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ABSTRACT 

 

 The Monument Valley UMTRA Site is a former uranium mining site that is located in 

Cane Valley, Arizona. The mining that occurred there from 1943 to 1968 created a groundwater 

contaminant plume that consists of nitrate, sulfate, and uranium. There are only a few viable 

methods for remediation of these types of contaminants occurring in large, deep plumes. 

Monitored natural attenuation is a popular approach because it is a green and low-cost alternative. 

However, it is often ineffective without some form of supplemental enhancement. In-situ 

biosequestration is one method of enhanced attenuation, which involves injecting an electron-

donating substrate that will promote microbial activity and sequester contaminants by 

bioprecipitation, biomineralization, and enhanced adsorption. Prior tests conducted at the 

Monument Valley site in the center of the plume using ethanol as the electron donor proved 

effective in the treatment of nitrate, sulfate, and uranium. Subsequent pilot scale tests are being 

conducted in the source zone of the Monument Valley Site to further investigate the feasibility 

and effectiveness of using in-situ biosequestration for treatment of uranium contaminated 

groundwater. The preliminary results of these tests are discussed. 
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1. INTRODUCTION 

1.1 Statement of Problem 

 In 1978 the Uranium Mill Tailings Radiation Control Act (UMTRCA) was brought into 

effect giving the Department of Energy (DOE) the responsibility to remediate 24 uranium mill 

processing sites across the United States by means of stabilizing, disposing, and controlling the 

uranium mill tailings and other contaminated materials. Private firms initially processed most 

uranium ore mined in the 1950’s and 1960’s however once the federal act of uranium mining 

came into effect the companies abandoned their operations which left a combination of low-level 

radioactive wastes and other hazardous substances that would eventually migrate into the surface 

water, groundwater, and soil. The DOE established the Uranium Mill Tailings Remedial Action 

(UMTRA) Project under UMTRCA in order to cleanup the contaminated uranium sites. 

Mining of uranium at the Monument Valley Site occurred from 1943 to 1968. During 

those years, batch and heap leaching with sulfuric acid solution was used to process an estimated 

1.1 million tons of tailings and low-grade ore at the site (DOE 1999, 2005). The sulfuric acid 

solution used in the ore processing was discharged to the “new tailings pile,” which can be seen 

in Figure 1. A groundwater contaminant plume, approximately 2 km long, comprising elevated 

levels of nitrate and sulfate exists at the site. Concentrations in this plume are as high as 600 

mg/L for nitrate and 1,500 mg/L for sulfate. Concentrations of heavy metals, uranium, and 

arsenic are relatively low; most values less than 10 µg/L, within the study area. One exception is 

the presence of elevated uranium levels of greater than 300 µg/L in the alluvial and De Chelly 

aquifers at one location near the source area, shown by red circle in Figure 5 (Miao et al. 2014). 

 

1.2 Purpose 

 The contaminants of concern (COC) at the Monument Valley UMTRA Site include 

nitrate, sulfate, and uranium because they exceed the United States Environmental Protection 

Agency (EPA) drinking water standards. Under the Safe Drinking Water Act enacted in 1974 the 

EPA established maximum concentration limits (MCLs) in order to set national standards to 

protect public health from exposure to naturally occurring and man-made contaminants. The 
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EPA MCLs for the three main contaminants of concern at the Monument Valley Site are 30 µg/L 

(0.03 mg/L) for uranium, 10 mg/L for nitrate-N, 44 mg/L for nitrate, and sulfate has a secondary 

MCL of 250 mg/L. 

The objective of the pilot project starting in the summer of 2015 is to investigate the 

feasibility and long-term efficacy of in-situ biosequestration for remediation of uranium 

contaminated groundwater at the Monument Valley Site. We hypothesize that the feasibility and 

effectiveness of in-situ biosequestration are site dependent, meaning they are influenced by 

specific conditions and properties of the site.  

The project is designed to address several critical questions affecting the effectiveness of 

the in-situ biosequestration method for the Monument Valley site, which include: What are the 

mechanisms that account for the long-term sustainability of reducing conditions after a short 

addition of electron donor; Can naturally occurring sediment-associated iron be used to form iron 

sulfides if sulfate reducing bacteria are stimulated at the site; What are the dominant mechanisms 

of U sequestration; The nature and long-term stability of the sequestered phases; The impact of 

electron donor injection on microbial community structure and diversity, which will help begin 

to elucidate the role of the microbial community in biosequestration; Can co-contaminants at the 

site, such as As, Se, etc, be sequestered by iron sulfides; Does biomass produced from the cell 

yield of denitrifying and sulfate-reducing organisms contribute to a long term slow release 

supply of electron-donating substrate; Optimal strategies for field-scale implementation, 

including selection of cost-effective electron-donor amendments (Brusseau et al. 2015). 
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2. BACKGROUND AND LITERATURE REVIEW 

2.1 Groundwater contamination 

Uranium is a radioactive element that naturally occurs in the environment and can be 

found in soils and waters due to the breakdown or weathering of the source rock. Deposits of 

uranium can occur in many types of rocks including: sedimentary like sandstone, conglomerate, 

and limestone, and volcanic. In order to obtain uranium from the source rock it must be mined, 

milled, and leached to concentrate it into higher concentrations. Uranium can be used for military 

and civilian applications including nuclear weapons and nuclear power plants. 

There are a total of 24 inactive uranium milling sites across the United States that the 

Department of Energy is responsible for remediating under the UMTRA program, shown in 

Figure 1. The piles of tailings from the processing of uranium pose a hazard to the environment, 

specifically groundwater, because they may contain radioactive and toxic constituents that leach 

through the sediment into the groundwater, which then causes public health concern (CFR 1995). 

The constituents from uranium mill tailings found in groundwater include uranium, radium, 

arsenic, molybdenum, selenium, iron, sulfate, manganese, nitrate, chloride fluoride, sulfide, 

chromium, cadmium, vanadium, lead, copper, and total dissolved solids (CFR 1995). The 

combined amount of tailings from the 24 Title I sites total approximately 26 million tons of 

tailings, which need to be remediated (CFR 1995). The volumes of contaminated groundwater in 

the 24 sites range from 38 million liters to 15 billion liters (CFR 1995). Monument Valley, 

Arizona has an estimated 2.8 billion liters of contaminated groundwater (CFR 1995).  

Under Title I of the Uranium Mill Tailings Radiation Control Act (UMTRCA), 

cooperative agreements are required with states and tribes to participate in the activities for 

remediation. These sites are being cleaned up to Environmental Protection Agency (EPA) 

surface standards which were established in 40 Code of Federal Regulations (CFR) 192. Surface 

water standards were begun in 1983 meanwhile groundwater standards weren’t enforced until 

1995 (Shafer 2011). Standards are required for remediation by both disposing of and cleaning up 

residual radioactive material (CFR 1995). 

The Monument Valley UMTRA Site is one of sites located within Navajo Nation, shown 

in Figure 2, which comprises of 27,000 square miles over Utah, Arizona, and New Mexico (EPA 



	 	 Gutierrez	
	

11	

2015). The lands of Navajo Nation are rich in uranium due to the unique geology, which led to 

the extraction of approximately four million tons of uranium ore in Navajo Nation between the 

years of 1944 to 1986 because of the high demand of radioactive ore for the development of 

nuclear power and weapons (EPA 2015). The Department of Energy, Environmental Protection 

Agency, and Navajo Nation are all collaborating in order to remediate the uranium 

contamination throughout the lands of Navajo Nation. 

 

2.2 Remediation Alternatives 

The overall basic strategies for groundwater remediation of uranium include no 

remediation, active remediation by means of pump and treat, phytoremediation, and natural 

flushing, e.g Shafer 2011. Natural restoration, also termed natural attenuation or natural flushing, 

is one of the overall basic strategies for groundwater remediation at the Title I sites in Navajo 

Nation as well as other uranium contaminated sites. Natural restoration, as defined by the 

American Society for Testing and Materials in 2003, is the reduction of mass or concentration of 

a groundwater contaminant over time or distance from the source of the constituents of concern 

due to naturally occurring physical, chemical and biological processes, which include 

biodegradation, dispersion, dilution, adsorption, and volatilization. Natural restoration is 

regulated to have compliance with groundwater standards within a period of less than 100 years 

(CFR 1995). However, when constituents such as uranium, arsenic, selenium, or similar 

components are present in the groundwater action must be enforced for public health and 

environmental protection because rates of natural attenuation are typically insufficient to prevent 

migration of these contaminants of concern at many mining sites, as evidenced by the very large 

contaminant plumes that typically develop. Natural restoration is often not effective because it is 

either rate or capacity limited causing contaminants to only be partially attenuated or attenuation 

occurs over longer flow paths than are acceptable from a site cleanup perspective, and it is 

sometimes incapable of amending the acidity and metal contamination produced by oxidizing 

sulfide minerals (EPA 2007). In addition, many sites include sources areas that have not been 

removed or managed, that continue to supply contaminant mass to the plume. 
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The monitored natural attenuation (MNA) method is similar to natural restoration 

however it involves a more hands-on approach pertaining to monitoring levels of contaminants 

more closely and often. Monitored natural attenuation has recently become a popular option to 

consider as a green, lower-cost alternative to pump and treat for sites contaminated with 

inorganics (Brusseau et al. 2015). The advantages of MNA are the possibility of generation of 

lesser volumes of remediation wastes, reduced potential for cross-media transfer of contaminants, 

reduced risk of human exposure to contaminants, reduced disturbances to ecological receptors, 

the in-situ destruction of contaminants, less intrusion due to few surface structures are required, 

and there is the potential of lower overall remediation costs (EPA 1999). The disadvantages of 

MNA are longer time frames may be required to achieve remediation objectives, site 

characterization is typically more complex and costly, the toxicity or mobility of transformation 

products may exceed the parent compound, the potential of contaminant migration or cross-

media transfer, and hydrological and geochemical conditions may change over time (EPA 1999). 

Active restoration, for example pump and treat, is typically the most widely used method 

for groundwater remediation (CFR 1995). The pump and treat method involves pumping the 

contaminated water to the surface for treatment. Pump and Treat is used at about three-quarters 

of the Superfund Sites where groundwater is contaminated (EPA 1996). Pump and Treat is used 

primarily to control the movement of the groundwater preventing the expansion of a contaminant 

plume or it is used as treatment to reduce the dissolved contaminant concentrations in the 

groundwater (EPA 1996). Three of the Navajo Nation sites, see Figure 5, involve some form of 

active remediation: the Shiprock Site in New Mexico uses pump and treat with evaporation, the 

Tuba City Site in Arizona uses pump and treat with mechanical treatment, and the Monument 

Valley Site in Arizona uses phytoremediation as well as enhancements for biological remediation 

(Shafer 2011). However, pump and treat is a very costly method compared to other methods, and 

typically required decades to complete (e.g., NRC, 2013).  For example, pump and treat is 

currently being used at the Sierrita Mine near Green Valley, Arizona. The Sierrita Mine is a 

copper mine that has sulfate concentrations greater than 250 mg/L in the groundwater (Norris 

2008). Pump and treat is being used to control the migration of sulfate into the well-field system 

of Green Valley. The estimated cost for the P&T system is approximately $80 M. 
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There are very few alternatives to pump and treat that are available for remediation of 

groundwater contaminant plumes containing uranium, arsenic, selenium, or similar constituents. 

Permeable reactive barriers (PRBs) have been demonstrated to be an effective method for 

treating waters containing inorganic contaminants. For example, they are a robust alternative for 

controlling acid rock drainage at or near the source, thereby preventing or reducing 

contamination of groundwater. Unfortunately, permeable reactive barriers are impractical for the 

large and deep contaminant plumes common to mining sites in the western US. 

Natural restoration or MNA are often not solely viable for remediation of sites 

contaminated by uranium and other similar constituents, as discussed above. Methods to enhance 

the rates of attenuation, so-called enhanced attenuation, and improve the feasibility of MNA for 

inorganic contaminants are a current focus of research and development. Some options of 

enhanced attenuation are to reduce source loading, increase attenuation capacity, and increase 

stability of the contaminants of concern (ITRC 2010). A form of increased attenuation capacity 

is in-situ biosequestration, which involves the injection of an electron donating substrate to 

promote microbial activity and associated sequestration of contaminants, by means of 

bioprecipitation, biomineralization, and/or enhanced adsorption. This approach is a promising 

enhanced-attenuation alternative for groundwater contaminant plumes containing arsenic, 

uranium, selenium, and similar constituents (DOE 2003).  

 In the past, MNA was used to mainly treat organics at contaminated sites. The natural 

attenuation process at these sites transformed the organic contaminants of concern to harmless 

products or mineralized the contaminants to carbon dioxide (ITRC 2010). Recently, MNA is 

becoming an option to treat metals and radionuclides (ITRC 2010). The difference between using 

this treatment for metals and radionuclides compared to organics is that the former cannot be 

transformed to harmless products, but instead are sequestered to immobile forms that are less 

bioavailable to humans and the environment (ITRC 2010).  

  Under natural oxidative conditions the major species of uranium that occurs is uranium 

(VI), also referred to as uranium trioxide (UO3). Uranium (VI), also referred to as uranyl, is the 

soluble mobile form of uranium in groundwater, which may be converted during natural 

attenuation processes to the immobile form of uranium (IV), also termed uranium dioxide (UO2), 

the mineral uraninite, or pitchblende The natural attenuation pathway for uranium (VI) is 
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sorption to iron hydroxides, precipitation as insoluble minerals, and reduction to insoluble 

valence states (ITRC 2010). However, in order for this process to occur for uranium (VI) the site 

must provide iron hydroxide availability, ideal pH, and availability of reductants (ITRC 2010). 

Considering enhanced attenuation leaves the contaminant in place, it is commonly used for sites 

that exhibit a low potential for migration of the contaminants of concern (ITRC 2010). 

An example of using in-situ bioremediation as a method of enhanced attenuation to treat 

uranium contaminated groundwater was performed at the Old Rifle UMTRA field site. The 

location of this site is in western Colorado on a flood plain of the Colorado River (Li et al. 2009). 

A former processing facility was located at this site, which contained large piles of mill tailings 

with residual uranium leached into the groundwater (Anderson et al. 2003). Similar to the 

Monument Valley Site, all surface structures and contaminated soil were removed therefore only 

the groundwater still contains uranium contamination (Anderson et al. 2003). The groundwater 

flow is mainly through a gravelly sandy aquifer with an approximate hydraulic conductivity of 

35 m per day (Li et al. 2009). The concentrations of uranium in the groundwater within the test 

area range from 0.4 to 1.4 µM or 0.10 to 0.33 mg/L, which the EPA MCL standard for uranium 

is 0.18 µM or 0.03 mg/L(Anderson et al. 2003). The field experiment performed in 2002 by 

Anderson et al. (2003), involved an injection of an acetate and bromide solution for 119 days and 

then the injection was repeated in 2003 for 111 days (Li et al. 2009). After 50 days of the acetate 

injection, uranium (VI) began to decrease, Fe (II) decreased, sulfate decreased, and there was the 

appearance of black precipitate which was presumably ferrous sulfide (Anderson et al. 2003). 

The results from the field experiment performed by Anderson et al. (2003) determined that 

uranium (VI) concentrations in the groundwater could be lowered using acetate as an electron 

donor (Yabusaki et al. 2007). 

At the Monument Valley UMTRA site, Dr. Brusseau and co-workers conducted the first 

pilot test in 2009 in the center of the plume in order to investigate the feasibility and 

sustainability of in-situ bioremediation to treat groundwater contaminated by nitrate and sulfate. 

Site characterization activities were conducted prior to the pilot test and indicated that slow rates 

of denitrification as well as the absence of measurable bacterial sulfate reductions (Brusseau et al. 

2015). A 5% ethanol solution was injected, over a period of 3 days, to act as the electron donor 

to stimulate denitrification and bacterial sulfate reduction. Exponential decreases of nitrate and 



	 	 Gutierrez	
	

15	

sulfate concentrations in conjunction with changes in oxidation-reduction potential, redox 

species, alkalinity, production of hydrogen sulfide, and fractionation of δ15N-nitrate and δ34S- 

sulfate indicate the occurrence of denitrification and bacterial sulfate reduction (Brusseau et al. 

2015). The reducing conditions that were induced by the single injection of the electron donor 

also caused a significant decrease in the uranium groundwater concentrations (Brusseau et al. 

2015). With the indication of reducing conditions that led to a decrease in uranium 

concentrations that were sustained over a period of 3 years supports the feasibility of using in-

situ biosequestration (Brusseau et al. 2015).  

The evidence of using in-situ biosequestration for uranium contaminated groundwater at 

the Colorado Rifle Site and in the contaminant plume of the Monument Valley Site shows that 

this form of enhanced attenuation is feasible. The purpose of the 2015 pilot test in the source 

zone of the Monument Valley site is to determine if this method is sufficient to the remediation 

of uranium contaminated groundwater over an extended period of time, as well as to determine if 

this method is dependent upon certain site characteristics. The 2015 pilot test will also help 

explain biogeochemical processes in more detail, which include mechanisms behind long-term 

sustainability of reducing conditions, the formation of iron-sulfides when sulfate reducing 

bacteria is stimulated, whether it is evident that uranium (VI) converts to uranium (IV) or if 

uranium (VI) instead adsorbs to iron hydroxides, as well as if using in-situ biosequestration is 

more viable than other methods.  
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3. METHODS 

3.1 Site History 

  Uranium was first discovered, about one-half mile west of the former mill site, in 1942 

by Luke Yazzie (DOE 1999). In 1943, the Office of Indian Affairs granted the Vanadium 

Corporation of America (VCA) mining rights for the deposit (DOE 1999). The Vanadium 

Corporation of America mined a total of 767,166 tons of uranium and vanadium ore between the 

years 1943 and 1968 (DOE 2005). 

 Before 1955, ore was shipped to other mills for chemical processing because there wasn’t 

a mill located at the Monument Valley Site (DOE 2005). It wasn’t until the years of 1955 

through 1964, where ore was processed at the site by mechanical milling (DOE 2005).  

Mechanical milling involved the use of an upgrader, which had the capability of crushing and 

separating the ore by grain size (DOE 2005). The finer-grained material was shipped off site to 

other mills for chemical processing because it was higher in uranium content (DOE 2005). 

Meanwhile the coarser-grained material was deposited and piled on site into the old tailings pile 

(DOE 1999). Between the years 1964 and 1968, batch and heap leaching was used at the site to 

process about 1.1 million tons of tailings and low-grade ore (DOE 2005). The batch leaching 

process involved an upward flow of a sulfuric acid solution to leach out uranium and vanadium 

from sandy tailings inside lined steel tanks (DOE 2005). The heap leaching process also involved 

a sulfuric acid solution, however the solution was instead percolated through the low-grade ore 

on polyethylene sheets (DOE 2005). The chemical solutions used during the ore processing were 

most likely discharged into the new tailings pile, which also contained the sandy tailings (DOE 

2005). 

 The mill closed in 1968 and all of the mill buildings and equipment were therefore 

removed. Between the years 1992 and 1994, the site began being remediated by the Department 

of Energy. The DOE removed the tailing piles and contaminated debris and placed them about 

10 miles north of the former mill site at the Mexican Hat UMTRA Project disposal cell (DOE 

1999). 
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3.2 Site Characteristics 

 The Monument Valley UMTRA Site is located in northeastern Arizona, about 15 miles 

south of Mexican Hat, Utah. The Site is situated on Navajo Indian Reservation, also referred to 

as Navajo Nation, and is accessible by the U.S. Bureau of Indian Affairs Navajo Service Route 

6440 (DOE 1999). The mill site is on the west side of Cane Valley and drains to the north by the 

Cane Valley Wash. The Cane Valley wash elevation is approximately 4,800 feet above sea level. 

On the east side of the mill site is Comb Ridge, which is a 600 feet high escarpment of Navajo, 

Kayenta, and Wingate sandstone. Between Cane Valley and Comb Ridge, the area is filled with 

reddish-yellow eolian sand and minimal amounts of water-transported sand, gravel, and bedrock 

fragments (DOE 1999). 

 This arid site receives about 6.4 inches of precipitation annually, occurring typically 

during July through August and also December through February. The monsoon rainfall during 

the summer occurs in high-intensity, short duration storms that are conducive to runoff. The 

precipitation that occurs during the winter months typically comes from low-intensity, longer-

duration storms. The annual amount of snowfall ranges from 10 to 40 inches. The driest months 

at the site are commonly May and June (DOE 1999). 

 

3.3 Groundwater Characteristics 

The aquifer system that is the focus of this study resides in a north-south oriented 

paleovalley that is bounded by bedrock on the south and west sides as well as on the bottom. 

Bedrock is exposed at the southern and southwestern areas of the source zone, and it has been 

determined that infiltration at these areas serves as the primary source of recharge to the shallow 

alluvial aquifer (DOE 1999). It is estimated that only a minor fraction of the low annual 

precipitation recharges the aquifer in the center of the valley, where the plume resides, due to 

loss from evaporation and plant uptake (DOE 1999). Depth to groundwater is approximately 11 

meters for the alluvial aquifer (Borden et al. 2012). There is negligible groundwater pumping in 

the area, and groundwater levels have remained relatively constant over the monitoring period, 

with an average hydraulic gradient of 0.01 across the entire site (DOE 1999). 
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 The three aquifers in the Monument Valley Site area are the alluvial aquifer, the 

Shinarump aquifer, and the De Chelly aquifer. The alluvial and De Chelly aquifers are the only 

aquifers that show evidence of site related contamination (DOE 2005). The alluvial is the 

uppermost aquifer and comprises of windblown fine and medium grained sand deposits (DOE 

2005). This aquifer varies in thickness from 0 feet to about 120 feet (DOE 1999). The depth to 

the alluvial aquifer groundwater ranges from 10 feet to 30 feet (DOE 1999). The Shinarump 

aquifer is located below the alluvial aquifer and has slight upward hydrologic gradient (DOE 

2005). Considering the Shinarump aquifer provides some recharge to the alluvial aquifer, it is 

unlikely that the contaminants from the alluvial aquifer enter the Shinarump (DOE 2005). 

Underneath the Shinarump aquifer lays the De Chelly aquifer, which is the deepest of the three 

aquifers. The De Chelly aquifer is roughly 500 feet in thickness and comprises mostly of fine-

grained sandstone (DOE 1999). An aquitard, which is a zone that prevents the flow of 

groundwater between aquifers, exists between the Shinarump and De Chelly aquifers (DOE 

2005). The De Chelly aquifer mainly receives its recharge from precipitation, as well as from the 

outcrops of the De Chelly Sandstone located to the south and west of the site (DOE 1999).  

 

3.4 Water Quality and Groundwater Contamination  

There are several sources of contamination to the groundwater at the Monument Valley 

Site. The major sources comprise of the old tailing pile and heap-leach area, the new tailings pile, 

and an evaporation pond. Through the years of 1992 and 1994, the DOE performed surface 

remediation in order to remove the source material and other site-related contamination. 

Although the tailings and source material were removed, there is still indication from subpile soil 

samples analysis that the soils area continuing source to the groundwater contamination (DOE 

2005). 

General water chemistry parameters at the Monument Valley UMTRA Site were 

measured prior to the 2015 injection of the electron donating substance. The parameters 

measured in the source zone are as follows: temperature is 18.0 degrees Celsius, pH is 7.79, 

dissolved oxygen is 7.55 mg/L, oxidation reduction potential is 600 mV, and electrical resistivity 
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is 2005 Ωcm. Similar values were measure prior to the 2009 Test injection; they however 

measured alkalinity as calcium carbonate and reported an approximate value of 220.7 mg/L. 

 The common groundwater contaminants at uranium mining sites are typically ammonium, 

nitrate, sulfate, and trace elements such as heavy metals (Miao et al. 2013). The three major 

contaminants of concern (COC’s)at the Monument Valley site include uranium, nitrate, and 

sulfate. The initial concentrations of these COC’s pre-injection in the source zone at the 

Monument Valley UMTRA Site are 331 ug/L to 616 ug/L for Uranium, 9.75 mg/L to 16.73 for 

Nitrate, and 78 mg/L to 127.18 mg/L for Sulfate. Each of these contaminants exceeds EPA 

drinking water quality standards maximum contaminant levels (MCLs). The EPA MCLs for 

these three main contaminants of concern are 30 µg/L (0.03 mg/L) for uranium, 44 mg/L for 

nitrate, meanwhile sulfate has a secondary MCL of 250 mg/L. 

The groundwater contamination is mainly present in the alluvial and De Chelly aquifers 

(DOE 2005). In the alluvial aquifer, nitrate is the primary contaminant of concern (DOE 2005). 

During the ore processing, ammonia was used to precipitate uranium as “yellowcakes,” also 

referred to as ammonium diuranate (Miao et al. 2013). Certain species of bacteria convert 

ammonia to nitrite then to nitrate, which is a process that is termed denitrification. Ammonium in 

the subpile soil appears to be contributing to nitrate contamination in the ground water (DOE 

2005). The sulfate at the Monument Valley Site originates from the sulfuric acid that was used 

during ore processing as well as sulfide-mineral oxidation in the mine tailings (Miao et al. 2013). 

During sulfate reduction, sulfate is converted to hydrogen sulfide. In a small portion of the De 

Chelly aquifer, uranium is the contaminant of concern (DOE 2005). In most ground water, 

uranium is mobile due to the occurrence of aqueous carbonate, which is a strong complexing 

agent (DOE 1999). During the sequestration of uranium it is typically adsorbed to iron 

oxyhydroxides contained in the soil (DOE 1999). Uranium may also precipitate as uraninite 

(UO2) under strong reducing conditions (DOE 1999). 

 

3.5 Previous Experiments and Pilot Tests 

In-situ biosequestration is currently under investigation for treatment of uranium-

contaminated groundwater. For example, more than a decade of research has been conducted at 
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the Department of Energy’s Old Rifle research site in Colorado. The results from this and other 

efforts have demonstrated that in-situ biosequestration has potential for addressing uranium-

contaminated groundwater (Brusseau et al. 2015). However, the results have also revealed a set 

of critical issues that must be addressed for successful application. One such issue is long-term 

sustainability of the method. For example, uranium concentrations in groundwater were observed 

to rebound within several weeks after cessation of substrate injection at the Old Rifle test site 

(Williams et al. 2011).  

In 1992, the Department of Energy (DOE), in conjunction with the Navajo Nation, began 

removing the tailings at the Monument Valley Site (Borden et al. 2012). This surface 

remediation initiative of the mining tailings was completed in 1994 (Borden et al. 2012). Since 

this time, several phytoremediation studies have been performed within the former source zone 

to limit the transport of nitrate from the shallow alluvial material to the aquifer and remove 

nitrate from the groundwater using deep-rooting indigenous plants (Borden et al. 2012). 

Subsequently, laboratory microcosm studies were conducted using sediments from the site to 

evaluate the impact of ethanol amendments on denitrification (Carroll et al. 2009). The results of 

these studies indicated that ethanol could significantly enhance the rate of denitrification (Carroll 

et al. 2009). 

Pilot-scale field tests at the Monument Valley site have since been conducted in the 

center of the plume by Dr. Brusseau and co-workers in order to investigate the feasibility and 

sustainability of in-situ bioremediation to treat groundwater contaminated by nitrate and sulfate. 

Bench scale tests, stable-isotope analysis, and mathematical modeling accompanied the field 

tests. The results of site characterization activities conducted prior to the test indicated slow rates 

of denitrification and the absence of measurable bacterial sulfate reduction (Brusseau et al. 2015). 

The injection of an electron donor stimulated denitrification and bacterial sulfate reduction, 

which was confirmed by exponential decreases of nitrate and sulfate concentrations in 

conjunction with changes in oxidation-reduction potential, redox species, alkalinity, production 

of hydrogen sulfide, and fractionation of δ15N-nitrate and δ34S- sulfate (Brusseau et al. 2015). 
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3.6 Source Zone Pilot Test 

This pilot project started in summer 2015 will be conducted in the area marked with the 

red circle on Figure 5, which happens to be the area with Uranium concentration greater than 300 

mg/L. The field test was conducted using the methods developed from the prior pilot test 

conducted at the center of the plume at the site, as well as the information gained by the 

outcomes of the uranium sequestration research conducted at DOE test sites such as Old Rifle 

Site and Oak Ridge. Groundwater samples will be collected and boreholes will be drilled to 

collect sediment samples before, during, and after the pilot test. The groundwater and sediment 

samples will be analyzed for geochemical, isotopic, and microbial composition, which will 

provide information to define the formation of reducing conditions, the activity of the microbial 

community, tracking of sulfur cycling, and the properties of sequestered phases.  

 

3.7 Injection 

Prior to the injection of ethanol as the electron donating substrate, groundwater and 

sediment sampling analysis were performed to obtain background knowledge of field parameters 

and concentration data. Six new monitoring wells were drilled using a geoprobe in the area of the 

injection point, making a total of 7 monitoring wells for this pilot test (see Figure 8). Before 

taking samples, the pump and tubing were first purged with approximately 0.5 L of groundwater, 

then 0.2 L of water was collected for on-site analysis of temperature, dissolved oxygen, pH, and 

oxidation reduction potential using a YSI-plus field meter. Next, nearly 50 mL of groundwater 

was collected for on-site sulfate and sulfide measurements using a HACH DR2800 

Spectrophotometer. Approximately 1 L of unfiltered groundwater was then collected and split 

into different 20 mL plastic vials and 1 L plastic bottles for analysis for cations, anions, and 

isotope analysis. An extra 80 mL of unfiltered groundwater was collected for microbial analysis 

using sterile plastic vials, which were placed on ice and transported back to the University of 

Arizona. Boreholes were drilled by the geoprobe for sediment sample collection. The 5 ft plastic 

sleeves were first cut to remove the segment with no sediment using a sterilized hacksaw, 

followed by cutting the rest of the sleeve filled with sediments into three segments. Surface 

sediments at each end of the middle segment were scraped off using a sterile spatula and then 
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places into 40 mL capped sterilized plastic vials for microbe analysis. The rest of the sediment 

was then placed into a Ziploc bag to be homogenated then split into 40 mL glass vials and 200 

mL glass jars for cation, anion, and isotope analysis. 

The injection involved a solution with an estimated volume of 19,000 L to flush half the 

volume of the well grid and achieve complete breakthrough 6 meters from the injection well. The 

solution consisted of 0.5% ethyl alcohol with a nonreactive tracer potassium bromide (KBr) in 

concentrations of 5 g/L and was injected into wells 699, 700, 701, and 702 using a peristaltic 

pump, shown in Figure 9. This injection occurred at a constant flow rate of 3.7 gallons per 

minute to not disturb the gradient or pore-water velocity over a period of 24 hours. Once the 

injection was completed the solution will transport under natural gradient conditions. Following 

the injection, groundwater samples were collected monthly using the same techniques as prior to 

the injection.  

 

3.8 Sample Analysis 

The unfiltered samples from the monitoring wells were transported, using standard 

preservation and storage techniques, to the University of Arizona for laboratory analysis. The 

ethanol was measured using gas chromatography while Anionic nitrogen species and major 

anions were analyzed using the EPA 300.0 standard method and ion chromatography by the 

Arizona Laboratory for Emerging Contaminants (ALEC Lab). To analyze ammonium and 

hydrogen sulfide concentrations a Hach colorimetric spectrophotometer was used. Major cations 

were analyzed by inductively coupled plasma mass spectroscopy (ICP-MS) in the Arizona 

Laboratory for Emerging Contaminants (ALEC Lab) 
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4. RESULTS 

 The data collected from the 2015 Pilot Test showed very promising results. The results 

from the oxidation reduction potential (ORP), shown in Figure 10, show a decrease throughout 

all the monitoring wells. Specifically, the up gradient monitoring well 662 showed the largest 

initial decrease in ORP of 700 mV. The largest decrease in the ORP was observed within the first 

36 days following the day of the injection of ethanol as the electron-donating substrate. The 

results of the dissolved oxygen (DO), shown in Figure 11, also show a significant initial decrease 

in the first 36 days following the day of the injection. The upgradient monitoring wells 662, 699, 

700, and 701, all showed that initial decrease in DO however the values slowly started to 

increase again.  

 A slight decrease was observed in the uranium concentrations throughout the monitoring 

wells, shown in Figure 18. The most significant decreases in uranium concentrations were 

observed in the down gradient monitoring wells 703 and 704. The up gradient monitoring well 

662, revealed a minor increase in uranium concentrations, which is due to the concentration of U 

in the inflowing groundwater from upgradient not being the same as the U concentration in the 

injected solution (which represents a composite of groundwater from multiple wells within the 

treatment zone). Iron and manganese, showed an increase from relatively low background levels 

of approximately 10 ug/L to 100’s of ug/L. In Figure 12, the concentrations of total iron 

increases approximately 36 days post-injection, which suggests that iron is going into solution. 

Significant initial decreases of nitrate concentrations were observed in the first 36 days 

following the day of the injection, shown in Figure 14. A rapid decrease was demonstrated in 

wells 662, 699, 700, and 701 then the values leveled off. Down gradient wells 703 and 704 

revealed a steady decrease throughout the 166 days following the day of the injection. Well 662, 

showed a rapid increase between days 36 to 60 due to the incoming background levels of nitrate. 

Nitrite data, Figure 15, shows in each monitoring wells a general trend of an increase followed 

by a decrease within 166 days of the ethanol injection. There was a minimal decrease observed 

in the sulfate concentration results, shown in Figure 16. Wells 699, 700,701,703, and 704 all 

showed the same trend of the largest decrease occurring in the first 36 days after the day of the 

injection then a steady decreases throughout the next 130 days. There was a large increase 

observed in the concentration of sulfide in all monitoring wells throughout, shown in Figure 17.  
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 The downgradient wells 703 and 704 both showed the most favorable results. Well 703, 

shown in Figure 20, presented a large decrease in uranium concentrations, a steady decrease in 

nitrate and sulfate concentrations, and a significant production of sulfide between 40 and 60 days 

after the day of the injection. Well 704, shown in Figure 21, also presented similar trends to well 

703, however there wasn’t as significant amount of sulfide produced compared to well 703. 

 The results collected from well 702 didn’t follow the same trends as the other wells. Well 

702, shown in Figure 19, displays a minimal decrease in nitrates and sulfates but not at the same 

magnitude as the other wells. The uranium levels in this well appear to stay steady until the last 

77 days of the recorded data an increase was observed. There was a gap in data collection from 

this well due to an obstruction in the well casing, which prevented the ability to sample the 

groundwater during the first 89 days of the 2015 Pilot Test. 

 Sediment collection was performed before the injection and 3 months after the ethanol 

injection. The results of the sediment analysis, shown in Figure 22, indicate that black solids 

were formed in the sediments. The nature of the black solids that formed 3 months post ethanol 

injection is currently under investigation. It is suspected that the black solids are due from the 

formation of sulfide when sulfate was reduced to sulfide.  
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5. DISCUSSION 

 The results of the oxidation reduction potential values throughout the 2015 Pilot Test 

injection showed a decrease throughout all the monitoring wells. All monitoring wells also 

revealed that the largest decrease of ORP occurred within the first 36 days following the 

injection. The results of the ORP values indicate that a reducing environment was created. The 

results from the dissolved oxygen values also show a decrease in the first 36 days following the 

day of the injection. When the values of DO reach 0-2 mg/L this means conditions are anoxic 

and none to little oxygen is available. The DO values observed were still in the range of 2-4 

mg/L, showing that conditions have not become anoxic but are close. This decrease in DO values 

therefore also supports that a reducing environment was produced. 

Iron and manganese concentration data was observed to increase from relatively low 

background levels of approximately 10 ug/L to 100’s of ug/L. This increase in aqueous 

concentrations of both iron and manganese may be caused from the use of iron and manganese 

oxides as electron acceptors from the oxidation of ethanol, which leads to the associated 

reduction (Miao et al. 2014). In Figure 12, the concentrations of total iron increase at 

approximately 36 days, which suggests that reduced iron is going into solution. It is assumed that 

sulfate reduction produces hydrogen sulfides, which is initially sequestered in the form of iron 

sulfides until the limit of readily reducible iron oxides within the sediment is reached (Miao et al. 

2014). As seen in Figure 17, there was a large increase in the concentrations of sulfide in each of 

the monitoring wells, specifically in the injection wells of 699 and 702. 

The decrease of nitrate concentrations in all monitoring wells by 36 days suggests that 

denitrification of NO3 is occurring. There is evidence of the production of nitrite because nitrite 

concentrations among all the monitoring wells increased, peaked, and then decreased during the 

first 166 days following the injection. The production of nitrite demonstrates that denitrification 

occurred. The decrease of sulfate concentrations during the following days after the injection, as 

well as the detection of significant amounts of sulfide in the down gradients wells 703 and 704 

show that sulfate was reduced to sulfide. The decrease in uranium concentrations observed in all 

the monitoring wells, especially the down gradient wells 703 and 704, indicate that uranium was 

sequestered from solution.  
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The 2009 Pilot Test results, shown in Figure 6, shows that Nitrate was the first 

contaminant of concern to decrease from approximately 602 mg/L at time of injection to 0.1 

mg/L after 34 days. Sulfate decreased from approximately 600 mg/L at time of injection to 21 

mg/L after 283 days. Uranium decreased from approximately 10 ug/L at time of injection to 0.61 

ug/L after 283 days. A rebound in the concentrations of nitrate, sulfate, and uranium occurred 

after 1,000 days of the injection of the electron donor substrate, shown in Figure 6. The 2009 

Test also shows that there are fluctuations in the levels of each contaminant of concern. It is too 

early to tell if the concentrations of each contaminant of concern in the 2015 test are actually 

rebounding already or if they are just fluctuating similar to what was observed in the 2009 test. 

The differences observed between the two tests are most likely due to site-specific 

characteristics, see Table 1. The 2009 test was conducted in the center of the contaminant plume, 

which contains higher levels of nitrates and sulfates and lower levels of uranium. The 2015 test 

was performed in the source zone, where nitrate and sulfates levels are much lower compared to 

the center of the contaminant plume and the uranium levels are much higher. In addition, the two 

tests were implemented differently, wherein the 2009 test was conducted as a push-pull test with 

an ethanol concentration of 5% and an injected volume of 3,028 liters whereas the 2015 test was 

conducted in standard pulse-injection mode with an ethanol concentration of 0.5%.and an 

injected volume 18,000 liters. In addition, differences exist regarding residence times, as 

discussed below. 

When comparing the rate of change, determined from the slope, of the contaminants of 

concern between each of the Pilot Tests, it is observed that a higher rate of decrease in U is 

observed for the 2015 test. The rate of change for uranium during the 2009 Pilot Test was -0.27 

mg/L per day and for 2015 Pilot Test in the downgradient well 704 it was -35.20 mg/L per day, 

thus showing that uranium in the 2015 Pilot Test had a larger rate of decrease in concentration. 

The rate of change for nitrate during the 2009 Pilot Test was -22.39 mg/L per day and for 2015 

Pilot Test in the downgradient well 704 it was -1.21 mg/L per day, thus showing that nitrate in 

the 2009 Pilot Test had a larger rate of decrease in concentration. Sulfate also showed a larger 

rate of decrease in concentration in the 2009 Pilot Test compared to the 2015 Pilot Test. In the 

2009 Pilot Test, the rate of change of sulfate was -24.47 mg/L per day and for 2015 Pilot Test in 

the downgradient well 704 it was -6.39 mg/L per day. 
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Additionally, when considering how much Uranium was sequestered between the two 

tests, it is apparent that the 2015 test actually produced greater sequestration, see Table 1. In the 

2009 Pilot Test, between time zero or time of injection until the rebound time, which is 

approximately 1,000 days, 23 g of Uranium was sequestered. In the 2015 Pilot Test, between 

time zero and 166 days after the injection an approximate amount of 227 g of Uranium was 

sequestered using data from downgradient wells 703 and 704. The mass of Uranium was 

calculated by multiplying the initial concentration in ug/L to the amount of pore volumes in liters 

that have flowed through the site since the time of injection and to the amount of one pore 

volume, values are shown in Table 1. 

Another factor that may have influenced the results is the difference in treatment-zone 

pore volumes for the two sites and the residence times of the electron-donor solution within the 

treatment zone. The total volume of the treatment zone during the 2009 Pilot Test was 

approximately 186 m3; meanwhile the 2015 Pilot Test had a total volume of 135 m3 in the 

treatment zone. To calculate how much one pore volume is equivalent to, the porosity is 

multiplied by the total volume of the treatment zone; values are shown in Table 1. This 

difference in treatment zone total volumes caused for a difference in the residence times at each 

location. Residence time is the average amount of time that a particle spends in a particular 

system, assuming that there is a steady state inflow and outflow, constant volume, constant 

temperature, and uniform distribution of a substance through the volume of the system. 

Residence Time is calculated by dividing the length of the treatment zone by the mean pore-

water velocity. The residence time of the 2015 Pilot Test conducted in the source zone is 

approximately 15 days, which is slightly shorter than the residence time of 20 days observed 

from the 2009 Pilot Test conducted in the contaminant plume. Using the residence time, the 

amount of time the reagent was in the treatment zone can be estimated, for the 2009 Pilot Test 

the ethanol reagent was in the treatment zone for approximately 26 days and for the 2015 Pilot 

test it was in the treatment zone for approximately 16 days. The total amount of pore volumes 

that have flowed through the treatment zone since the time of injection is determined by dividing 

the time elapsed since the injection by the residence time; values are shown in Table 1.  

In the 2009 Test the ethanol dissipated from the groundwater after approximately 3-4 

weeks after the injection. For the 2015 Test, unfortunately no data are available for the first 30 
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days. Based on data collected after that time, it appears that the ethanol had dissipated prior to 30 

days.  

When comparing the Oxidative Reduction Potential between the two tests, it is shown 

that a larger drop in reducing conditions occurred in the 2015 Test. In the 2015 Pilot Test, at time 

zero the ORP was 600 mV and dropped to an approximate amount of -250mV after the first 36 

days. In the 2009 Pilot Test, at time zero the ORP was 120 mV and then dropped to 

approximately -300 mV in the first 648 days. The 2015 Test area contained much higher levels 

than the 2009 Test and also showed a more significant decrease.  

Another factor that may be affecting the differences in results between the two pilot tests 

is the potential for biomass growth. Nitrate is essential for the growth of microorganisms because 

it is an electron acceptor and therefore the amount of nitrate in the treatment zone during the 

electron donor ethanol injection is important. In the 2009 Test, the nitrate was higher at a value 

of 602 mg/L at time of the injection, meanwhile in the 2015 test nitrate was approximately 15.6 

mg/L. Provided that the 2009 Test contained more Nitrate in the treatment, the conditions were 

more favorable for microbe growth.. Also the percent of ethanol that was injected in each test 

needs to be considered. In the 2009 Test 5% ethanol was injected, which is much higher than the 

0.5% injected in the 2015 Test. A higher percent of ethanol injected provides more substrate for 

microbial growth. After the ethanol dissipates, the extra biomass succumbs and provides alive 

microbes an electron donor source. 

Gathering the information above, the 2015 Pilot Test was effective in the sequestration of 

uranium in the source zone treatment area and the 2009 Pilot Test was effective in the test zone 

located in the center of the contaminant plume. In order for this in situ biosequestration process 

to be effective for the whole site, which includes the source zone and contaminant plume, it 

would need to be applied in two main areas. The In-situ biosequestration process would not 

typically be considered for use across the entire plume due to cost-effectiveness. Rather, it would 

be employed at certain target zones to maximize plume management. First a treatment zone 

could be placed at the edge of the source zone so the higher levels of uranium could be treated 

before entering the plume area. Another treatment zone could be placed at the leading edge of 

the contaminant plume in order to stop the migration of the contaminants in the plume. With 
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these two treatment locations for the in situ biosequestration process, the whole Monument 

Valley Site could be addressed using this method.  
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6. CONCLUSIONS 

 The decreases observed in the oxidation reduction potential values and the dissolved 

oxygen values showed that a reducing environment was induced with the injection of ethanol as 

the electron donor at a concentration of 5 g/L. The significant decrease of nitrate concentration, 

minor decrease of uranium, minimal decrease of sulfate concentration, and small production of 

sulfide occurred shortly after the electron donor injection. Considering that for each parameter 

measured, the most significant change occurred within the first 36 days following the injection.  

 Assessing the performance of an in-situ biosequestration project is determined by 

whether or not the injection of an electron donating substrate was able to decrease the major 

contaminant of concern below maximum contaminant levels. Another. Uranium decreased from 

the injection of ethanol as an electron donor, which shows that in-situ biosequestration as a form 

of enhanced attenuation is effective for the remediation of uranium from groundwater. Uranium 

concentrations decreased from approximately 612 ug/L at time of the injection to 530 ug/L after 

166 days, this amount is still above the EPA MCL of 30 ug/L for Uranium. However, it is 

important to note that a higher mass of Uranium was sequestered in the 2015 Test, a total of 227 

g, compared to the 2009 Test where only 23 g of Uranium was sequestered. The concentrations 

of Uranium in the source zone of the 2015 Test are much higher compared to the 2009 Test 

which had levels of Uranium less than the EPA MCL. The ethanol dissipated quickly during this 

2015 pilot test, showing that the attenuation process is influenced by site conditions.  

 Another critical performance metric is the time (or pore volumes) to rebound; i.e., the 

point at which reducing conditions revert back to natural conditions and sequestered U is 

released. The Colorado Rifle Site showed a rebound in uranium levels after 50 days of their 

injection and the 2009 Pilot Test conducted at the Monument Valley Site presented a rebound 

after 1,000 days or 2.7 years. Although it is too early to indicate whether or not this process is 

feasible for long-term remediation of uranium, further monitoring of this field site will aide in 

determining the long-term efficacy of using in-situ biosequestration. 

Additionally specific sequestration mechanisms, such as sediment geochemical analysis 

and microbial characterization, also need to be investigated to further determine the feasibility 

and efficacy of using in-situ biosequestration. Further research on the sediment geochemistry 
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will help reveal more information about the amount of and extent of the production of hydrogen 

sulfides. Characterizing the microbial communities will assist in determining what microbes are 

present, for example it will establish whether sulfate-reducing bacteria are present and 

converting iron to iron sulfides. In conclusion, additional monitoring of this field site will need to 

be performed to continue to investigate the long-term efficacy of using in-situ biosequestration 

for the remediation of uranium in groundwater. 
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APPENDIX 

 

Figure 1. Map of Uranium Mill Tailings Radiation Control Act (UMTRCA) Title I and II 
Disposal and Processing Sites. (DOE 2013). 
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Figure 2. Map of UMTRA Sites located within Navajo Nation. (Shafer 2011) 
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Figure 3. Map of Uranium Concentrations in the Alluvial Aquifer at the Monument Valley 
UMTRA Site. (DOE 2005) 
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Figure 4. Map of sources of ground water contamination. (DOE 2005) 
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Figure	5.	Map	of	the	Monument	Valley	Site.	Local	of	the	2009	Pilot	Test	were	in	the	center	
of	the	plume	at	the	test	field	location.	The	red	circle	indicates	the	area	with	elevated	
Uranium	in	groundwater	and	the	study	area	of	the	2015	Pilot	Test.	(Miao	et	al.	2014)	
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Figure	6.	Results	of	the	2009	Pilot	Test	investigating	the	impact	of	electron-donor	injection	
on	in-situ	groundwater	remediation.	Time	zero	corresponds	to	a	single,	three-day	injection	
of	0.5%	ethanol	solution	into	a	single	well.		
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Figure 7. Photos of the wells used for the 2015 Pilot Test. 
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Figure 8. Map of well locations for the 2015 Pilot Test at the Monument Valley UMTRA Site. 
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Figure 9. Diagram of well locations and northeast flow of groundwater. 
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Figure 10. Oxidation Reduction Potential Results from the 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 11. Dissolved Oxygen Results from the 2015 Pilot Test. Time zero corresponds to the 
injection of 0.5% ethanol solution. 
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Figure 12. Concentration of Total Iron in solution throughout 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 13. Concentrations of Manganese in solution throughout 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 14. Results of Nitrate Concentrations in solution from the 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 15. Nitrite Concentrations in solution throughout the 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 16. Results of Sulfate Concentrations in solution from 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 17. Results of concentrations of Sulfide in solution from the 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 18. Results of Uranium Concentrations in solution from the 2015 Pilot Test. Time zero 
corresponds to the injection of 0.5% ethanol solution. 
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Figure 19. Well 702 Results from the 2015 Pilot Test. Time zero corresponds to the injection of 
0.5% ethanol solution. 
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Figure 20. Results of Sulfate, Uranium, Sulfide, and Nitrate Concentrations from Well 703 
during the 2015 Pilot Test. Time zero corresponds to the injection of 0.5% ethanol solution. 
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Figure 21. Results of Sulfate, Uranium, Sulfide, and Nitrate Concentrations from Well 704 
during the 2015 Pilot Test. Time zero corresponds to the injection of 0.5% ethanol solution. 
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Figure 22. Sediment samples collected before and 3 months after the ethanol injection during the 
2015 Pilot Test. 
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Table 1. Comparison of 2009 Pilot Test and 2015 Pilot Test. 
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