrat of a 

known size. Annual production rates are obtained by comparing dry weights of harvested 

materials (Bonham, 1989). Tissue samples from the quadrats can also be tested to 

determine plant nutrient and chemical concentrations. Shrub height and volume are non

destructive measures that provide sufficient precision on growth and biomass over time 

(Thomson et al., 1998). 

1.5. Denitrification 

Denitrification is the main process by which fixed nitrogen is returned to the 

atmosphere. By understanding the different steps of the denitrification process, nitrogen 

can be followed more carefully in the environment (Murray and Knowles, 2003). A basic 

sequence of denitrification is as follows: 

NOs" NCb -> NO -> N2O Na (Hall et al, 1996) 
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The final product of denitrification, Na makes up approximately 78% of the 

atmosphere. Table 1 lists a variety of denitrification rates for different soil types and 

conditions. 

Table 1. Denitrification rates of various soil types and depths. 

Soil 
Type 

Site Description Depth 
(cm) 

Nitrogen loss 
( k g  N  h a  V r  ̂ )  

Source 

Silt loam Pasture 0-7.5 4.5 Luo et al., 2000 

Sandy 
loam 

Irrigated oats and 
maize 

0-30 2190 - 4380* Sanchez et al., 2001 

Loam Pasture 0-10 
10-40 
40-50 

13.3 
2.51 
0.79 

Ryan et al., 1998 

Peat Minerotrophic fen 0-75 
75-115 

155-205 

10,877** 
1,022** 
460** 

Hoffman et al., 2000 

Sandy 
loam 

Chihuahuan 
Desert, NM 

Great Basin 
Desert, UT 

0-20 7.2 

19 

Peteijohn and 
Schlesinger, 1991 

Sandy 
loam 

Sonoran Desert - 12 

*Based on daily denitrification rate. 
**Average denitrification rate for soils based on daily rates. 
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The microbial conversion of N2O to Nj is generally an anaerobic process that can 

be inhibited if oxygen is present, however there are aerobic bacteria, including 

Paracoccus denitrificans, Microvirgula aerodenitrijicans, and Thaurea mechemichenis 

that can complete denitrification (Takaya et al., 2003). Some species of Nitrobacter and 

Pseudomonas, are capable of both anaerobic and aerobic denitrification (Colliver and 

Stephenson, 2000). 

In agricultural systems, nitrogen losses via denitrification are environmentally and 

economically damaging. The overall cost of production increases as more fertilizer 

additions are needed to maintain plant productivity (Sanchez et al., 2001). The addition 

of more fertilizer to the soil can lead to eutrification of surface waters when runoff occurs 

and an increase in nitrate concentrations in groundwater as water moves through the soil 

profile. Industrial fixation of nitrogen for fertilizer production was 85 million tonnes in 

1999 and has been increasing yearly (Bedard-Haughn et al., 2003). 

At non agricultural sites such as abandoned mine and mill sites, denitrification 

can actually defray the cost of clean up as nitrogen is lost to the atmosphere. However, 

denitrification can produce the greenhouse gas, N2O, which is an intermediate product of 

the denitrification process. 

Various factors can limit denitrification rates. Luo et al. (2000) found low 

moisture content to be the limiting factor in denitrification rates of pasture soil, although 

the spatial variability in the topography was a considerable influence as well. For 

example, soils in waterlogged gullies showed much higher denitrification rates than soil 

on slopes. Lower denitrification rates were also observed where low concentrations of 
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nitrate and animal excreta were present. They also found that rates were generally lowest 

in the cooler winter months. These are consistent with observations made by Parkin 

(1987) who found microsites of increased denitrification rates in soils due to factors 

including nitrate presence, soil temperature, and aeration. These "hot spots" mainly occur 

in areas of high concentrations of organic carbon (Luo et al., 2000; Parkin, 1987). 

Swertz et al. (1996) found that additions of700 mg kg and 4,200 mg kg"^ glucose 

stimulated denitrification activity at the same rate. In these laboratory experiments, 

denitrification rates were limited by the growth rate of denitrifying microorganisms, not 

the concentration of nitrate present. 

In desert soils, an "island of fertility" effect has been observed, where the highest 

denitrification rates are seen in wet soils having high nitrate and organic carbon content 

(Peteijohn and Schlesinger, 1991). Westerman and Tucker (1978) also found that an 

increase in both C:N ratio and temperature enhanced denitrification rates in a Sonoita 

sandy loam in the Sonoran Desert. 

Most denitrification activity has been observed in shallow soil layers, mainly in 

the top 20 cm of soil (Ryan et ai., 1998; Jarvis and Hatch, 1994). Denitrification rates in 

sludge amended soils have shown significant decreases as soil depth increases, as carbon 

availability diminished (Artiola and Pepper, 1992). Hoffman et al., (2000) found that 

denitrification decreased with depth in waterlogged soils, with surface soil rates as high 

as 243 mmol N m"^ d"' that decreased to 9 mmol N m"^ d"' at depths up to 205 cm. The 

decrease in the denitrification rate was highly correlated with organic carbon content. 
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Denitrification has also been observed in soil up to 115 cm depth which was attributed to 

periods of high soil moisture content (Weir et al., 1993). 

1.6. Stable Isotopes 

Naturally occurring stable isotopes are valuable tools used to detect a vast array of 

physical and biological processes that are occurring in the environment (Coplen et al., 

2000). For example, the stable isotopes of water can be used to determine if plants at the 

Monument Valley site are rooted in the plume water using it as a water source. This can 

be accomplished by comparing stable isotopes signatures of water extracted from soil, 

plant tissue, and groundwater samples. Biological denitrification can also be detected by 

determining changes in the levels of in soil over time. 

1.7. Stable Nitrogen Isotopes 

Most nitrogen in the atmosphere is composed of (99.6337 %) while 

makes up only a small portion of the atmosphere (0.3663 %) (Bedard-Haughn et al., 

2003). Because there is such a difference in concentrations, we can use two stable 

isotope methods to follow the fate of nitrogen in the environment. One is the 

enrichment method and the other is the natural abundance (5'^ method. The 

enrichment method requires the addition of an enriched source (either organic or 

inorganic fertilizer) to the study site. Studies can be carried out in small pot experiments 

or field trials. The enrichment has a known, unique isotopic signature which can be 

traced as the nitrogen becomes part of the nitrogen cycle. Over time, the changes in 
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enrichment can be used to calculate the nitrogen turnover rate and also to determine the 

fate of nitrogen (e.g. plant tissue, soil organic matter, leachate). Denitrification rates can 

also be determined as the microorganisms convert the to molecules such as N2O or 

N2 (Bedard-Haughn et al., 2003; Hopkins et al, 1998). 

The 5'^ method uses the existing pool of in the soil to study the fate of 

nitrogen and can be used to trace the source of NO3" in groundwater and soil. The small 

differences between the ratio of the source (e.g. NO3") is compared to the 

ratio of an atmospheric N2 standard. The relationship is described as follows: 

8^^ (%0) = ^ jQQQ 

('WN)su«iard 

values are expressed as units per thousand (per mill or %o) and is the difference 

between the source nitrogen and sink nitrogen. Enzymatic reactions such as those 

involved in denitrification preferentially transform molecules that are lower in molecular 

weight because the chemical bonds are more easily broken (Bates and Spalding, 1998). 

For example, a molecule of '^NOs' would undergo denitrification more readily than 

"^03". The end products, N2O and/or N2 would be isotopically lighter, therefore leaving 

the residual pool of NO3' isotopically heavier over time (Aravena and Robertson, 1998; 

Stein and Yung, 2003). Analysis of the pool would reveal a progressive enrichment of 

heavier over time if enzyme activity (denitrification) were occurring. This principle 

was observed in the subpile soil at Monument Valley. Initial soil samples had -2.34%o as 

an isotopic signature yet after three growing seasons, enrichment increased to 
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3.76%o, indicating denitrification was occurring at the site. A more negative 5 value 

indicates that the sample is depleted in heavy isotopes, relative to the standard, and that 

the sample is isotopically "light" compared to the standard. The more positive the 5 is, the 

more enrichment of heavy isotopes is occurring in the sample. This principle also applies 

to the stable isotopes of water (Coplen et al., 2000). 

1.8. Stable Isotopes of Water 

The stable isotope makes up 99.985% of hydrogen, whereas the (Deuterium 

or D) stable isotope is only 0.015% of the hydrogen in the atmosphere. The most 

abundant oxygen stable isotope is (99.757%), and makes up 0.205% (Coplen et 

al., 2000). The 5 values for ratios of /*H and are calculated in reference to 

standard laboratory values. As water evaporates from the ocean, the and S^H values 

are approximately 0%o. The transition from liquid to vapor cause a depletion heavy 

isotopes. As the water condenses, forming clouds that reach the continent, the isotopes 

are in equilibrium. When the clouds move across the continent and precipitation falls, 

there is a progressive depletion of heavy isotopes in the clouds, thus the clouds moving 

farther inland will have a lighter (more negative) isotopic composition. The water vapor 

in the clouds does not gain seawater molecules as it moves over the continent, so there 

will be a continual depletion of heavy isotopes (Herczeg, 2000). Temperature is the 

main factor determining the fractionation of isotopes in water vapor, since cooling of air 

temperatures must occur for precipitation to form (Clark and Fritz, 1997). 
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In plants the 5'^0 and D ratios reflect the isotopic composition of their water 

source, which can be precipitation, soil moisture, groundwater, and runoff. Shrubs can 

exhibit the isotopic composition of a particular water source within 5 to 11 hours of 

exposure to the source (Dawson, 1993); however Lin et at. (1996) showed that A 

canescens exposed to simulated summer rains (water enriched with D) exhibited little, if 

any uptake in July or September. This may be attributed to the high temperature of soils 

in the summer that inhibit water uptake by shallow roots. (Lin et al., 1996). 

Groundwater isotopic composition is highly affected by the following processes: 

1.) Physical processes (e.g. evaporation) 

2.) Size and elevation of groundwater pool 

3.) Depth to groundwater and geological characteristics of the aquifer 

4.) Dissolution characteristics and velocity of water movement in subsurface 

strata into the groundwater (Dawson, 1993). 

Along the Colorado Plateau, about half of the water recharge is due to winter storm 

events, with monsoonal summer rains contributing the remainder. The winter 

precipitation derived from the Pacific Northwest has a more negative isotope signature 

than summer rains, which come from water in the Gulf of Mexico. Summer rain is also 

more subject to evaporation at the soil surface, contributing to a more positive D/H ratio 

as the water enters the soil system. Groundwater, therefore, exhibits isotope ratios 

reflecting the mixture of source waters (Dawson, 1993; Caldwell, 1985; Lin et al., 1996). 
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1.9. Explanation of dissertation format 

The research that will be presented in the following appendices is an investigation 

into phytoremediation of the Monument Valley UMTRA Project site. The first paper is in 

the format of the Journal of Environmental Quality where it was published in 2001. The 

third paper was submitted in 2003 to Soil Biology & Biochemistry. 

The title of the study presented in APPENDIX A is: "Revegetation of an 

abandoned uranium millsite on the Colorado Plateau, Arizona" by Edward P. Glenn, 

William J. Waugh, David Moore, Casey McKeon, and Stephen G. Nelson. The role of 

the dissertation author in this paper was planning and coordinating data collection, 

participating in final plant measurements, species identification, data entry, and analysis, 

and participating in writing and organizing the final paper. 

The paper "Phytoremediation of nitrate-contaminated groundwater by desert 

phreatophytes" by Casey McKeon, Edward P. Glenn, William J. Waugh, David Dettman, 

and Stephen G. Nelson is presented in APPENDIX B. The role of the dissertation author 

was to write budgets and research proposals, plan and make plant measurements, 

including the collection and processing of soil and plant tissue samples for nutritional and 

isotope analysis, plan and perform plant cover data collection, irrigate transplants 

periodically, analyze data, including samples sent to external laboratories, and write the 

final paper. 

APPENDIX C is the paper titled "Rapid nitrate loss fi^om a contaminated desert 

soil at Monument Valley, Arizona" by Casey McKeon, Edward P. Glenn, Fiona Jordan, 
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William J. Waugh, and Stephen G. Nelson. The dissertation author's role was to write 

budgets and research proposals, help install, design and maintain the irrigation system; 

raise and transplant A. canescem in the field and monitor plant growth and development; 

monitor and evaluate soil moisture monthly; coordinate and perform sample collections 

for plant and soil; perform soil analysis, data entry and analysis; prepare samples for 

isotope analysis; and write the final paper. 
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2. PRESENT STUDY 

The primary focus of this dissertation is the phytoremediation of the Monument 

Valley UMTRA Project site. The first paper presented in APPENDIX A is a study of a 

variety of revegetation techniques that served as the basis for the planting techniques and 

plant measurements for the subsequent appendices. The paper in APPENDIX B explores 

the use of the existing plant population at the Monument Valley UMTRA Project site for 

passive phytoremediation of the nitrate plume in the alluvial aquifer. APPENDIX C is a 

study using transplants of A triplex canescem for remediation of soil nitrogen 

contamination. 

The following is a summary of the most important findings reported in the first 

study presented in APPENDIX A: 

Revegetation of a disturbed uranium mill site was accomplished by irrigating 

A triplex canescem transplants. Plants were established in compacted caliche soil and 

dune sand by irrigating weekly through the first summer. The survival rate for the 

angustifolia variety was approximately 22% higher than the occidentalis over both soil 

treatments. Direct seeding of a variety of desert grasses and shrubs yielded poor cover at 

less than 6%. We determined that transplanting keystone shrubs with supplemental 

irrigation was necessary for plant establishment in this arid desert environment. 

The important findings in APPENDIX B are summarized below: 

Two native phreatophyte shrubs, Atriplex canescem and Sarcobatus vermiculatus 

were evaluated to determine their ability to phytoremediate nitrate contaminated 



25 

groundwater. The alluvial aquifer at the Monument Valley, Arizona site was 

contaminated with nitrate levels as high as 1000 mg U" as a result of uranium ore 

extraction processes that occurred in unlined ponds. Phytoremediation is a less expensive 

form of remediation than traditional pump and treat methods. The stable isotope 

signatures of plant stem tissue, soil, and groundwater were compared to drtermine if the 

deep rooting shrubs were using the groundwater. The and 5^H values of the plants 

suggest that they are using water from the aquifer, not the soil which only contained 0.02-

0.04 g g' moisture. Transplants of A. ccmescem that were protected from grazing and 

irrigated during the first growing season also had isotope signatures that suggested they 

were rooted in the aquifer which was approximately 8 m below the soil surface. We 

determined that the current heavy grazing practices have resulted in a 7% vegetative 

cover over the plume area. By excluding grazing from 24 plants on the plume, we found 

that cover increased by 50% each year over a three year period if plants are protected. 

Based on current biomass production rates and assuming the plants obtain all of their 

water from the aquifer, the nitrogen plume may be removed in approximately 60 years. If 

the plant cover increased to at least 50% cover over the plume by exclusion of grazing, 

the extraction of nitrate would increase, and remediation could be completed in about 13 

years. 

The phytoremediation study presented in APPENDIX C was designed based on 

the success of the results in APPENDIX A, and a summary of the findings are presented 

below; 
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A 1.6 hectare phytoremediation plot of transplanted A. canescem was established 

on nitrate and ammonium contaminated soil at a former uranium milling site in 

Monument Valley, Arizona. Irrigation was applied to stimulate growth and nitrogen 

uptake without leaching nitrate into the groundwater. Monthly monitoring of soil 

moisture revealed that no water was recharged into the aquifer. Nitrate loss from 

throughout the soil profile (up to 4.6 m depth) was rapid over the 41 month study period. 

Initial soil concentrations of nitrate were approximately 180 mg kg"' nitrate-N but 

decreased to only 80 mg kg"'. A salt balance study shows that the soluble salts decreased 

by 20% over the study period, consistent with the nitrate losses. Ammonium levels did 

not change over time. Plant uptake of nitrogen was estimated to be only 70 kg, which 

would not account for the total nitrogen losses in the soil. The initial soil ''N values of 

-2.35 %o increased to 3.75%o on the last sampling date, which is evidence of biological 

denitrification. Total nitrate loss over the study period was 7,416 kg which amounts to 

0.03 mg kg "'d"'. This high rate may be attributed to the addition of irrigation. At this 

rate of nitrate removal, the nitrate in the plot may be remediated in 5 years, although the 

ammonium will remain. 
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Received for publication June 19, 2000. We attempted to restore native plants on 
disturbed sites at a former uranium mill on the Colorado Plateau near Tuba City, AZ. 
Four-wing saltbush [Atriplex canescens (Pursh) Nutt.] was successfully established in 
compacted caliche soil and in unconsolidated dune soil when transplants were irrigated 
through the first summer with 20 L/plant/wk. The caliche soil was ripped before planting 
to improve water-holding capacity. The diploid saltbush variety, angustifolia, had higher 
survival and growth than the common tetraploid variety, occidentalis, especially on dune 
soil. The angustifolia variety grew to 0.3 to 0.4 m^ per plant over 3 yr even though 
irrigation was provided only during the establishment year. By contrast, direct seeding of 
a variety of native forbs, grasses, and shrubs yielded poor results, despite supplemental 
irrigation throughout the first summer. In this arid environment (precipitation = 100 to 
200 mm/yr), the most effective revegetation strategy is to establish keystone native 
shrubs, such as four-wing saltbush, using transplants and irrigation during the 
establishment year, rather than attempting to establish a diverse plant community all at 
once. 

INTRODUCTION 

ARID landscapes around the world have been adversely altered by mining that disrupts or 
eliminates native plant communities (Middleton and Thomas, 1997). Regulatory and land 
management agencies often require the reclamation of these sites following cessation of 
mining or milling activities. Reclamation is a return of the soil and plant community it 
supports to a condition of stability and productivity comparable with that prior to 
disturbance (Allen, 1988). Numerous methods to revegetate these sites have been 
attempted (reviewed in Bainbridge et al., 1993; Bleak et al., 1965; Call and Roundy, 
1991; Cox et al., 1982; Day and Ludeke, 1986; DePuit, 1988; Jackson et al., 1991; May, 
1975; National Academy of Sciences, 1974; Powell et al., 1990; Schaller and Sutton, 
1978). Low-cost methods generally consist of seed and mulch applied to prepared soils 
without supplemental irrigation. Higher-cost methods include supplemental irrigation to 
promote seed germination and plant establishment (DePuit et al., 1982). The most 
expensive methods use transplants from nursery stock and intensive irrigation to produce 
a plant stand (Glenn et al., 1998; Grantz et al., 1998). 

mailto:jody.waugh@doegipo.eom
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The choice of methods is difficult, because success or failure depends greatly on local 
edaphic and meteorological conditions. The underlying ecological processes that control 
vegetation composition at a specific site are usually unknown; hence, the best guidance 
for designing and implementing a revegetation program often is anecdotal evidence (Call 
and Roundy, 1991; Allen, 1995). The success of dry seeding methods generally declines 
as aridity increases (Call and Roundy, 1991). Some researchers consider irrigation 
essential in areas that receive less than 250 mm of annual precipitation (Aldon, 1978; Day 
and Ludeke, 1986; National Academy of Sciences, 1974), but the need for irrigation and 
the amount and application mode have been debated (DePuit, 1988). 

We are attempting to establish native vegetation on abandoned uranium millsites on 
Navajo Nation land on the Colorado Plateau in the southwestern United States (Glenn et 
al, 1998; Lash et al., 1999). The present study was conducted at the Tuba City site in 
northeastern Arizona. Tuba City is one of many abandoned uranium millsites for which 
the U.S. Department of Energy was assigned responsibility for cleanup under the 
Uranium Mill Tailings Radiation Control Act (UMTRCA) of 1978 (U.S. Department of 
Energy, 1989a, b). Ten years before the present study, the Department of Energy replaced 
the topsoil around the site with sand from a nearby site, mulched and seeded the site with 
a selection of native plants, and then fenced the area to exclude grazing (U.S. Department 
of Energy, 1989c). Contaminated topsoil was buried on site with uranium mill tailings in 
an engineered disposal cell. Ten years after soil removal, replacement, and reseeding, the 
treated area had considerably less plant diversity than untreated areas (grazed and 
ungrazed) adjacent to the site (Lash et al., 1999). 

We conducted a series of experiments for the Department of Energy using native shrubs, 
grasses, forbs, and two soils types, combined with standard revegetation methods (direct 
seeding, seeding plus irrigation, transplanting, and transplanting plus irrigation), to 
determine the best techniques for the Tuba City site. The native shrub four-wing saltbush 
can be established successfully using transplants and intensive irrigation during the 
establishment year. Direct seeding methods, direct seeding plus low-intensity irrigation, 
and transplanting plus low-intensity irrigation did not produce acceptable stands of any of 
the plant species used. The implications of these findings for other desert sites are 
discussed. 

MATEMIALS AND METHODS 

Site Description 
This former uranium millsite is located on the Navajo Nation, 8 km east of Tuba City, 
Arizona, just south of Highway 160 at an elevation of 1554 m (36°08'N, 111°10'W) (Fig. 
1). The surrounding landscape is coppice dune, hummock, and swale desert topography 
overlying sandstone terraces that slope Oto 8% to the southwest. The well-drained 
surface soils have moderately fine sandy textures and are part of the Badland-
Torriorthents-Torrifiilevents association (Hendricks, 1988). Dominant shrubs in this 
region are four-wing saltbush, shadscale [A. confertifoUa (Torr. andFrem.) S. Watson], 
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Mormon tea {Ephedra viridis Coville), banana yucca {Yucca baccata Torr.), and 
snakeweed [Gutierrezia sarothrae (Pursh) Britton & Rusby], Two dominant non-native 
annual forbs are Russian thistle {Salsola kali L.) and bur ragweed {Ambrosia confertiflora 
DC.). Perennial grasses include Indianricegrass [Achnatherum hymenoides (Roem. & 
Schult.)], sand dropseed [Sporobolus cryptandrus (Torr.) A. Gray], black grama 
[Bouteloua eriopoda (Torr.) Torr.], crested wheatgrass [Agropyrondesertorum (Fisch. ex 
Link) Schult.] (a non-native), galletagrass [Hilariajamesii (Torr.) Benth.], and muhly 
grass {Muhlenbergiapungens Thurb.). Annual grasses are six-weeks fescue [Vulpia 
octqflora (Walter) Rydb.J and foxtail brome {Bromus rubens L.)(a non-native). The 
range is heavily grazed by sheep and cattle (J. Willeto, Navajo Department of 
Agriculture, Window Rock, AZ, personal communication, 1997). 

The initial remediation effort took place between 1986 and 1988 (Jacobs Engineering 
Group, Inc., 1995) and included fencing to exclude livestock. Inside the fenced area, the 
surface 25 cm of soil was scraped from approximately 10 ha of the former millsite to 
remove surface contamination that accumulated during milling operations. The 
contaminated soil and other radioactive materials were buried on site in a disposal cell 
beneath an engineered cover consisting of a compacted clay layer topped with gravel and 
rock (U.S. Department of Energy, 1989b). Thetopsoil in the scraped area was replaced 
with sand from a local source. The replacement material has chemical and textural 
characteristics similar to the surrounding soils (Lash et al., 1999). 

Overview of Experiments 
The revegetation experiments were located near the toe of the disposal cell (Fig. 1). Two 
soil conditions are present on the site. The first type is an undisturbed, coppice dune soil 
that is a fine to medium sand. The second type is a caliche soil that is present under the 
thin layer of surface sand that replaced the contaminated soil. The caliche soil is primarily 
sand and gravel cemented together by calcium carbonate precipitates and is nearly 
impenetrable in its natural state. 

Experiment 1 attempted to establish two local varieties of four-wing saltbush, 
occidentalis and angustifolia, on the two soil types. The former, a tetraploid plant, is the 
most common variety of this species. The diploid var. angustifolia is a faster-growing 
form that appears to be specialized for rapid establishment in dune environments (Glenn 
et al., 1998; Sanderson and Stutz, 1994). Accessions of each variety were established as 
transplants from nursery stock in planting wells and were individually irrigated once a 
week with 20 L of water during the first summer only. The experiment was initiated in 
spring 1996; Glenn et al. (1998) report the preliminary results after the first year of 
growth. Here we report results after 3 yr of growth. 

Experiment 2 attempted to establish a suite of plants on only the caliche soil through 
direct seeding and transplanting, using supplemental sprinkler irrigation during the first 
summer after planting. The plant list included six perennial shrubs, four grasses, and one 
forb (Table 1). This experiment was initiated in fall 1997 and evaluated in summers 1998 
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and 1999. Both experiments included a treatment in which the caliche soil was ripped 
before planting to open the soil to increase its water-holding capacity and to allow the 
roots to penetrate deep into the soil. 

Methods for Experiment 1 
Glenn et al. (1998) present details of plant collection, propagation, planting, and 
irrigation. Fruits from 10 accessions (individual plants) of four-wing saltbush were 
collected on the site in 1995 and were used as source material for all four-wing saltbush 
plants used in these studies. Seven of the 10 accessions were subsequently identified as 
the common variety occidentalism while three accessions were identified as var. 
angmtifoiia, based on leaf width, fruit size, and the presence or absence of specific 
flavanol compounds (Glenn et al., 1998; Sanderson and Stutz, 1994). Approximately 750 
seedlings were transplanted into each of two locations in May 1996. 

The Dune Site (Location 1) consisted of a series of low, sandy, coppice dunes that were 
within the site fenceline and had not been disturbed by either milling or subsequent 
remediation activities. The Caliche Site (Location 2) had been compacted and graded 
during milling and remediation activities and had a gravelly, sandy soil cemented by 
caliche (calcium carbonate) lenses. The Dune Site soil was classified as a loamy sand 
while the Caliche Site soil was a sandy loam; Glenn et al. (1998) present details of soil 
analyses. Four-wing saltbush transplants were spaced at 3-m intervals in nine adjacent 
blocks at each location. Each block contained 10 plants of each accession planted in 
random order. 

At the Dune Site, plants were placed directly into unaltered soil. At the Caliche Site, soil 
was first ripped to 1.0 to 1.3 m depth with a bulldozer equipped with a ripping bar, and 
plants were transplanted within the rip lines. Ripping loosened the soil to facilitate 
planting and allowed penetration of irrigation water into the soil. A wire mesh cage was 
placed over transplants to protect them from rabbits and other wildlife. Each plant 
received a single dose of slow-release fertilizer and was irrigated once a week through the 
first growing season (May through September 1996) with 20 L of water. Protective cages 
were removed in 1997 as plants began to grow through the mesh. No additional water or 
fertilizer was applied. 

Plants were randomly sampled in May 1997 to estimate growth and survival for the first 
growing season (Glenn et al., 1998). In July 1999, we determined the survival and canopy 
measurements of all plants. Canopy volume (F) was calculated from the north-south 
width (a), the east-west width (b), and the height (h) of each surviving plant, using the 
formula (Bonham, 1989): 

V= (n/4)abh 
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Methods for Experiment 2 
This experiment was conducted to determine if a suite of plants from seeds and from 
transplants, including grasses, forbs, and shrubs, could be established in the caliche soil. 
A fall planting was used to allow plants to germinate or establish during the winter 
(period of maximum precipitation) before they were exposed to summer heat. The 
experiment was conducted in nine adjacent plots (20 by 27 m) on a disturbed, compacted 
area of the site near the Caliche Site location of Experiment 1 (Fig. 1). A randomized split 
plot experimental design was used (Fig. 2). Whole plots were used to compare three 
planting methods (transplants only, direct seeding only, and transplants and direct seeding 
combined). Three replicate plots of each planting method were prepared for a total of nine 
whole plots. Two split-plot treatments, one for soil preparation method, and the other for 
duration of irrigation, were included in each whole plot. The soil in each whole plot was 
ripped at 3-m intervals to produce nine ripped lines per plot; plants within the ripped 
lanes were considered to be part of the ripped treatment, while plants in the lanes between 
rip lines were in the unripped treatment. Following ripping, each plot was disked to create 
a seed bed. Each plot was subdivided into three sections containing three ripped lanes and 
three unripped lanes. Each subdivision received one of three irrigation treatments: (i) 
irrigation applied only one time (immediately after planting in fall 1996); (ii) irrigation 
applied immediately after planting, then weekly in May 1997 (four applications); (iii) 
irrigation applied immediately after planting, then weekly from May through September 
1997 (18 applications). Irrigation was applied as a spray from a high-pressure hose (20 
min per subplot per application). Flow rate was measured with an in-line flow meter and 
averaged 40.5 L/min (810 L per application, or approximately 0 .45 cm of water applied to 
the soil). Each irrigation split plot contained three ripped and three unripped rows. 
Therefore, there were three replicates per split plot and six split plots that received direct 
seeding, for a total of 18 replicates per irrigation treatment. 

Seed was broadcasted onto the plots after disking in November 1996. Table 1 presents the 
plant species and seeding rates for the direct-seeded plots. A hand-operated, crank-type 
seed applicator was used for smaller seeds and hand-broadcasting was used for four-wing 
saltbush var. angustifolia fruits because they were too large for the mechanical seeder. 
The seeds were then bedded into the soil by dragging a section of chain-link fence 
material over the soil with a tractor. 

Seedlings transplanted into experimental plots were: four-wing saltbush var. angustifolia 
and occidentalis, shadscale, greasewood [Sarcobatus vermiculatus (Hook.) Torr.], 
Mormon tea, and rabbitbrush [Chrysothamnus nauseosus (Pall, ex Pursh) Britton]. Four-
wing saltbush varieties were established from seed collected on site and shadscale was 
started from cuttings taken from plants growing near the site; all other species were 
started from seed obtained from Maple Leaf Seed Co., Ephraim, UT. Maple Leaf did not 
specify the origin of seeds. Seeds or cuttings were started in a greenhouse in Tucson, AZ, 
in July and transplanted into plots in November 1996, following ripping, disking, and 
seed application. Transplants were placed in ripped rows only (no unripped treatment) at 
3-m spacing, with the order of species determined randomly within each row. Each 
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irrigation treatment splitplot contained three ripped rows and each row contained one of 
each of the five transplant species. 
After the seeding and transplanting was completed, all plots received one irrigation, then 
were left unirrigated until May 1997 when irrigation treatments were resumed as 
previously described. Transplants were protected by wire cages during the first growing 
season. Planting success was evaluated in June 1998 (20 mo after planting) and in July 
1999 (33 mo after planting). 

For the 1998 evaluation, we used an occular point intercept method (Floyd and Anderson, 
1982) to estimate plant cover within each ripped and unripped row in each plot. The point 
intercept device consists of two wooden frames on adjustable legs, one spaced 10 cm 
above the other. Each 0.5- by 1.0-m frame was strung at 10-cm intervals with 
monofilament lines forming two identical grids, each with 50 intersections. A sighting 
point was established by viewing down on intersections of the upper grid and alligning 
them with intersections in the same position on the lower grid. Percent cover was 
estimated as the proportion of sighting points (hits) intercepting a target (e.g., plant, soil, 
gravel). The point intercept frame was placed at one randomly chosen location centered in 
each ripped and unripped lane. This sampling protocol was determined after preliminary 
sampling of three sites per row in nine rows to estimate the coefficient of variation (84%) 
and the sample size needed to separate means at P < 0.05 with differences of 
approximately 20% in total plant cover («= 162) (Sokal and Rohlf, 1997). 

Final evaluation of the experiment was conducted in 1999, using a line-intercept method 
to estimate plant cover. This method was more rapid and encompassed more of the total 
experiment area than the point intercept method. A tape measure was tightly stretched the 
length of each row and the intercept of plant species or bare soil under the line was 
recorded. Transplants were evaluated separately in June 1999 for survival rate and canopy 
dimensions as in Experiment 1. 

Statistical Analysis of Data 
For Experiment 1, we compared the growth of two varieties of the four-winged saltbush, 
angustifolia and occidentaiis, in response to soil type with a two-way analysis of 
variance. The logarithm of the individual plant volume was used as the dependent 
variable, with soil type (ripped caliche or dune) and plant variety {angustifolia or 
occidentaiis) as fixed factors. Log transformation was used to normalize the distribution 
of data. 

For Experiment 2, we used a three-way analysis of variance to examine the effects of 
seeding, irrigation, and soil preparation on the mean percent cover of the species that 
were seeded and on total plant cover. The surviving seeded species were four-wing 
saltbush var. occidentaiis and angustifolia, blue grama [Bouieloua gracilis (Kunth) Lag. 
ex Griffiths], rabbitbrush, galleta grass, and Indian ricegrass. The sum of the percent 
cover of these species was used as the dependent variable. The three independent factors 
(treatments) were planting method (three levels: not seeded, seeded only, transplants plus 
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seeding), irrigation (three levels; 0, 4, or 18 applications during summer 1996), and soil 
preparation (two levels: ripped and nonripped). Similar analysis was made of the percent 
cover of individual species where appropriate. To compare the volume of the transplants 
among species for the three plots containing transplants, we used a one-way analysis of 
variance on log-transformed data to normalize the distribution of the data. 

Climate Records and Other Sources of Information 
Temperature and precipitation data for Tuba City were obtained from the Western 
Regional Climate Center of the Desert Research Institute (wrcc@dri.edu) in Reno, 
Nevada. Plant identification was based on descriptions in Kearney and Pebbles (1960) 
and Benson and Darrow (1981), supplemented by a checklist of local species and on 
comparison with herbarium specimens for problematic spieces (Lash et al., 1999). Some 
plants could only be identified to genus level because flowers and fruits were not present. 
Globemallow (Spkaeraicea sp.) in the seed mix was also not identified to species by the 
seed supplier. 

RESULTS 

Meteorological Conditions during the Study Period 
The site is characterized by hot summers (mean monthly temperatures greater than 20°C 
from June through August), cool winters (less than 4°C from December through 
February), and irregular precipitation (lOO-yr mean = 161 mm/yr) arriving mainly as 
winter and late summer raiiis. Spring is a period of drought. Figure 3 presents mean 
monthly temperature and precipitation data for the study period. Temperatures during the 
study were approximately normal; precipitation was much lower than the 100-yr mean in 
1996 (56 mm) and higher than the mean in 1997 and 1998 (218 and 204 mm, 
respectively). Precipitation for January through August 1999 was slightly higher than the 
100-yr mean value (125 mm compared with 102 mm). Experiment 1 was established 
during a period of relative drought, but the plants in that study were irrigated during the 
first summer. Experiment 2 was seeded during a relatively wet period. 

Survival and Growth of Four-Wing Saltbush Varieties on Two Soil Types 
(Experiment 1) 
For Experiment 1, transplants of four-wing saltbush were individually irrigated during the 
first summer. The ripped sandy loam soil at the Caliche Site most likely retained water 
around the root zone of the plants longer than the loamy sand at the Dune Site, in which 
water probably drained to deeper layers; but establishment and growth of both of the • 
varieties were successful at both sites. Because the 1997 analysis (Glenn et al., 1998) 
showed no statistical differences in survival or growth of different accessions within each 
variety, data were pooled by variety for the 1999 evaluation. Varietal and soil-related 
differences first appeared in 1997 (Glenn et al., 1998) and remained evident in 1999 
(Table 2); significant effects on the log-volumes of the plants were attributable to both 
soil type (Fifiu = 14.885, P = 0.000) and variety (Fi,68i = 48.514, P = 0.000). Also, there 
was a significant interaction between these factors (Fi,68i = 4.367, P = 0.037). Plants of 
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both varieties grew best in the ripped caliche soil and those of var. angustifoHa were 
larger than those of var. occidentalis, especially in the dune soil. Mean canopy volume 
across varieties was 0.3 per plant at the Caliche Site compared with 0.2 m at the Dune 
Site; however, var. angustifolia had twice the canopy volume of var. occidenlalis across 
sites. Both varieties had greater than 75% survival at the Caliche Site. At the Dune Site, 
var. angustifolia had 63% survival compared with only 33% survival for var. 
occidenlalis. 

Direct Seeding of Shrubs, Grasses, and Forbs (Experiment 2) 
Treatments were first evaluated in June 1998, 18 mo after sowing. Plant cover was less 
than 15% in all treatments, and treatment effects were not significant for irrigation 
treatment or for planting method (seeded plots did not have higher plant cover than 
unseeded plots). Ripped lines had significantly (P = 0.003) greater plant cover than 
unripped lines (means are 10.7 and 7.6%, respectively), but for all treatments, differences 
in cover among species were all nonsignificant (P > 0.05). This was due to the very low 
cover of most species and the low power of the point-intercept measurement method, 
which was used to sample only a small portion of each row. We also considered that the 
seeds might require longer than 18 mo to germinate and establish sufficient plant cover to 
be measurable in the plots. Therefore, final evaluation was conducted after 30 mousing 
the line intercept method. 

Twenty-seven species were encountered in the treatment plots in 1999 (Table 3), but 
overall plant cover was still very low when pooled for all treatments. Only 6 of the 12 
species included in the seed mix were found in the plots. Treatments were initially 
evaluated based on total plant cover and only for those plants included in the seed mix. 
Total plant cover in all plots was dominated by alkalai sacaton [Sporobolus airoides 
(Torr.) Torr.], a bunch grass that was not included in the seed mix. The irrigation 
treatment was not significant (P > 0.05), but it was difficult to evaluate the other 
treatments because of the variability in the cover of alkalai sacaton among plots. 
Therefore, effects of planting and ripping were evaluated only for those plants included in 
the seed mix. The percent cover of the surviving seeded species differed significantly 
among the planting treatments (F2.117 = 3.311, F = 0.04) and among the soil preparation 
treatments (Fiji 7 = 6.259, P = 0.014), but there was no significant effect attributed to 
irrigation level(F2.11 = 1.313,P = 0.273). 

Both seeding and ripping resulted in a higher percent cover of the seeded species, but the 
effect was not dramatic, as the percent cover was less than 6% in all cases (Table 4). 
Application of seed increased plant cover of the seeded species from 3.7 to 4.9%, while 
ripping increased the cover of those species from 2.7 to 4.3%. The top treatment (5.7% 
for seeded and ripped plots) was 3.4 times higher than the lowest treatment (1.7% for 
unseeded and unripped plots) for seeds in the seed mix. However, no treatment was 
effective in establishing a satisfactory plant cover on these plots. 
Individual species had a low percent cover and treatment effects were mainly 
nonsignificant (P > 0.05). However, alkalai sacaton was less abundant in ripped than in 
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unripped rows (Fi.n? =64.181, P = 0.000), as expected, because ripping removed 
preexisting plants. Four-wing saltbush was the only seeded species that had significantly 
greater cover {F2,m ~ 3.099, P = 0.049) in seeded plots. 

Survival and Growth of Transplants (Experiment 2) 
Survival and growth of all transplanted species in Experiment 2 were poor compared with 
those achieved with four-wing saltbush in Experiment 1. In Experiment 2, there were 
significant differences in the log-volumes of individual plants among species (^4,72 = 
8.793, P = 0.000). Four-wing saltbush var. occidentalis were the largest plants followed 
by rabbitbrush (Table 5). The two varieties of four-wing saltbush had the best survival, 
both just more than 40%. Greasewood and shadscale plants exhibited both poor survival 
(3 and 10%, respectively) and poor growth. 

DISCUSSION 

The main conclusions of this study are that four-wing saltbush alone can be established in 
either dune or ripped caliche soil at this site when transplanted and irrigated individually, 
but that direct-seeding a mixture of native grasses, forbs, and shrubs is not likely to be 
successful with low amounts of supplemental irrigation. Our experiments typified two 
different approaches to revegetation; Experiment 1 concentrated on establishing a 
keystone shrub species at widely spaced intervals, while Experiment 2 attempted to 
establish a complete ground cover of shrubs, grasses, and forbs. Only the first approach 
was successful. 

Call and Roundy (1991) point out that many land managers conceptualize revegetation as 
an instantaneous process where plants are expected to establish rapidly and form a 
permanent, static ecosystem. In reality, succession on arid rangelands is a slow, stochastic 
process and projects that use the approach taken in Experiment 2 often fail (Call and 
Roundy, 1991; DePuit, 1988; Lash et al., 1999). Numerous authors (e.g., Call and 
Roundy, 1991; DePuit, 1988;Grantz et al., 1998; Powell et al., 1990) have concluded that 
establishment of shrubs, as attempted in Experiment 1, is the most important first step in 
revegetation. Newly established shrubs provide shade and accumulation of litter creating 
microhabitats, or safe sites (Harper et al., 1965), that favor the germination and 
establishment of understory species. Our results support their conclusion. 

Four-wing saltbush var. angustifolia transplants that were planted in ripped rows in 
caliche soil and individually irrigated through the first summer gave the best results 
among the shrub treatments (Experiment 1). These shrubs had 90% survival and achieved 
aground cover of 0.4 m^ per plant after 3 yr. They increased sixfold in plant volume 
between 1997 and 1999, even though they received no irrigation after the first growing 
season. This increase in plant volume suggests that they established a root system capable 
of extracting soil moisture from greater depths in the vadose zone at this site (Jacobs 
Engineering Group, Inc., 1995). Variety occidentalis had 76% survival and achieved a 
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ground cover of 0.2 with the same treatment. Both varieties had lower growth and 
survival in dune soil than in caliche soil, because the dune sand probably has a lower 
water-holding capacity than the loam soil. However, there was a significant varietal 
interaction, with var. occidentalis having much lower survival in dune soil than var. 
angustifolia. This study supports the hypothesis (Sanderson and Stutz, 1994; Glenn et al., 
1998) that the diploid, var. angustifolia, is specialized for rapid establishment and growth 
on shifting dune soils. It should be the preferred variety for revegetation on sites with a 
coppice dune, hummock and swale topography. 

By contrast, in Experiment 2, plant establishment was largely unsuccessful. Direct 
seeding of shrubs, grasses, and forbs produced few established plants after 2 yr; percent 
cover of the seeded plants was <6%. In contrast, total plant cover in surrounding 
undisturbed areas was greater than 24%, and in other reseeded areas was greater than 
19% (Lash et al., 1999). The success of direct seeding without irrigation is constrained by 
the low and erratic precipitation patterns of arid sites such as this one on the Colorado 
Plateau, where seedling recruitment maybe successful only once every 15 yr (Bleak et 
al., 1965). Hence, we used supplemental irrigation to attempt to stimulate germination and 
establishment during the first summer. Our highest irrigation treatment supplied 7.2 cm of 
water over the first summer after seeding, effectively doubling the natural summer 
precipitation rate (6.9 cm). An examination of historical precipitation records shows that 
only one year (1914) of the past 100 for which there are weather records provided as 
much water in the May through August period as the 14.1 cm provided in the highest 
irrigation treatment (irrigation plus precipitation). Nevertheless, irrigation did not increase 
plant cover measured 2 yr later. Potential evaporation is as high as 1 cm/d during 
summer, and the plots dried rapidly between irrigations. 

Other studies have reported successful seed germination in arid zones with supplemental 
irrigation (Ries et al., 1988; DePuit et al., 1982). Those studies, however, used irrigation 
rates ranging from 40 to 80 cm/yr over 1 or 2 yr. That amount of water was not available 
at our study site and seldom is available at desert revegetation sites. Using lower volumes 
of irrigation (as low as 5 cm per month during the first season), Powell et al. (1990) 
reported an initial stimulation of seed germination but no beneficial effects of irrigation 
that persisted overtime in a cold desert climate. Ries et al. (1988) suggested that even 
small amounts of supplemental irrigation, which boosts total precipitation to amounts 
available in wet years at a given location, might be beneficial, but our results show that 
even a doubling of natural precipitation may not increase plant establishment in an arid 
climate. 

Results with transplants in Experiment 2 were also disappointing compared with 
Experiment 1. Four-wing saltbush varieties had only 40% survival, even though they 
were in ripped soil of the same type as plants in the Caliche Site in Experiment 1. 
Rabbitbrush, greasewood, and shadscale all had survival rates of less than 50%, and all 
transplants had slower growth rates than plants in Experiment 1. The primary factors 
influencing the differences between experiments appear to be the amount of water applied 
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and the irrigation method. Other possible factors include planting season and ambient 
precipitation amount. Transplants in Experiment 1 received 20 L/wk of water through the 
first summer, whereas (assuming each transplant harvested water from 0.25 m^ of plot 
area) transplants in Experiment 2 recieved only 2 L/wk of water. Grantz et al. (1998) 
reported similar poor results for shrubs irrigated with 2 L/wk of supplemental irrigation in 
the western Mohave Desert. Four-wing sahbush was the most successful species in their 
study, but they concluded that transplanting is effective only with large amounts of 
supplemental irrigation during the first summer. 

Experiment 1 used less water per unit of land area than Experiment 2: 2.2 L/m^ compared 
with 4.5 L/m^. Water was applied individually to widely spaced shrubs in Experiment 1 
but was broadcast over the entire plot in Experiment 2. Where the water supply is limited, 
the available water should be directed at individual shrubs rather than broadcast over the 
entire area requiring revegetation. Drip irrigation lines can be installed to distribute water 
to shrubs. In very arid climates like Tuba City, we recommend that the initial revegetation 
step should be to establish keystone shrubs. Four-wing saltbush var. cmgustifolia appears 
to be the most suitable selection for arid sites on the Colorado Plateau. 

Transplant and irrigation methods are expensive compared with direct seeding because 
they require greenhouse propagation of plants, ripping of the soil, hand planting, and 
either installation of an irrigation system or hand watering. However, these methods 
produce better results and constitute a small amount of the total cost of remedial action at 
Uranium Mill Tailings Radiation Control Act (UMTRCA) Project sites where 
reestablishment of plant cover is considered essential for long-term success. Ten years 
after reseeding at the Tuba City UMTRCA Project site, shrub cover was sparse and total 
plant cover on seeded disturbed land was only 14% compared with 24% on undisturbed 
land (Lash et al., 1999). Our results support the conclusion of Call and Roundy (1991) 
that rapid establishment of a complete plant community on a disturbed desert site is 
difficult, but establishing shrubs that can facilitate the successional process is feasible. 
Whether the shrub community established in Experiment 1 will eventually lead to a 
diverse plant community of native species remains to be determined. 
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Fig. 1. Location of Experiment 1 Caliche Site and Dune Site plots and Experiment 2 
Caliche Site plots at the Tuba City Uranium Mill Tailings Radiation Control Act 
(UMTRCA) Site, Arizona. 
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Table 1. Plant species and seeding rates used in Experiment 2. Seed rate is based on 
grams of pure, live seed as determined by germination tests prior to sowing. 

Species Rate 

Leeds/m'^ 
Shrubs (all 0.26 g/m^) 
Four-wing saltbush [A triplex ccmescens (Pursh) Nutt. var. occidentalis\ 32 
Four-wing saltbush [A. ccmescens (Pursh) Nutt. var. m^stifolid\ 32 
Shadscale [A. confertifolia (Torr. and Frem.) S. Watson] 37 
Greasewood [Sarcobatus vermiculatm (Hook.) Torr.] 
Mormon tea (Ephedra viridis Coville) 14 
Rabbitbrush [Chrysothamnus mmseosus (Pall, ex Pursh) Britton] 433 
Grasses (all 0.82 gjn?) 
Indian rice grass [Achnatherum hymenoides (Roem. & Schult.)] 293 
Sand dropseed \Sporobolus cryptandrus (Torr.) A. Gray] 10124 
Blue grama [Bouteloua gracilis (Kunth) Lag. ex Griffiths] 1338 
Galleta grass [Hilaria jamesii (Torr.) Benth.] . 
Forb (0.26 g/m^) 
Globemallow {Sphaeralcea sp.) 287 

^Derived from Lindstrom (1996). Conversion factors to calculate rate were not available 
for greasewood and galleta grass. 
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Fig. 2. Split-split-plot experimental design used for Experiment 2 to test the interactive 
effects of planting method, irrigation, and ripping. 
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Fig. 3. Mean monthly temperature and precipitation at Tuba City, Arizona, 1996-1999. 
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Table 2. Comparison of the volumes of two varieties of four-wing saltbrush in two soil 
types in 1999, after 3 yr growth in Experiment 1. 

Canopy volume 

Sahbush 
variety Soil type 

Number of 
survivors Survival Mean Standard dev. 

m 

Angustifolia 
Angustifolia 
Occidentalis 
Occidentaiis 

caliche 
dune 
caliche 
dune 

195 
91 
345 
54 

% 
90 
63 
76 
33 

0.38 
0.31 
0.22 
0.09 

0.50 
0.50 
0.47 
0.16 
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Table 3. Species and mean percent cover in plots at Tuba City in 1999 in Experiment 2. 

Coys 

Sp«d®s ConimoE name Plant type Mean Std. dev. 

% 

Sporobolus airoides (Ton.) Torr. alkalai sacaton grass 2.8 4.1 
Chrysothamms nmiseosus (Pall, sx Pursh) Mtton niMjsrrabbittaish, diamisa shrub 1.6 2.2 
Atriplex canescens (Purdi) Nutt four-wing saltbush shrub 1.6 2.5 
Amtida purpurea NiitL purple tlreeawn grass 0.7 1.1 
Chrysothamms q). rabbitbnish shrub 0.6 1.7 
Bouteloua gracilis (Kunth) Lag. ex Griffiths blue grama grass 0.6 0.7 
Chrysothamms visctdifloms (Hodc.) Nutt green rabbittaish shrub 0.5 0.9 
Lygodesmia grandiflora var. grandiflwa skeleton weed, showy nishpink forb 0.2 0.6 
Gutierrezia sarothrae (Pursh) Britton & Rusby Iwoom, snakeweed shrub 0.1 0.4 
Sphaeralcea sp. globensallow forb 0.1 0.3 
Sporobolus contractus A.S. Hitcfac. spike dropseed grass 0.1 0.3 
Achnatherum hymenoides (Roem Sc. Schult) Baricworth Indian riee^ass, tanohgrass grass 0.1 0.3 
Oenothera albicaulis Pursh evening primrose f«b <0.1 na 
Astragalus sp. milkvMdi, locoweed forb <0.1 na 
Mentzelia pumilia blazing star forb <0.1 na 
Sakola kali L Russian thistle, tumbleweed forb <0.1 m 
Atriplex confertifolia (Totr. & Frem.) S. Watson shadscale shrub <0.1 na 
Phacelia sp. phacelia forb <0.1 na 
Ambrosia sp. ragweed fwb <0.1 na 
Yucca glauca Nutt. yucca, soapweed shrub <0.1 na 
Bromus tectonim L. cheatgrass grass <0.1 na 
Hilaria jamesii (Totr.) Benth. gaileta, curly gr«ss grass <0.1 na 
Hymenopappus filifolia mayweed forb <0.1 na 
Ephedra viridis Coville Mormon tea, joint fir slmsb <0.1 na 
Machaeranthera sp. aster shrub <0.1 na 
Plantago patagonica Jacq. wooiy plantain grass <0.1 na 
Erigeron sp. fleabane, daisy forb <0.1 na 
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Table 4. Mean and standard deviation (SD) of the sum of the percent cover of the six 
surviving seeded species (four-wing saltbush [var. occidenialis and angustifoia], blue 
grama, rabbitbrush, galleta, and Indian ricegrass). Percent cover was determined in 1999. 

Soil preparation Seeded 

Cover 

Seeded + transplants Not seeded 

% 

Ripped 
Not ripped 

5.7 (3.8), M = 27 
3.3 (2.2), n - 18 

4.1 (2.9), w = 27 
4.1 (3.7), «= 18 

3.7(3.9), w = 27 
1.7(2.6), w= 18 
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Table 5. Survival and size of transplants after 2 yr in Experiment 2. 

Canopy volume 

Species 
Number of 
survivors Survival Mean Standard dev. 

m 

Four-wing 
saltbush, var. 
occidentalis 
Four-wing 
saltbush, var. 
cmgustifolia 
Rabbitbrush 
Greasewood 
Shadscale 

23 

22 
19 
3 
10 

% 

42.6 

40.7 
35.2 
5.6 
18.5 

0.106 

0.020 
0.067 
0.007 
0.002 

0.164 

0.023 
0.073 
0.006 
0.004 
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Two native shrubs were evaluated for their capacity to remove nitrate from a 

contaminated aquifer at a former uranium mill site in northeastern Arizona. Sarcobatus 

vermiculatus and A triplex canescens are obligate and facultative phreatophytes, 

respectively, that dominate the local desert plant community. Stable isotope signatures 

from water in plant stem samples suggested that both species are rooted into the nitrate 

plume, at a depth averaging more than 10 meters. Both plants are heavily grazed by 

local sheep and cattle. Under present conditions only about 7% of the area over the 

plume is vegetated. Plants protected from grazing inside exclosures increased in cover by 

50% per year over three years. Transplants of A. canescens. protected from grazing and 

irrigated over the first summer after planting, rooted into the plume within 3 years and 

grew to 2 m height. On the other hand, S. vermiculatus transplants did not show good 

growth or survival. Based on projections from this study, the nitrate plume could be 

remediated by controlling grazing over the site and enhancing plant density by installing 

transplants of A. canescens. Under ideal conditions, the plume nitrate could be removed 

within 13 years, whereas 59 years would be required under current conditions. 

Pytoremediation with native shrubs could be a viable alternative to pump-and-treat 

methods at this and similar sites throughout the southwestern United States. 

Key Words; Sarcobatus vermiculatus, A triplex canescens, revegetation, desert ecology. 
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INTRODUCTION 

Mining activities throughout the southwestern United States have severely 

damaged local soils, native plant communities, and groundwater (Hosner, 1988). 

Especially problematic are the numerous abandoned uranium milling sites where ore was 

stored and extracted before uranium production became unprofitable in this country (U.S. 

Department of Energy, 1999; Glenn et al., 2001). Remediation of these sites requires 

removing or containing radioactive materials, reducing the concentrations of chemical 

contaminants in the soil and aquifer to acceptable levels and replacing native vegetation 

to stabilize the soil surface (US. Department of Energy, 1999). 

Nitrate is a frequent groundwater contaminant under these mill sites because it 

was widely used for extraction of ore in unlined ponds. It is mobile in soil and 

groundwater and can therefore migrate away from the original contamination zone 

(Kendall and Aravena, 1999). Nitrate can be removed from groundwater by physical-

chemical methods, such as ion exchange, distillation or spray evaporation, or by 

biological denitrification (Kapoor and Viraraghavan, 1997; Shrimali and Singh, 2001; 

U.S. Department of Energy, 2000). However, if large volumes of water must be treated, 

these methods become impractical due to the expense of pumping the aquifer, treating the 

water, and dealing with the treatment waste streams. These treatment technologies may 

also further damage the surface ecology of the site, as they require clearing of vegetation 

for construction of discharge ponds, access roads, and other structures. 
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We tested passive {in situ) phytoremediation as an alternative strategy to recover 

nitrate from a groundwater plume at the Uranium Mill Tailings Remedial Action 

(UMTRA) site located near Monument Valley, Arizona. Native vegetation at this site 

consists of a variety of shrubs, grasses, and herbaceous dicots, dominated by two 

phreatophytes, greasewood (Sarcobatus vermiculatus) and fourwing sahbush (A triplex 

camscens) (U.S. Department of Energy, 1999). These two salt-tolerant Chenopod 

shrubs are used extensively for soil stabilization in arid zone restoration projects (Booth 

1985; Glenn et al., 2001; Grantz et al., 1998a,b; Donovan and Richards, 2000; Blank et 

al., 1999; Wood et al., 1995). S. vermiculatus is an obligate phreatophyte that can root as 

deep as 18 m and A. canescens, a facultative phreatophyte, may reach rooting depths in 

excess of 8 m (Nichols 1993). Inspection of aerial photographs and informal ground 

surveys suggested that the native vegetation had responded positively to the 

contamination plume (U.S. Department of Energy, 1999, 2000). We hypothesized that 

deeply rooted native plants could tap into the contamination plume and remove enough 

water and nitrate to provide long-term remediation. This process is passive in the sense 

that pumping of the aquifer is not necessary. 

Both species are grazed extensively at this site by cattle and sheep, and the range 

is in poor condition. Grazed plots at the nearby Tuba City UMTRA site supported only a 

5% plant cover, compared to 25% for protected plots (Lash et al., 1999). Various studies 

have shown that continuous grazing on A. canescens shrubs can decrease their 

productivity and vigor (Jones and Arous, 2000). Pieper and Donart (1978) found that/4. 

canescens requires periodic protection (one growing season every 3 or 4 years) from 
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grazing in order for the plants to remain productive. In addition to overgrazing, 

vegetation on parts of the site was removed during the initial remediation effort and not 

replaced. Our strategy for phytoremediation included protecting plants from grazing and 

transplanting new plants to the site. 

The objectives of our study were: 1) to determine if S. vermiculatus and A. 

camscens shrubs were rooted into the contamination plume at the Monument Valley site 

by use of stable isotope analyses; 2) to estimate their water and nitrate extraction rates 

under current range conditions; and 3) to project rates that could be achieved if the site 

was protected from grazing and if plant density was increased through revegetation. We 

compared signatures of the heavy isotopes of hydrogen (deuterium, D) and oxygen ('^O) 

in plants and samples of plume water, soil moisture, and rainwater, to infer the plants' 

water source (Coplen et al., 1999), and compared plant ratios to infer their 

nitrogen source (Kendall and Aravena, 1999). We evaluated the effects of grazing on S. 

vermiculatus and A. camscens over 3 years by comparing plants excluded from grazing 

by fencing with those plants left open to grazing. We tested the ability of greenhouse-

grown transplants of each species to establish at the site when protected from grazing. 

Finally, we mapped the cover of vegetation over the plume in its present condition and 

compared samples within this area to values obtained from areas that have been fenced 

for 10 years. The results suggest that proper management of vegetation could supplement 

or substitute for pump and treat methods for nitrate remediation at this and similar sites. 
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MATERIALS AND METHODS 

Site Description 

The Monument Valley UMTRA site is located on the Navajo Reservation in 

Arizona, approximately 9 km southeast of Mexican Hat, Utah. It is in a high desert, dune 

and swale environment at an elevation of approximately 1600 m on the Colorado Plateau. 

The site receives approximately 200 mm of annual precipitation. Summer rainfall 

generally occurs as high-intensity, short-duration storms conducive to runoff while winter 

precipitation usually occur as low-intensity, longer-duration storms with annual snowfall 

ranging between 25 cm and 100 cm (Cooley et al, 1969). 

The site was contaminated as a result of uranium milling operations that occurred 

between 1955 and 1968. Surface remediation began in 1992, and by 1994 all surface 

materials (including tailings) at the site were removed. Extensive blading operations and 

continued heavy grazing over the area resulted in poor range conditions that persist to the 

present, even though the site was reseeded following disturbance (see Lash et al., 1999, 

for an evaluation of reseeding at a similar UMTRA site at Tuba City, Arizona). A plume 

of shallow groundwater (1.5 m to 26 m depth below surface) containing nitrate in the 

range of 44 to 1,200 mg P' (0.7 to 19 mM) with a total volume of approximately 2 x 10" 

has migrated down gradient from the former mill site, underlying an area of 

approximately 130 ha (Figure 1). A complete description of the site, the extent of 

contamination and an analysis of remediation alternatives are in Department of Energy 

documents (1999, 2000, 2002). 
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Stable Isotope Analysis 

As water changes from liquid to vapor, it becomes depleted in water molecules 

containing the heavy isotopes, D and the opposite happens as water condenses out of 

vapor (Dawson, 1993). Enrichment of water in heavy isotopes is expressed as 8D and 

6'^0 values compared to a seawater standard, with positive numbers representing 

enrichment and negative numbers representing depletion of heavy isotopes relative to the 

standard (Coplen et al., 1999). 6D and S'^O values for rain water become more negative 

at cooler ambient temperatures (Dawson, 1993), and as storms pass over large continental 

areas (Coplen et al., 1999). As a result, there is a large difference between the isotope 

signatures of summer monsoonal rain (warm and derived from the nearby Gulf of 

Mexico) and winter rain (cool and derived from Pacific Northwest storms with a 

continental track of several thousand miles) along the Colorado Plateau (Lin et al., 1996). 

Water from the aquifer can contain a mixture of the two sources, hence it may display an 

intermediate isotope signature. On the other hand, soil moisture can exhibit isotope 

signatures that differ from both rain and aquifer water, due to evaporative effects and 

exchange of oxygen molecules with soil constituents (Coplen et al., 1999). 

Water extracted from stem sections of plants generally have isotope signatures 

similar to the source of water tapped by the plant roots. Hence, it may be possible to 

infer the source of water used by a plant by comparing isotope signatures in the plant to 

water sources in the environment (Coplen et al., 1999). We hypothesized that water from 

stem tissue samples collected from the site in summer would have isotope signatures 
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more similar to well water samples than to rainwater or soil moisture samples taken at the 

same time as plant samples were collected. 

D and were analyzed in soil, rain water, aquifer and plant samples collected in 

August or September, 2000. Aquifer samples were obtained from test wells arrayed over 

the plume (Wells 606, 653, 765 and 770)(Figure 1) which were pumped for 24 hours 

before samples were collected for isotope analysis. Plant and soil samples were taken 

near wells 606 and 765. Soil samples were obtained from depths between 50 and 90 cm, 

approximately 2 m from the base of each plant that was sampled. An additional set of 

soil samples were taken from 0.3 m to 6 m depth near Well 606. The woody stem tissue 

of six A. canescens and six S. vermiculatus plants were collected from plants growing 

inside fenced exclosures near each well. Rain water was also collected at Monument 

Valley during September. Soil, water, and plant samples were stored in 50 cm^ glass vials 

which were sealed with parafilm at the site, and frozen upon arrival at the University of 

Arizona Environmental Research Laboratory to prevent water losses. 

A cryogenic vacuum distillation process was used to extract the water from the 

soil and plant samples (Ehleringer and Osmond, 1991). The extracted water was 

refrigerated until isotope analysis was performed by the University of Arizona 

Geosciences Department. Waters were analyzed for D/H ratio using a dual inlet mass 

spectrometer (Delta-S, Thermo Finnegan, Bremen, Germany) equipped with an 

automated chromium reduction device (H-Device, Thermo Finnegan) for the generation 

of hydrogen gas using metallic chromium at 750°C. Water S'^O was measured on the 

same mass spectrometer using an automated CO2-H2O equilibration unit. 
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Standardization is based on internal standards referenced to VSMOW and VSLAP. 

Precision is better than ± 0.08%o for and ±l%o for 6D. 

Two A. canescem plants were also grown in a greenhouse in Tucson, Arizona to 

determine if fractionation of D and occurred. The plants were grown in separate 4 

liter pots in soil (dune sand) collected at the Monument Valley UMTRA site. For 12 

weeks, one plant was irrigated with water from well 648 (collected by University of 

Arizona personnel in September 2000) and the other was irrigated with Tucson rainwater 

collected in October 2000. Water extracted from stem tissues were analyzed to determine 

1 
if their D and O signatures were similar to the waters with which they were irrigated. 

Plants may also differ in their signatures depending on the source of nitrogen 

they use for growth. We compared 5^'N values (relative to '"W) in leaf samples from 

fifteen A. canescem plants collected from over the plume and from fourteen collected 

from an adjacent area off the plume. Three well samples (wells 606, 770, and 765) were 

also collected to determine their signatures by drying 150 ml of each sample and 

testing the solid residue from each. Nitrogen content was measured on a continuous-flow 

gas-ratio mass spectrometer (Finnigan Delta PlusXL). Samples were combusted using an 

elemental analyzer (Costech) coupled to the mass spectrometer. Standardization is based 

on acetanalide for elemental concentration, and lAEA-N-1 and IAEA-N-2 for 

Precision is better than ± 0.2. These analyses not only differentiated between isotopes of 

nitrogen, they also quantified total nitrogen per gram dry weight of leaf sample. 

Plant Cover Studies 
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A vegetation map of the site was previously prepared, based on qualitative 

methods (U.S. Department of Energy, 1999). In June, 2000, we used line-intercept and 

plot methods (Bonham, 1989) to estimate percent cover and shrub density, respectively, 

over an area of the plume that contained at least part of each plant association recognized 

as growing over the plume in the previous study. The area between wells 606 and 653 

was partitioned into 54 blocks (60 m x 60 m each) in a rectangle encompassing 

approximately 20 ha, and transects were established at the comers of each block (Figure 

1). At each comer, a random direction (1-360 degrees) was selected to form a 30 m 

baseline by laying a tape measure on the ground. Plant cover was measured by totaling 

the meters of tape that were intercepted by each plant type (length of tape intercepted 

divided by 30 m x 100 = percent cover). The height and widths of the intercepted plants 

were also measured. To determine plant density, all A. canescens or S. vermiculatus 

shrubs that were present within a parallel 2 m wide plot along the 30 m transects were 

counted. Plant density was computed as the number of plants per ha. Only perennial 

shrubs were counted. The density of annual plants at this time of year was minimal, so 

the area not accounted for by shrubs was mainly bare soil. 

Exclosure Study 

To determine the effects of grazing over the plume area, 24 plant pairs (12 A. 

canescens and 12 S. vermiculatus) of similar initial size were selected. One plant in each 

pair was protected from grazing by enclosing it within a2mx2mx 1.5 m fence while 

the other was left unprotected. The fence was constructed of chain-link wire fencing 

stretched between braced, steel corner posts. Barbed wire was stretched between the top 
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Steel rail and the wire fence to prevent animals from climbing into the exclosure. 

Exclosures were constructed in June and July 1998. Baseline measurements of all the 

plants were made in June 1998. Subsequent measurements were made in October 1998, 

March 1999, and September 2000. 

Each year for 3 consecutive years we measured canopy volume, ground cover 

area, and biomass density for each shrub in the study. Samples of harvested biomass 

were measured for nitrate and total nitrogen. The plant was sectioned into four upper 

quadrants and four lower quadrants, and one quadrant was chosen randomly for biomass 

sampling. A 0.0625 m^ frame (0.25 m x 0.25 m internal dimensions) made ofPVC 

tubing was tossed haphazardly onto the canopy of the selected quadrant. Tissue samples 

representing all the new, annual growth inside the frame were collected. Samples 

consisted of leaves, small stems, and often seeds. The dry weights of the samples were 

obtained, and representative portions of the samples were sent to Laboratory Consuhants 

Ltd. (Lordsburg, NM) for chemical analysis. 

Total nitrogen and percent ash were determined for each shrub at the end of each 

growing season. Nitrate content was obtained from the tissue samples collected 

September 2000. Total percent nitrogen was determined by the Kjeldahl method, using 

sulfuric acid and potassium sulfate/copper sulfate catalyst (Tabatai, 1996). Nitrate 

nitrogen values were obtained by nitrate ion electrode (American Public Health 

Association, 1998). 

Transplant Study 
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In March, 1998, seeds of A. canescens and S. vermiculatus, collected from the 

Monument Valley site were germinated in 3.8 1, plastic containers containing a 2:1 (v/v) 

mixture of sand and peat in a greenhouse at the Environmental Research Laboratory in 

Tucson, Arizona. S. vermiculatus seed was collected from wild populations near Tuba 

City, Arizona. A. canescens ssp. angustifolia seed was collected from plants grown at the 

Tuba City UMTRA site; this subspecies is sympatric with the more common subspecies 

occidentalis in the Tuba City and Monument Valley areas (Glenn and Brown, 1998; 

Glenn et al, 1998). A. canescens ssp. angustifolia exhibits better survival and growth 

when used in revegetation projects (Glenn et al., 2001) and was therefore chosen for the 

present study. Ten of each species were transplanted into six exclosures (n = 60 per 

species) identical to those placed around mature plants in June, 1998. The exclosures 

were located along the nitrate gradient over the plume, near Well #606 (3 exclosures) and 

Well#765 (3 exclosures) (Figure 1) near the same exclosures that were placed around 

naturally-growing plants. Depth to groundwater at these two wells was approximately 13 

m. Plants were spaced 0.5 m apart in rows of five (two rows per species). Plants were 

irrigated once each week with 8 I of water from June to October, 1998, then were not 

irrigated further. The irrigation source was a deep, uncontaminated well at the site which 

supplied potable water to local residents and livestock (U.S. Department of Energy, 

1999). 

Calculations, Statistical Analyses and Other Methods 

Canopy volume of plants inside and outside exclosures was calculated from the 

mean length of two cross sectional widths and the height of each plant by the formula for 
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a hemisphere (2/3 ur'). Projected area of a canopy on the ground was calculated by the 

area of a circle (ur^), using the average width to estimate r. Biomass data collected by 

tossing frames onto the canopy was an estimate of biomass per unit of canopy area (2 7tr^ 

for a hemisphere). We expressed the data on the basis of projected area of the canopy on 

the ground by multiplying by 2. Growth and chemical composition of the plants were 

compared with a two-way analysis of variance, in which plant type (A. canescens or S. 

vermiculatus) and grazing condition (Ungrazed or Grazed) were the independent 

variables. Three shrubs died during the study and were omitted from the data analysis. 

We used the ground cover of shrubs at Monument Valley to estimate the leaf area 

index (LAI) and seasonal transpiration rates for S. vermiculatus and A. canescens based 

on a study at Owens Valley, California (Steinwand et al, 2001). Our water extraction 

rates should be regarded as rough approximations since they are not corrected for 

different potential evaporation rates at the two sites, and have not been validated by direct 

measurement of transpiration or LAI at Monument Valley. 

Total amounts of nitrate and water in the contamination plume (U.S. Department 

of Energy, 1999) were divided by annual nitrogen and water extraction rates estimated 

for different plant management scenarios to project the number of years required for 

phytoremediation of the site. Annual uptake rates of nitrate were calculated from 

exclosure. Rates of nitrate extraction by grazed and ungrazed canopies were multiplied 

by the fraction of ground cover for each plant type for the Current Conditions and 

Ungrazed scenarios. We used line intercept data as the source of plant cover under 

Current Conditions scenario except for the Bare Zone, for which we used plant density 
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and assumed an average plant width of 1 m, because no plants were encountered along 

the line intercepts in this zone. For the Ungrazed scenario, we assumed that plant cover 

could be increased to 40% in the S. vermiculatus-dommated areas, based on 

measurements of cover inside a fenced portion near the site, and to 25% cover in the A. 

canescens-Aom\vidX&i areas, based on plant cover measurements at an undisturbed portion 

of the Tuba City UMTRA site which has excluded grazing for 10 years (Lash et al., 

1999). 

RESULTS 

Isotope Ratios 

Results of all isotope analysis are listed in Table 1 and mean values for each 

sample type are plotted along the meteoric water line for nearby Page, Arizona (Lin et al., 

1996) in Figure 2. Water from summer rain, plant tissues, and wells generally fell along 

the meteoric water line for Page, Arizona, and plant and well samples were generally 

similar to each other and intermediate between summer and winter rain values, as 

predicted by our hypothesis. By contrast, soil water had deviant ratios of 5D and 6"^0 

The soil moisture series collected at 0.3-6 m depths near Well 606 showed that deviation 

from the meteoric water line increased with soil depth (Table 1). The water content of 

the unsaturated soil was very low (0.02-0.04 g g"'). A. canescens that were established 

from transplants in 1998 (see Transplant Studies, below) had isotope signatures similar 

to native A. canescens in nearby exclosures, indicating that by August, 2000 they were 

sharing a common water source as the native vegetation. 
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In a control experiment, A. camscem was grown in the greenhouse on either 

rainwater or well water, and in both cases the stem water isotope values were similar to 

irrigation water values. The water from Well 648, which was used in the greenhouse 

study, was less negative than the other well samples. This sample was collected after the 

well had been pumped for less than an hour, whereas the other samples were collected 

after the wells had been pumped for at least 24 hours. The Well 648 sample may have 

been contaminated by rainwater that collected around the well point. The A. camscem 

values were offset slightly from water values, in the direction of higher 5*^0 and lower 

6D, regardless of water source, and this was also observed for the field-collected plant 

samples. 

We attempted to use 6"N signatures were used to distinguish between plants 

growing on and off the plume. A. canescens leaves from plants collected on and off the 

plume had similar S'^N values (P>0.05), with means and standard errors of 7.3 (0.8) and 

5.9 (0.2), respectively. These values were also within the range of values for 3 well 

samples (6'^N = 3.2, 6.3 and 8.0). However, the fifteen plants over the plume had 

significantly (P<0 .05) higher total N than plants off the plume, with means and standard 

errors of 2.87% (0.13) and 2.50% (0.13), respectively. 

Plant Cover over the Plume Area 

Figure 3 shows a map of percent cover and plant density based on the mean line-

transect survey for each plant type over the plume. The areas of the survey overlap the 

major vegetation zones delineated earlier using qualitative methods (U.S. Department of 

Energy, 1999). Cover was sparse over most of the plume, with many blocks of the survey 
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having no cover as estimated by the line intercept and plot-density methods. Most of the 

plume is covered by the sparse A triplex zone with less than 5% cover. The area of the 

highest percentage of cover, approaching 15%, was the Sarcobatus zone, which is over 

the shallowest portion of the plume. The depth to groundwater in the zone is 

approximately 7.6 m. This zone also had the highest densities of A. confertifolia over the 

plume. Shrub density ranged from 0 to 200 plants per ha over most of the plume, but 

reached as high as 1,500 per ha in the Sarcobatus zone. We examined aerial photographs 

(1:4200) taken in September 2000, to determine the extent of the A triplex zone. It appears 

to extend beyond the 44 mg/L isoline over the plume. 

We selected a fenced area near the former tailings pile, where cattle and sheep 

have been excluded for the past 10 years, to determine the amount of cover that can 

develop over time on this range if grazing is restricted. We selected two 50 m^ plots that 

had appreciable natural regrowth for a line intercept survey. The plant cover was mostly 

S. vermiculatus, ranging from 1-2 m in height. Plant cover in these plots were 50.9% 

(S.E. = 5.1%) and 37, 5% (S.E. = 2.5%). 

Enclosure Studies 

Shrubs inside and outside exclosures (ungrazed and grazed, respectively) were 

similar in starting volumes, averaging 2.2 m^ for A. canescem and 1.0 nr^ ground cover 

for S. vermiculatus. The appearance of the shrubs was generally poor, with many broken 

stems and sparse leaf cover, due to grazing. Over three growing seasons, shrubs in 

exclosures increased their canopy volume and ground cover by 2-3 times the starting 

values, whereas grazed plants outside the exclosures remained the same size at which 
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they started (Figure 4). Differences in plant volume between grazed and ungrazed plants 

measured in 2000 were significant (P<0.05) for both species by ANOVA. Each plant 

began to produce new growth in the spring, which appeared to be maximal by June, 

however, much of this growth was removed by sheep and cattle in the grazed plants. 

Differences in biomass density per m^ of canopy area projected on the ground 

were not significant between grazed and ungrazed plants; however, S. vermiculatm 

produced more biomass per unit ground area (1872 g m'^ yr'^) than A. canescens (1607 g 

m"^ yr"') based on mean values across treatments and years (Table 2). Because the 

ungrazed plants increased in canopy area over each growing season, their net annual 

productivity per m^ of starting canopy area was approximately 1.5 times that of the 

grazed plants. Grazed plants had significantly (P<0.05) lower nitrogen contents than 

ungrazed plants, and S. vermiculatus had slightly higher nitrogen content (2.5%) than .4. 

canescens (approximately 2.1%) (Table 3). Ungrazed plants had higher levels of NO3 

than grazed plants (P<0.05)(Table 3). 

Transplant Study 

Transplanted A. canescens and S. vermiculatus seedlings were approximately 5-

10 cm in height when placed in exclosures in March, 1998. They were irrigated during 

the first growing season only, up to October, 1998. After the first summer they were 

allowed to grow without further irrigation. By May, 1999 A. canescens transplants had 

90% survival and reached an average height of 65.4 cm (SE = 2.6), whereas S. 

vermiculatus had only 45% survival and reached a mean height of only 15.4 cm (SE = 

3.7). After the second season, A. canescens dominated each exclosure and individual 
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transplants intergrew to form a closed canopy within each exclosure. By October, 2001 

A. canescem biomass completely filled each exclosure, reaching heights of 

approximately 2 m. Animals grazed the plants as they grew out through the mesh, so 

they took on the same dimensions as the exclosure. By contrast, S. vermiculatus 

transplants remained small and nearly all died by the end of the third growing season. 

Nitrogen and Water Extraction Rates 

Based on biomass production rates (Table 2), tissue nitrogen contents of plants 

inside and outside exclosures (Table 3), and assuming they received all their water and 

nitrogen from the plume, we were able to estimate nitrogen extraction rates by plants 

over the plume under current conditions (from data in Figure 2), and extrapolate rates that 

could be achieved if the vegetation density over the plume were to be increased by 

transplanting new plants and by protecting the area from grazing (Table 4). Under 

current conditions, the vegetation over the plume will require 59 years to take up the 

plume nitrogen, whereas as few as 13 years would be required if plant cover could be 

increased to 25% in the A. ccmescens zone and 40% in the S. vermiculatus zone. Water 

extraction rates are more rapid than nitrate extraction rates; one plume volume of water 

would be exhausted in 27 and 7 years, respectively, under those two scenarios. 
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DISCUSSION 

Isotope Ratios 

Both A. camscem and S. vermiculatus appear to be rooted in the contamination 

plume at Monument Valley based on the stable isotope signatures in water samples. 

Isotope studies are subject to errors in interpretation, however (Coplen et al., 1999). For 

example, mesquite stem water in the San Pedro, Arizona, riparian corridor has been 

found to have different isotope signatures from either surface water or deeper aquifer 

water, which may indicate that it is rooted into a shallow, rain-derived aquifer sitting 

overtop of the deep aquifer (David Williams, University of Arizona Department of 

Renewable and Natural Resources, private communication). However, examination of 

well logs from the Monument Valley show that the soil over the plume is generally dry 

(2-5% moisture) from the surface to the top of the contamination plume (U.S. 

Department of Energy, 1999). This was confirmed by the soil samples we took from 0.3 

m to 6 m, which showed a dry profile with deviant isotope values compared to plants or 

well samples. A. camscens reaches its wilt point when soil moisture is in the range of 2-

4% (Glenn and Brown, 1998), hence it is unlikely that the plants over the plume were 

using water from the unsaturated portion of the soil profile. 

These studies do not confirm that plants derive their nitrogen from the 

contamination plume, although this is a logical conclusion if the plume is their principle 

source of water. Nitrogen isotope ratios (^''N/'^N) can sometimes be useful in 

distinguishing among environmental nitrogen sources. Preliminary results with A. 
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canescens leaf samples of plants collected on and off the Monument Valley plume 

showed overlapping 5'^ values that were within the range expected for nitrate in desert 

soils and nitrate derived from the industrial fixation of atmospheric nitrogen (likely 

source of nitrate in the contamination plume)(Kendall and Aravena, 1999). Hence this 

method may not be useful for determining the nitrogen source at this site. The 16% 

higher nitrogen content in leaves collected from plants over the plume compared to plants 

off the plume does support the conclusion that the plume plants are receiving nitrogen 

from the plume, and in fact are exhibiting luxury consumption due to the high levels of 

nitrate in the plume. A more thorough study of plant nitrogen content could be useful to 

determine in the gradient of nitrate concentration in the plume is reflected in plant tissue 

nitrogen levels. 

Plant Cover and Exclosure Studies 

The line intercept study confirms the earlier, qualitative delineation of the plant 

associations dominant over the plume (U.S. Department of Energy, 1999), Over 70% of 

the area over the plume supports a very sparse A. canescens - A. confertifolia community, 

with greater than 95% bare soil. About 10% of the area over the plume (the Bare Zone) 

was denuded during the original remediation program and is even more sparsely 

vegetated. This plot was reseeded at least twice but currently has less than 1% vegetation 

cover. Another 20%, over the shallowest portion of the plume, is dominated by a S. 

vermiculatus - Atriplex association with approximately 15% plant cover. This same plant 

association occurs inside the fence line protecting the former mill site, and under 

protection from grazing it has reached 38-50% plant cover over the past 10 years. 
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The exclosure studies show that productivity of both A. canescem and S. 

vermiculatus increases markedly when grazing is eliminated, and bushes inside 

exclosures increased their volume 2-3 fold over just 3 years. Nitrogen content of the 

plant tissues also increased slightly. Based on the these studies, the prospects for 

increasing plant cover by excluding grazing appears to be high. 

Transplants 

Transplants of A. canescem, irrigated over the first growing season, grew 

vigorously throughout the study and appeared to be rooted into the plume by the end of 

the third growing season. S. vermiculatus, on the other hand, proved to be more difficult 

to establish by transplants. These results may reflect the different growth strategies of the 

two species. A. canescem ssp. angustifolia is a facultative phreatophyte that grows 

rapidly from seed on unstable substrates such as sand dunes; the seedlings utilize water 

from the unsaturated zone until its roots reach the water table (Glenn et al., 1998, 2001). 

On the other hand, S. vermiculatus is an obligate phreatophyte that usually propagates by 

ramets, young plants that sprout from adventitious lateral roots on the parent plant 

(Danin, 1996; Robertson, 1983). The ramets receive water from the parent plant until 

they are able to extend their roots into the water table, so rapid seedling growth is not a 

requirement for this species. Our results with S. vermiculatus were similar to those 

obtained by Donovan and Richards (2000) for juvenile shrubs transplanted along a stress 

gradient. 

Based on these results, A. canescem is a good candidate plant for revegetation of 

the bare zone and for increasing the density of plants over the plume. It appears to be 
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capable of rooting into a water table at least 13 m deep. Plants would require irrigation 

only during the first growing season (March to October). These positive results with 

irrigated transplants are in contrast to negative results achieved by direct seeding at this 

and similar low-rainfall sites (Glenn et al, 1998). 

Water and Nitrate Extraction Rates 

Water extraction rates based on literature values (Steinwand et al., 2001) gave 

transpiration ratios of 652 kg H2O per kg dry matter for A. canescens and 947 kg H2O per 

kg dry matter for S. vermiculatm, when divided by biomass production determined by 

quadrat harvests. These are reasonable values for C4 and C3 plants, respectively 

(Steinwand et al., 2001) and within the range we previously determined for A. 

mmmularia in outdoor lysimeter experiments in Tempe, Arizona (Glenn et al, 1999). 

Hence, the projections of water usage in Table 4, though approximate, can be useful in 

evaluating the effect of site vegetation on the contamination plume. 

Even without grazing exclusion, the native plant community could absorb the 

total volume of plume water in 27 years. The plume is not static, however, but is 

receiving recharge at an unknown rate from the surrounding highlands, and at present the 

plume appears to be slowly expanding in extent (U.S. Department of Energy, 1999). On 

the other hand, water extraction would be much more rapid if grazing was excluded and 

the sparse areas over the plume revegetated. It is possible that the plume could be 

contained within its present boundaries or even reduced in volume by better management 

of site vegetation. 
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Similar results were calculated for nitrate removal, assuming that the plant 

nitrogen originates from the contamination plume. If the site were protected and 

replanted, as few as 13 years would be needed for nitrate removal, according to these 

calculations. However, this linear projection assumes that all the nitrate and water in the 

plume are available for plant uptake, which is unlikely to be a valid assumption for the 

deeper portions of the plume. It is also not certain that A triplex plant cover would expand 

to 25% over the sparse areas of the plume. The results do suggest that site vegetation can 

have a profound effect on water and nitrate in the plume, and that these effects can be 

greatly enhanced through management of grazing. 

CONCLUSIONS 

An analyses of pump-and-treat scenarios for this site concluded that at least 25 

years would be needed for remediation, due to the low yield of extraction wells placed 

throughout the plume (U.S. Department of Energy, 1999). Cost estimates for spray 

evaporation, distillation or ion exchange methods ranged from $10 million to $20 million. 

The present results suggest that the native site vegetation can be managed to achieve 

remediation in a shorter time period, while greatly improving the condition of the range. 

We have not found unacceptable levels of nitrate or other chemicals in plant tissue 

harvested from the site (U.S. Department of Energy, 2002). Therefore, remediation could 

be combined with a program of controlled grazing rather than complete exclusion of 

grazing animals. The major capital expenses in a passive phytoremediation program 

would be for fencing the site and installing a temporary irrigation system in areas where 

new plants are to be established. This could cost on the order of $1 million over the 130 
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ha site (U.S. Department of Energy, 2000). As with the pump-and-treat scenarios, 

monitoring of the aquifer, soil and vegetation and site management would also be 

required so long as the aquifer represented a hazard to local residents who might place 

wells into it. 

The Monument Valley site is one of numerous abandoned uranium millsites that 

were assigned to the U.S. Department of Energy (DOE) for cleanup under the Uranium 

Mill Tailings Radiation Control Act (UMTRCA) of 1978 (U.S. Department of Energy, 

1999). Although some UMTRA sites contain elevated levels of selenium, uranium or 

other heavy metals in addition to nitrate, we have found in uptake studies that plants are 

unlikely to accumulate any of these to levels of concern for humans or to grazing animals 

at most UMTRA sites (Baumgartner et al., 1999, 2000). Therefore, the positive 

indications for phytoremediation at Monument Valley may be applicable to other 

UMTRA sites as well. 

Plants are frequently used to control high nitrate levels in discharge water. For 

example, buffer strips of hybrid poplars are often planted to intercept nitrate-rich 

discharge water from industrial facilities or animal feed lots (Jordhal et al., 1997). Our 

results suggest that at arid sites, native shrubs should receive serious consideration as 

phytoremediation agents. A. canescem and S. vermiculatus have many specialized 

adaptations to the extreme climate and soil conditions found at desert sites (Blank et al., 

1998; Booth, 1985; Sperry and Hacke, 2002; Toft and Elliot-Fisk, 2002). They are 

deeply rooted plants that can intercept plume water, and they are tolerant of the high 

levels of salts often found in arid soils and groundwater. They are also tolerant of 
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seasonal drought and high temperatures and can establish and grow in the shifting, dune-

and-swale sands that characterize much of the Great Basin Desert. They are keystone 

shrubs in the desert ecosystem, that stabilize dunes against wind erosion and provide feed 

and habitat to native animals as well as grazing herds. They can provide a low-cost and 

ecological alternative to pump-and-treat nitrate remediation technologies wherever site 

conditions are suitable. 
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Table 1. List of 5D and 6'^0 values for plant, soil and waters collected at the Monument 

Valley, Arizona, UMTRA site. The moisture content (g H20 g"' soil) of soil samples is 

given when that data was available. 

Sample Type g"o 

ZONE A SAMPLES 
Well water (606) -11.7 
A. canescens -8.0 
A. canescens -10.4 

Soil. 1.8 m -6.4 
Soil, 3.7 m -4.1 
Soil, 5.5 m -1.4 

A. canescens -8.5 
Soil, 0.85 m -5.4 
Soil, 0.85 m -6.2 

S. venviculatus -13.0 
Soil, 0.50 m -3.6 
Soil, 0.50 m 

S. vermiculatus -13.3 
Soil, 0.50 m -4.9 

S. vermiculatus -13.8 
S. vermiculatus -12.2 
ZONE B SAMPLES 
Well water (765) -11.6 
Well water (653) -11.9 
Well water (770) -11.8 
A. canescens -10.8 
A. canescens -10.6 
A. canescens -10.2 

Soil, 0.50 m -5.5 
Soil, 0.85 m -4.4 

A. canescens -10.3 
S. vermiculatus -13.1 

Soil, 0.50 m -5.0 
A. canescens -10.9 
S. vermiculatus -12.0 
A. canescens -9.8 

SD 

-87 
-87 
-95 
-78 
-69 
-59 

-86 

-72 
-78 

-102 

-84 
-82 

-101 

-83 
-105 

-99 

-86 

-88 

-87 
-96 
-95 
-92 
-71 
-73 
-94 

-103 
-81 

-94 
-97 
-94 

Gravimetric Soil Moisture 
Content f%) 

1.25 
1.10 
3.56 

0.633 
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Table 2. Biomass density (g dry wt./m^) of A. canescem and S. vermiculatus under 

Grazed and Ungrazed conditions, based on clippings of new growth harvested at the end 

of each season (n = 12 per treatment). Three year means and standard deviation among 

years are in the last row. S. vermiculatus had significantly (P<0.05) greater biomass 

density than A. canescem but Grazed and Ungrazed biomass density did not differ 

(P>0.05). 

Year ATCA ATCA SAVE SAVE Year 
Ungrazed Grazed Ungrazed Grazed 

1998 1740 1592 2308 2216 

1999 1496 1580 1672 1388 

2000 1856 1376 2080 1568 

Means: 1698 (184) 1516(122) 2020 (322) 1724(434) 
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Table 3. Total nitrogen and nitrate on a dry weight basis of A. canescens and S. 

vermiculatus leaves under Ungrazed and Grazed conditions for plants harvested in 2000, 

Two-way ANOVA with plant type and grazing condition as dependent variable showed 

that S. vermiculatus had significantly (P<0.05) higher nitrogen content than^. canescem, 

S. vermiculatus plants under Ungrazed conditions had significantly higher nitrogen than 

under Grazed conditions. Nitrate results were not different by plant type (P>0.05) but 

Ungrazed plants had significantly greater Nitrate-N than Grazed plants. Table shows 

means and (standard errors). 

A. camscem S. vermiculatus 

Nitrogen (%) 2.14(0.12) 2.05 (0.15) 2.76 (0.17) 2.26 (0.08) 

Nitrate (mg/kg) 3199 (396) 2596 (286) 4184(576) 2455(251) 
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Table 4. Calculations of water and nitrate removal rates under Current (grazed) and 

Enhanced (ungrazed and revegetated) scenarios for each plant zone and for the total area 

over the plume. 

Zone - Area Water 
Extraction 
_3 , -1 m yr 

Nitrate 
Extraction 
kg yf' 

Years to 
Remove 1 
Plume 
Volume HjO 

Years for Nitrate-
N Remediation 

Current Bare Zone - 7.4 
ha 

519 75 - -

Current ATCA Zone -
92 ha 

42228 6125 -

Current SAVE + 
Transition Zones - 30 ha 

31230 6697 -

Current Total - 129 ha 73977 12896 27 59 
Enhanced Bare Zone -
25% Cover 

19980 2790 -

Enhanced ATCA Zone -
25% Cover 

248400 34813 -

Enhanced SAVE + 
Transition Zones - 40% 
Cover 

40800 22493 

Enhanced Total - 129 ha 309180 60095 7 13 
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FIGURE CAPTIONS 

Figure 1. Map of the Monument Valley UMTRA site showing the outline of the 

contamination plume and concentration isolines; location of exclosures and sites where 

soil, well water and plants were sampled for stable isotope signatures in water; perimeter 

of the area in which plant cover was quantified by line transect and density plot methods. 

Figure 2. Mean values of 6D and for soil, water and A. canescens (ATCA) plant 

tissues at the Monument Valley UMTRA Site, plus values for plants grown on two water 

sources in a greenhouse in Tucson, Arizona. Values are plotted along the Meteoric Water 

Line determined for nearby Page, Arizona (Lin et al, 1996). 

Figure 3. Vegetation zones over the Monument Valley, and percent cover and plant 

density of Atriplex canescens (ATCA), Atriplex confertifolia (ATCO) and Sarcobatus 

vermiculatus (SAVE) in each zone. Zones were delineated by qualitative methods (U.S. 

Department of Interior, 1999) and quantitative data were determined in the present study. 

Means are followed by standard error of estimate in parentheses. 

Figure 4. Canopy volumes for A. canescens (ATCA) and S. vermiculatus (SAVE) plants 

either open to grazing (Grazed) or protected from grazing by placing a fence around the 

plant (Ungrazed) over 3 growing seasons at the Monument Valley, Arizona UMTRA site. 

Each data point is the mean of 12 plants; error bars show standard errors. Date 1 is June, 

1998; Date 2 is October, 1998; Date 3 is March, 1999; Date 4 is September, 2000. 



92 

^50 
O 
o 

m -#-<1 
3 
0) 
Q 

»100 

™150 

MWb 

PAGE, AZ 
SUMMER RAI 

WELL 648 

ATCA ON 648 

ATCA ON TUCSON 
RAIN 

TUCSON 

RAIN 

Monument Valley 

WELLS 
MV SOIL 

I 

ATCA from Monument Valle^ 

SAVE from Monument Valley 

•"20 

PAGE, AZ 
WINTER RAIN 

•15 ^10 -5  

^®Oxygen (°/oo) 



APPENDIX C 



94 

Rapid Nitrate Loss from a Contaminated Desert Soil at Monument Valley, Arizona 

Casey A. McKeon"*, E. P. Glenn^ F. L. Jordan\ W. J, Waugh', and S. G. Nelson'' 

Environmental Research iMboratory, University of Arizona, 2601E. Airport Drive, 

Tucson, Arizona, 85706 

^2217 Geology, Department of Environmental Science, University of California, 

Riverside, Riverside, CA 92521 

Environmental Sciences Laboratory, U.S. Department of Energy, 2597 B ^ Rd, Grand 

Junction, CO 81503 

Corresponding author. Tel.: 520-626-3322; fax; 520-573-0852. address: 

cmckeon@ag.arizona.edu (C.A. McKeon) 



95 

Abstract 

A phytoremediation plot was established in desert soil at a former uranium ore 

processing site near Monument Valley, Arizona, as a pilot study to remediate nitrogen 

contamination by uptake into plant material. Atriplex camscem (fourwing saltbush) was 

irrigated with 0.32 to 0.36 m yf' of water to stimulate plant growth and nitrogen uptake 

and minimize discharge past the root zone. Remediation was initially projected to take 

decades, based on plant growth rate and nitrogen content. However, nitrate loss from the 

soil was unexpectedly rapid. The soil initially contained approximately 180 mg kg"' 

nitrate-N but decreased to only 80 mg kg ' after the 41 month study period. Nitrate levels 

decreased throughout the plot at soil depths up to 4.6 m. Ammonium-N was initially 

present at approximately 180 mg kg"' and levels did not decline over time Soil moisture 

levels remained below saturation and soil-water flux meters showed no net downward 

water movement. A salt balance study showed that soluble salts decreased by only 20% 

in the profile during the study; this loss was attributable to decreases in nitrate. Residual 

soluble nitrogen in the soil became progressively enriched in during the study, 

consistent with biological denitrification. The nitrate-N loss totaled 1,360 kg ha"' yr 

three times higher than reported for agricultural soils. The soil depth at which 

denitrification proceeded was unique. The microbial mechanisms are unknown at 

present, but the findings may apply to nitrogen-contaminated soils and water and may 

offer a general, low-cost method for remediating nitrate contamination. 
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1. Introduction 

Reactive nitrogen compounds produced through human activities have entered the 

biosphere at a rate roughly proportional to the rate of world population increase over the 

past 100 years (Galloway et al, 2003). Once in the biosphere, compounds such as nitrate 

and ammonium participate in a cascade of biological conversions which may be harmful 

to ecosystems and human health, until they are eventually returned to the atmosphere as 

Na orNjO through denitrification. Understanding rates of biological denitrification in 

different ecosystems is critical to understanding how humans are perturbing the natural 

biogeochemical cycling of reactive nitrogen compounds, and the mechanisms by which 

excess nitrogen compounds might be remediated. 

This pilot study tested the ability of native plants and soil microflora to remove nitrate 

and ammonium from contaminated soil in a desert environment. Native soil and 

groundwater have been adversely affected by nitrate pollution from agricultural and 

mining operations in localized areas throughout arid and semiarid deserts of the United 

States (Hosner, 1988; Middleton and Thomas, 1997). Nitrate and ammonium are 

common contaminants at ore milling sites because they were used in extraction 

processes, often in unlined ponds. Nitrate enters the soil and migrates into groundwater 

easily, whereas ammonium is less mobile (Kendall and Aravena, 1999). 

Remediation of nitrate in soil and groundwater at these sites may be accomplished 

by various physical and chemical methods, including ion exchange, spray evaporation, 

distillation and biological denitrification (Kapoor and Viraraghavan, 1997; Shirimali and 
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Singh, 2001; U.S. Department of Energy, 1999). However, the cost of using these 

methods can be prohibitive because of the large volumes of soil and groundwater that 

require treatment and because of the expense required to install and operate the facilities. 

These methods also do not include revegetation of the sites, which is often required by 

regulatory agencies and the community. In reality, these treatment methods often further 

degrade the site ecology with the construction of access roads, buildings, and waste 

ponds. 

We attempted to address both the remediation and the revegetation goals by 

implementing a phytoremediation plot as a pilot study at the Uranium Mill Tailings 

Remedial Action (UMTRA) Project site near Monument Valley, Arizona. Soil and 

ground water at the site were contaminated as a result of uranium ore processing 

operations between 1955 and 1968 (U.S. Department of Energy, 1999). The U.S. 

Department of Energy (DOE) began removing radioactive tailings and surface soil from 

the site in 1992 and completed this surface remediation by 1994. However, years of 

water movement through the tailings piles resulted in leaching of nitrate, ammonium and, 

to a lesser extent, sulfate into the subsoil and ground water. The soil directly beneath the 

area the former uranium tailings piles (hereafter subpile soil) was contaminated such that 

some areas contained ammonium-N and nitrate-N concentrations as high as 400 mg kg"' 

and 260 mg kg"' soil, respectively (concentrations of nitrate and ammonium are 

expressed throughout this paper as nitrogen equivalents in units of mg of N per kg soil). 

During the removal of radioactive materials, the original topsoil was completely 

removed, leaving the bare subsoil. Initial attempts at establishing native vegetation by 
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direct seeding failed, most likely due to inadequate moisture. Our goal was to transplant 

native shrubs and apply irrigation within the most contaminated subpile soil 1) to 

establish native vegetation where seeding had failed and 2) to accelerate 

phytoremediation of nitrogen contamination. Our strategy was to deficit-irrigate plants 

with uncontaminated water, allowing them to use the nitrate and ammonium to support 

growth. 

An initial mass balance calculation indicated that plants could remove nitrogen at 

a maximum rate of approximately 200 kg N per year by incorporation into plant biomass, 

with total site remediation requiring many years. In 2000, we established a 

phytoremediation plot and monitored nitrate and ammonium losses for three years. 

Nitrate removal was unexpectedly rapid, with a loss of 1,360 kg N ha'^yr"'; more than 

half of the soil nitrate was removed after only three years. We excluded the possibility of 

leaching as the removal mechanism and found that residual nitrate in the soil profile 

showed 5'^N enrichment typical of a biological process. By contrast to nitrate, 

ammonium was not removed from the soil. The findings offer a relatively inexpensive 

general method to remediate nitrate contamination in soils. They also suggest that 

biological denitrification in irrigated desert soils can be rapid despite low carbon , 

availability. 
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2. Materials and Methods 

2.1. Overview of Methodology 

A drip-irrigated, phytoremediation plot was established in sandy soil that was 

contaminated with both nitrate and ammonium. Transplants of the native shrub A triplex 

canescem (fourwing saltbush) were planted on the contaminated soil and irrigated with 

non-contaminated well water for four growing seasons. The irrigation strategy was 

designed to supply less water than the plants could use in potential evapotranspiration 

(deficit irrigation), to prevent leaching of nitrogen below the root zone of the plants. We 

monitored soil moisture levels throughout the plot with a neutron hydroprobe, and 

installed several water flux meters along with frequency-domain soil moisture probes to 

detect any net downward movement of water. Each year we monitored above-ground 

plant growth in the plot as well as nitrate and ammonium concentrations throughout the 

soil profile to a depth of 4.6 m. We considered three mechanisms by which nitrogen 

compounds could be lost from the soil profile; leaching because of excess water 

application, assimilation into plant biomass, and microbial transformation. The leaching 

hypothesis was tested by monitoring soil moisture levels and water flux, and constructing 

a salt balance for the soil profile for the duration of the experiment, while plant uptake 

was tested by measuring plant growth and plant nitrogen content. The microbial 

transformation was tested by measuring the 6'^ enrichment factor in residual soil 

nitrogen, an indicator of biological denitrification (Kendall and Aravena, 1999). 
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2.2. Site Description and Construction of Phytoremediation Plot 

The Monument Valley UMTRA Project site is located in Arizona, approximately 

24 km southeast of Mexican Hat, Utah in a high desert, dune-and-swale environment on 

the Colorado Plateau. The site is approximately 20 ha of desert formerly occupied by a 

uranium mill and tailings pile, and an additional 200 ha underlain by a nitrate plume in an 

alluvial aquifer. After removal of the contaminated mill tailings pile, the remaining 

subpile soil was found to contain high levels of nitrate and ammonium in preliminary 

surveys conducted by the DOE (1999). The contaminated subpile soil is most likely the 

source of the nitrate plume. In June 1997, we conducted a more detailed soil survey of 

the subpile soil to determine the extent of ammonium and nitrate. The soil was mainly 

sand, with depth to bedrock varying from 0.6 m to more than 4.6 m. The site designated 

for planting contained elevated levels of nitrate and ammonium throughout the soil 

profile, up to 4.6 m depth. Fourwing saltbush seedlings grown from seed collected on 

Navajo Nation land were planted in a 1.6 ha plot covering much of the area exceeding 5 

mg kg"' ammonium-N. Fourwing saltbush has been grown successfully for revegetation 

of other UMTRA Project sites (Glenn et al ., 2000). 

2.3. Construction of phytoremediation plot 
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The plot was installed June through August 1999 and consisted of a series of drip 

irrigation lines laid on the soil surface, spaced 2 m apart, with 2 m between emitters 

within lines. The plot was roughly rectangular, approximately twice as long as wide, and 

divided into four equal-sized irrigation zones, each containing approximately 970 plants. 

Each plant was irrigated at a nominal rate of 4 L hf' for 2 hr d"', 5 days per week during 

the growing season (April through September). Water pumped from an uncontaminated 

well containing 380 mg 1'^ total dissolved solids (TDS)(DOE, 1999) was monitored 

through a flow meter placed in the main line leading from the pump to the field. Each 

September the irrigation system was drained to prevent freezing. Total annual irrigation 

was designed to be approximately 720 L per plant, or 0.36 m yr"' over the 1.6 ha plot 

each year. 

Planting methods followed Glenn et al. (2001). The seed mixture included large-

fruited (var. angustqfolia) and small-fruited (var. occidentalis) types of fourwing saltbush 

(Glenn et al., 1998). Approximately 4,000 small (10 to 20 cm tall) transplants raised in a 

greenhouse at the University of Arizona Environmental Research Laboratory in Tucson, 

Arizona were planted. 

2.4. Soil Moisture Monitoring 

In August 1999, we installed four polyvinyl chloride (PVC) hydroprobe ports, one 

in the center of each irrigation zone, to monitor soil moisture. Each port extended from 

the soil surface to either 4.6 m depth or to bedrock where the soil was shallow. Monthly 



103 

soil moisture measurements were obtained at 0.17-m intervals in each port, to determine 

if water was leaching below the root zone. Soil moisture was measured with a 503 DR 

Campbell Nuclear Neutron Hydroprobe manufactured by Campbell Pacific Nuclear 

International, Inc. The hydroprobe was calibrated at the Environmental Research 

Laboratory using sandy soil obtained from the site. A PVC port identical to the ports at 

the plot was centered in a 200 L drum filled with soil compacted to 1.59 g cm'^ (the bulk 

density of soil measured at the site). Hydroprobe measurements and soil samples were 

obtained for air-dried soil, saturated soil, and soil drained to near field capacity (saturated 

then allowed to drain for 24 h). Raw counts and volumetric soil moisture content of soil 

samples taken from the calibration barrel, were used to develop a calibration curve. 

Complete saturation of this sandy soil occurred at a moisture content of approximately 

0.24 to 0.30 g cm"^. In April 2000, 16 more ports were added to the plot to obtain more 

representative soil moisture measurements. These were spaced equally within the plot (5 

per irrigation zone. Figure 1). From April 2000 to the end of the experiment (October 

2002), moisture was measured monthly throughout the year. 

In March 2001 we installed instrumentation within the subpile soil 

phytoremediation plot for real-time monitoring of soil water content and flux. Water flux 

meters designed by Pacific Northwest National Laboratory provided direct measurements 

of unsaturated water flux or recharge (Gee et al, 2002). Consisting of a passive wick 

system with a miniature tipping bucket, flow is concentrated into a narrow sensing region 

filled with a fiberglass wick of known hydraulic properties. The wick creates suction, 

proportional to its length, and passively drains the meter. Water flux through the meter is 
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measured with a self-calibrating, tipping bucket with a sensitivity of 4 ml per tip. In field 

trials, the passive wick system worked well as long as the soil hydraulic properties of the 

material in the funnel were compatible with the material outside the funnel (Gee et al., 

2002), which is the case for the sandy soil at Monument Valley. 

Water flux meters were placed at a depth of approximately 3 m at three locations; 

two within the subpile plot adjacent to hydroprobe ports and a third in a denuded area 

outside the planting. Three and a half meter deep holes, 25 cm in diameter, were augured 

at each location. "Stovepipes", one meter in length, were attached to each flux meter to 

prevent lateral moisture divergence at the top of the funnel. After a flux meter was 

placed in the hole, excavated soil was compacted in the hole and 50 ml of water was 

added to each calibration line to ensure that the devices registered tips. Six Campbell 

Scientific CS-615 Water Content Reflectometers were installed above each water flux 

meter at 30 cm intervals to measure changes in soil moisture. Data from flux meters and 

reflectometers were collected using a Campbell Scientific, CR23X data logger, that was 

also used for a Campbell Scientific weather station mounted 3 m above ground level that 

recorded hourly readings of wind speed, direction, solar radiation, air temperature, 

relative humidity and precipitation. These data were used for the calculated potential 

evapotranspiration (PET) by the Penman equation. 

2.5. Determination of Soil Properties, Nitrate, Ammonia and Total Salts in the Soil 

Profile 



105 

An initial soil survey was conducted prior to plot construction. General soil 

constituents were measured for 10 grab-samples taken at 0 to 25 cm soil depth and 

analyzed by Laboratory Consultants, Inc., Lordsburg, New Mexico; with pH and EC 

values measured in 1:1 extracts (Table 1). Nitrate and ammonium values in Table 1 were 

measured in samples collected at 0-1 m, 1-2 m, and 2-3 m depths in 24 bore holes drilled 

across the site to delineate the extent of contamination. These samples were analyzed for 

nitrate-N and ammonium-N using Hach Test Kits. 

After the plot was constructed, soil chemistry was monitored at four sampling 

locations and six soil depths (n = 24) within the field in April 2000. In September 2000, 

September 2001 and September 2002 samples were taken near each of the 20 probe ports 

at depths of 0.3 m to 4.6 m where possible (n = 97 to 103 per year). Holes were drilled 

with a mechanical auger at randomly chosen locations within 2 m of each probe port. 

Samples were stored in plastic freezer bags until analysis. 

Samples from 2000 and 2001 were analyzed by Laboratory Consultants, Inc. For 

nitrate analysis a 1:10 extraction was performed with 0.025 N AISO4. Nitrate-N was 

measured in solution by nitrate ion electrode. Ammonium-N was analyzed by a 1:5 

extraction with IN KCl. The suspension was filtered and ammonium was quantified in 

the filtrate by ammonium ion electrode. The 2002 samples were analyzed at the 

Environmental Sciences Laboratory (ESL), Department of Energy, Grand Junction, 

Colorado. The KCl was found to be comparable to the AISO4, therefore, both nitrate and 

ammonium were extracted using the 1 N KCl (1:5) extraction solution. Nitrate samples 

were analyzed by ion chromatography and ammonium concentrations were determined 
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colorimetrically with a Hach Test Kit. Eleven random samples from each year were also 

analyzed for nitrate with a Hach colorimetric Cd reduction kit at the Environmental 

Research Laboratory for quality assurance. Results were within 10% of results reported 

by Laboratory Consultant, Inc. and the ESL. Salinity was estimated by electrical 

conductivity (EC, dS m"') of 1;1 soil water extracts prepared from soil samples. Salinity 

estimates were used to construct a salt balance of the soil profile for the duration of the 

study to determine if salts were leaching from the soil profile. 

2.6. Determination of in Soil Samples 

We compared 5"N values (relative to ''*N) in extracts from four soil sample 

locations taken near the same probe ports (one per irrigation zone) from April and 

September 2000 and September 2001 and September 2002 sampling dates. Two separate 

extractions and sets of analyses were performed. Each sample contained 10 grams of soil 

from each soil depth (n = 6) and bore hole (n = 4), pooled by date. For each pooled 

sample, a 50 g subsample was extracted in a 1:1 soil:water solution and left for 24 hrs 

with occasional stirring. The water soluble material was isolated by filtering the extract 

through Whatman #1 filter paper, then recovering the filtrate. The volume of liquid 

recovered (ca. 30 ml) compared to the volume added (50 ml) was recorded (ca. 20 ml 

remained in the filter cake). The filtrate was dried to a solid in a 60°C oven and weighed 

to determine total extractable salts (ca. 80 mg per sample). Samples (ca. 5 mg) were 

combusted in an elemental analyzer (to determine total nitrogen) (Costech) coupled to a 
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continuous-flow gas-ratio mass spectrometer (Finnigan Delta PlusXL) to measure 

isotopes of nitrogen. Standardization was based on acetanilide for elemental 

concentration, and lAEA-N-1 and IAEA-N-2 for Measurement precision is better 

than ± 0.2. The 6'^N is an expression of the ratio and is expressed as per mil 

(%o). Unextracted soil samples (100 to 200 mg) were also measured for total N and 

isotopes of N. 

2.7. Monitoring Plant Growth and Development 

We estimated plant survival, canopy volume, ground cover area, and biomass 

density for the shrubs in the study annually for three consecutive years. Samples of 

harvested biomass were measured for nitrate and total nitrogen. In September of each 

year, the survival of each shrub was noted, and plant height and width were measured for 

every other plant in 2000 (n - ca. 2000) and every 5*'' plant in 2001 and 2002 (n = ca. 

800). The canopy volume of a plant was calculated from the mean length of two cross-

sectional widths and the height of each plant by using the formula for a hemisphere (2/3 

Tir^). Projected area of a canopy on the ground was calculated by the area of a circle 

(7cr^), with the average width as an estimate of r. Biomass data were estimated by 

destructive harvesting of 20 A. canescens plants each year; the relationship between dry 

weight and canopy volume was determined, and used to extrapolate biomass production 

of the entire plot. Total N, NO3, SO4, total S concentrations, and percent ash were 
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determined for each harvested shrub for the 2000 and 2001 growing seasons, by 

Laboratory Consultants, Inc. 

2.8. Statistical Methods 

Nitrate and ammonium were compared in the September 2000, 2001 and 2002 

sample sets by three way ANOVA with sample date, soil depth and irrigation zone as 

factors. Volume of plants in 2001 were analyzed for 30 plants randomly selected from 

stained and unstained soil areas in each irrigation zone. The stained area is a section 

partially covering two zones in the field that has slower plant growth and a visibly pallid 

soil color is observed compared to the other soil on site. Results were analyzed by two-

way ANOVA with presence or absence of stain, and irrigation zone as independent 

variables. Means were separated using Tukey's test. Analyses were carried out using 

Systat, Inc., software. 
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3. Results 

3.1. Initial Soil Conditions 

The subpile soil consists mainly of sand, with about 15% silt and clay, overlying 

limestone bedrock (Table 1). The soil was contaminated with both nitrate and 

ammonium throughout the profile, and had a relatively high EC value in surface samples, 

with Ca as the principal cation. The surface soil was dry (moisture = 2 to 4% g cm"^) and 

supported only a sparse, seasonal growth of Russian thistle (Salsola kali). Organic 

content was only 0.6 % (ca. 0.24% C). A white, presumably chemical stain on a portion 

of the soil surface proved to reduce plant growth. 

3.2. Plant Growth and Development 

The plot was first planted June through August 1999. The irrigation pump failed 

during that first season, resulting in approximately 20% mortality of transplants by April 

2000. The irrigation system was repaired and the dead plants were replaced for the 2000 

growing season. From April 2000 to September 2002, the annual survival rate was 

greater than 97%. New seedlings were planted each year to replace dead ones. Figure 1 

presents growth of the transplants during the experiment. By September 2002, plant 

cover for the entire plot was approximately 45%, and the standing crop of biomass was 

estimated to be approximately 1800 kg ha '. However, plants in the stained soil area of 



110 

the plot were much smaller than those outside the stained area, and growth also differed 

by irrigation zone (Figure 2). 

3.3. Soil Moisture Levels 

The entire plot was irrigated with a total depth of 0.32 to 0.36 m of water per year 

over the period April through September. In a test of the system in June 2000, 

application rates ranged from 2.5 to 4.6 L hf' per plant. Zone 1, which supported the 

slowest growth, had the lowest application rate. When the first four hydroprobe ports 

were installed in September 1999, most of the soil profile was relatively dry, with 

moisture contents ranging from 0.06 to 0.10 g cm'^, however, soils at depths of 3 to 4 m 

were nearly saturated (0.20 to 0.23 g cm'^), in one port. From 2000 to 2003, moisture 

levels through the soil profiles were essentially static even during months without 

irrigation (Figure 3). Mean values throughout the profile were approximately 0.11 g cm'^ 

(42% saturation). The plot was driest within the top 1 m of soil and wettest near the 

bottom of the profile. A few ports had saturated soil at the bottom (shown as outliers in 

Figure 3) although these were in the same location that were saturated near the bottom of 

the profile in 1999. Moisture increased slightly in the plot during the study period. 

The two water flux meters placed within the plot registered zero recharge between 

March 2001 and October 2002 (two growing seasons). By contrast, cumulative drainage 

of 3.75 cm was recorded with the flux meter placed in the denuded area outside the 

irrigated plot. We attribute the difference to transpiration within the planted area. PET 
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values ranged from 2.2 mm d"' in March to 9.0 mm d"' in July, for a total PET of 1400 

mm from March 2001 to November 2001. The sum of irrigation (325 mm) plus 

precipitation (105 mm) was only 30% of PET for this period. 

3.4. Nitrate and Ammonium Levels in the Soil Profile 

Nitrate-N decreased during the four measurement periods {P < 0.001), from 180 

mg kg ' at the start of irrigation to just 80 mg kg"' by the end of the third full growing 

season whereas ammonium-N levels did not significantly decrease (P <0.05) (Figure 4). 

Soil depth was also significant, as both nitrate {P < 0.05) and ammonium {P < 0.001) 

were highest in deeper soil samples (Figure 5). However, the interaction term (Depth x 

Year) was not significant {P > 0.05) for either contaminant, indicating that no net 

downward movement of contaminants occurred. 

5. S''^N Enrichment in Residual Soil Nitrogen 

We conducted duplicate extractions of soluble salts from the sample locations, 

pooled across depths and sample locations for each sample date, then measured total 

nitrogen and 6'^N in the pooled soil samples and the extracted salts. In the first set of 

extractions, results were obtained for the salt samples but nitrogen in soil samples was 

below detection limits. In the second set, the amount of soil used in the analyses was 

increased and both salt and soil samples produced results. Results for total nitrogen and 
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6'"^ varied somewhat between the two sets of extractions (CV = 25-50%), which we 

attributed to 1) heterogeneity among soil samples, as separate subsamples were taken 

from each primary soil sample (n = 24) for each extraction; and 2) heterogeneity in the 

extracted salts, as only a small subsample of the extracted salts were used for 6'^N 

analyses. Although the sample size was small, samples from the first two sample dates (n 

= 4) had significantly lower 5'^N values than those from the last two sample dates (n = 

4)(means = -2.35 %o and 3.76 %o, respectively, P = 0.024). As expected for biological 

denitrification, there was an inverse, linear relationship between the log of total nitrogen 

and 6'^N in the salt fraction across sample dates, indicative of an exponential decay 

reaction (Figure 6a). The concentration of nitrogen in the salt fraction also decreased 

with time (Figure 6b). On the other hand, total nitrogen and in soil samples were 

not significantly different among sample dates, with mean values of 0.031% and 1.48%, 

respectively (n = 4). Based on the amount of salt recovered, corrected for the incomplete 

recovery of extractant during filtration, soluble nitrogen accounted for approximately 

40% of soil nitrogen across sample dates. 

3.6. Salt and Nitrogen Balance 

Simple mass balance equations were constructed to distinguish between 

denitrification and leaching as possible mechanisms of nitrogen loss. We compared the 

total soluble salts extracted at each sample date with the amount lost as nitrate. If 

denitrification was the mechanism of nitrogen loss, total extractable salts in the soil 
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should decrease by the amount of nitrate salt lost, and should increase by the amount 

added in the irrigation supply: 

SaltSpinal = SaltSlnitial " (Nitratewtial - Nitratepinal) + SaltSlmgation [1]. 

On the other hand, if leaching is the mechanism, total extractable salts should decrease in 

proportion to the fraction of nitrate salt lost; 

SaltSFinal SaltSinitial [^NitrB-teFinaO/^NitratClnitiaiJ SaltSlnigation [^1-

The two models are compared with actual amounts of salt extracted from soils at 

different sample dates in Figure 7. Extractable salts declined little over sample dates, in 

keeping with the denitrification model, whereas salts would be expected to have declined 

to less than half the initial value by the leaching model. We also compared the EC of 1:1 

soil:water extracts, prepared separately for each soil sample (n = 24 per sample date). EC 

decreased from 2.05 dS m"' to 1.85 dS m"* over the sample intervals, approximately the 

amount expected from the loss of nitrate, which constituted about 18% of the soluble salt 

fraction at the start of the experiment and 5% at the end. 

Total nitrogen losses for the plot were calculated from the area, soil depth and 

bulk density of the soil. Altogether, the soil lost 7,416 kg of nitrate-N during the 41 

month experimental period (1,360 kg ha"' yr"'). On a soils basis, this rate is equivalent to 

0.03 mg kg"' d"'. 
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By comparison to this rapid loss of soil nitrogen, plant uptake was low. At 2.5% 

nitrogen content (McKeon et al, in preparation), the standing biomass at the end of 2002 

would contain 70 kg N, less than 1% of the amount actually removed. 
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4. Discussion 

Our hypotheses for rapid nitrogen loss in the irrigated plot were leaching, plant 

assimilation and microbiological conversion. Leaching would be a likely mechanism in 

sandy, irrigated soil. However, water applications rates were only 30% of PET, and 

because the drip emitters were laid directly on the soil surface, water losses can be 

attributed to direct evaporation from the soil surface (when plants were small) and 

transpiration. Soil moisture content was nearly static in the course of the study and was 

well below saturation in most of the plot. A few ports that were saturated at the bottom 

of the profile had drier soil above. This was likely water on the limestone bedrock that 

was not recharged by saturated flow from the irrigation. Furthermore, water flux meters 

did not detect any downward water movement within the plot. In contrast, flux meter 

data from the non-irrigated, denuded area outside of the plot indicates precipitation 

recharge occurred, supporting the hypothesis that transpiration on the plot effectively 

halted recharge and leaching of nitrogen into the alluvial aquifer. A salt balance analysis 

showed that total salts in the soil profile remained nearly constant over the study, which 

is unexpected if leaching is the mechanism of nitrogen loss. Therefore, the leaching of 

nitrate was not supported. Assimilation of nitrogen by the A. camscens was less than 1% 

of the total loss from the soil, hence the standing biomass was not responsible for the 

nitrogen disappearance. 

Perhaps the most compelling evidence against simple leaching of nitrate from the 

soil profile was the significant enrichment of '^N in the soluble fraction of soil samples 
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taken during the study. Values of became increasingly enriched from -2.34 %o at the 

beginning of the study to 3.76 %o at the final sampling date. This enrichment cannot be 

the result of a physical process such as leaching, but rather, occurs when N-compounds 

undergo biological transformations that depend on highly specific enzymatic reactions 

that preferentially use the lighter, more common isotope (Kendall and 

Aravena, 1999). Further, the fraction of nitrogen in the soluble salt pool decreased over 

sample dates, indicating preferential loss of nitrogen compared to other salts. This also 

points towards denitrification. The exact microbial mechanisms of biological conversion 

have yet to be identified at this site. Nitrate can be reduced to N2 by dissimilatory 

denitrifying bacteria, but this class of bacteria depend on organic carbon as an energy 

source, and carbon was low in this soil (< 1% organic matter). On the other hand, nitrate 

can be first reduced to ammonium by chemoautotrophic bacteria, then ammonium can be 

oxidized to N2O by ammonium oxidizers. A third possibility, is that Thiobacillus 

denitrificam, a facultative anaerobe, denitrifies using hydrogen sulfide as electron donor. 

At present, these and other microbial conversions must all be counted as possible 

mechanisms. 

Denitrification rates vary significantly for most agricultural soils, ranging from 

less than 20 kg N ha'^i""' (Sanchez et al., 2001; Loro et al., 1997; Marshall et al., 1999; 

Hoffman et al., 2000; Luo et al., 2000) to as much as 400 kg N ha 'yr"' (extrapolated from 

daily rates in de Klein and van Logtestijn, 1996), with most denitrification experiments 

performed within the upper 50 cm of the soil. Soil in the phytoremediation plot lost 

approximately three times the highest of these estimates, and nitrate losses occurred 
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throughout the soil profile, up to 4.6 m deep. Denitrification potential has been 

demonstrated for soil depths of 1 m to >6 m (Artiola and Pepper, 1991; Ryan et al., 

1998). In these cases, denitrification rate was enhanced by the addition of organic 

carbon. 

The most likely factor influencing denitrification in our phytoremediation plot soil 

is the addition of irrigation water. Peteijohn and Schlesinger (1991) determined that soil 

moisture was the limiting factor in denitrification in a Chihuahuan Desert soil. A positive 

correlation has also been observed between soil moisture and denitrification rates in 

various soil types and climates (de Klein and van Logtestijn, 1996; Luo et al, 2000). 

Although supplemental irrigation to the plot is expensive, remediation time will be 

significantly lower, and therefore, less expensive. Our initial estimate of more than 65 

years for remediation via plant biomass uptake alone has been reduced to only 5 years for 

nitrate based on the current denitrification rates. However, ammonium will persist 

longer. 

Future work will investigate the microbial mechanisms involved in the rapid 

removal of nitrogen in this study. Some microbial transformations produce Na as an end 

product while others produce N2O, a greenhouse gas. It may be possible to drive the 

pathway towards N2 production by providing a carbon source in the irrigation supply. 

The potential for rapid denitrification in deeper soil layers will also be investigated. As 

nitrate leaches through the vadose zone towards groundwater, nitrogen losses may occur 

at nitrogen-contaminated sites on a global basis, limiting the amount that actually reaches 

groundwater. However, few studies have looked at nitrogen conversions in deep soil 
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layers. Finally, it will be interesting to investigate the occurrence of similar conversions 

in other desert soils. Even unirrigated desert soils have unexpectedly high denitrfication 

potential, utilizing rainfall and N and C from natural or anthropogenic sources (Billings et 

al., 2002; Peterjohn and Schlesinger, 1991; SchaefFer et al., 2003; Zaady et al, 1996). 
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Table 1. Soil conditions at the Monument Valley phytoremediation plot before 

plot construction. Unless otherwise noted, means and standard deviations are shown (n = 

10). 

Texture Sand: 84-88% 
Silt: 5-6% 
Clay: 7-10% 

PH (1:1 extract) 
EC (dS m"', 1;1 extract) 
Organic Matter (%) 
Nitrate-N (mg kg"') 
Ammonium (mg kg"') 
Available P (mg kg"*) 
Exchangeable K (mg kg"') 
Exchangeable Mg (mg kg"') 
Exchangeable Ca (mg kg"') 
Exchangeable Na (mg kg"') 

7.2 V 0.1 
3.7 V 1.1 
0.6 V 0.1 
69 - 258 (range) 
0 - 400 (range) 
16 V 4 
64 V 5 
182 V 10 
4,931 V9 
0.4 VO 
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Figure Captions 

Fig. 1. Growth of fourwing saltbush plants at the Monument Valley phytoremediation 

plot, 2000 to 2002, on the basis of plant canopy cover projected on the ground (A) and 

dry biomass per plant (B). Error bars show standard errors of the mean. 

Fig. 2. Plant volume of 30 fourwing saltbush plants from each irrigation zone in stained 

and unstained areas of the Monument Valley phytoremediation plot, September 2001. 

Effects of both irrigation zone and stained condition were significant atP<0.05. 

Fig. 3. Soil moisture levels by soil depth in the Monument Valley phytoremediation plot, 

2000 to 2002. Each datum is the mean value for 12 months for each depth in each of the 

20 probe ports. 

Fig. 4. Soil nitrate-N (top) and ammonium-N (bottom) from four sample dates, April 

2000, September 2000, September 2001, and September 2002, in the Monument Valley 

phytoremediation plot. Data are means across sample locations and sample depths. Error 

bars show standard errors of the mean. 

Fig. 5. Soil nitrate-N (top) and ammonium-N (bottom) by soil depth at the Monument 

Valley phytoremediation plot. Data points are mean values across sample locations and 

dates. Both nitrate-N and ammonium-N were significantly different by depth at P<0.05. 

Fig. 6. (top) enrichment (S'^N) as a function of residual nitrogen levels in the soluble 

salt pool extracted from soil samples from the Monument Valley phytoremediation plot, 

2000 to 2002. The model equation was an exponential decay function, (bottom) 

Decrease of nitrogen content in the soluble salt pool over sample dates. Samples 

represent two separate extractions from each of four sample dates. Sample dates are from 

(1) April 2000, (2) September 2000, (3) September 2001, and (4) September 2002. 6'"N 

units are per mil. 
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Fig. 7. Actual levels of soluble salts extracted from soil samples from the Monument 

Valley phytoremediation plot, compared to levels predicted from a Denitrification Model 

and a Leaching Model to account for nitrogen losses. Salts added in the irrigation supply 

and lost as nitrate are also shown. Sample dates are from (1) April 2000, (2) September 

2000, (3) September 2001, and (4) September 2002. 
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Figure 1. 
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Figure 3. 
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Figure 6. 
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Figure 7. 
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