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Executive Summary

The U.S. Department of Energy (DOE) Office of Legacy Management (LM), the Navajo
Uranium Mill Tailings Remedial Action program, the University of Arizona, and Diné College
are exploring alternative remedies for groundwater contamination at Monument Valley, Arizona,
that include natural and enhanced attenuation (EA) processes. DOE removed radioactive tailings
from Monument Valley, a former uranium mill site, in 1994. Nitrate and ammonium, waste
products of the milling process, remain in a shallow groundwater plume spreading from a mill
site soil source. A conventional cleanup strategy might involve drilling wells and pumping
groundwater to a treatment facility on the surface. Pilot studies jointly funded by LM and the
University of Arizona are answering two questions: (1) what is the capacity of natural processes
to remove nitrate and slow plume dispersion, and (2) can we efficiently enhance natural
attenuation if necessary? Below are 2008 highlights of pilot study results that are helping to
answer these questions.

Source Containment and Removal

Phreatophytes were planted in the nitrate plume source area (soils remaining after tailings were
removed) to limit percolation and leaching of nitrate by controlling the soil-water balance.
About 1.7 hectares (ha) of the source area was planted in 1999 and the remaining 1.6 ha was
planted in 2006, primarily with the native desert shrub, four-wing saltbush (4triplex canescens).

Source Area Nitrogen and Sulfur

Soil cores were collected in the Source Area soil from the 1999 planting (original field) and the
2006 planting (extended fields) in March 2007 and May 2008 and analyzed for nitrate-N,
ammonium-N, and sulfate-S. Both nitrate and ammonium have decreased significantly since
2000. The decrease in nitrate may have slowed, as expected for a substrate-dependent,
exponential decay process. On the other hand, ammonium levels are still decreasing.
Nitrification (of ammonium) is a likely reason for the slow decrease in nitrate.

Enrichment of °N (8'°N) provides additional evidence that loss of nitrogen is due to
denitrification in the case of nitrate, and of nitrification followed by denitrification in the case of
ammonium. Denitrification favors "*N over >N, so residual nitrate in the soil becomes enriched
in "N as nitrate becomes depleted.

Overall, the results show that planting and irrigating of native shrubs has produced a marked
reduction in both nitrate and ammonium in the source area over an 8-year period. Total nitrogen
has been reduced from 350 milligrams per kilogram (mg/kg) in 2000 to less than 200 mg/kg

in 2008. Microbial processes rather than plant uptake are responsible for most of the nitrogen
reduction. However, the plants help control of the site water balance, preventing additional
leaching of nitrogen compounds into the aquifer.

Manganese Chemistry
Source Area soils have elevated levels of calcium (Ca) and iron (Fe) in places that display a

discolored surface in aerial photographs. On the ground, several color phases including black,
red, green, and pink have been observed. Some Source Area soils also have a shallow layer of
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. dark brown mottled material, which has been associated with areas of stunted plant growth.
Manganese (Mn) concretions (Fe and Mn precipitates) were identified in samples from the
mottled soil areas. Oxides of Mn at different oxidation states, deposited in the soil during
extraction of uranium, may be the source. These different oxidation states could be responsible
for the "rainbow" colors around drip emitters in the stained areas, and especially in the former
evaporation pond.

Uranium processing included the use of sulfuric acid solutions passed through leached bed to
mobilize uranium ions. With the low-pH, reduced, and anaerobic soil, naturally occurring Mn
was likely also leached and translocated within the vadose zone. The most likely forms of Mn at
the site are sulfate-containing species. At this arid site, it is also likely that soluble (reduced)
forms of Mn were formed during the period of operations. But after operation ceased, dry
conditions set in precluding the re-oxidation of Mn to much more stable and common forms of
Mn such as pyrolusite. Now that the site is irrigated, oxidation (at least in the unsaturated zone)
of Mn is likely occurring, leading to more stable forms over time. This process may be
responsible for the formation of nucleation sites that form the dark brown concretions rich in Mn
and the rainbow rings around drip nozzles that have been observed on irrigation soils at this site.

Because the levels of Mn are within values for normal soils, and well below any levels of
concern for human health risks, further testing or remediation is not recommended. Current
irrigation practices and natural attenuation processes will likely continue to convert the soluble
forms of Mn into insoluble oxides normally present in soils.

Groundwater Attenuation
Interrelationships of NH4, NO3, SO4, and Moisture Content

Contamination of the alluvial aquifer by nitrate, ammonium, and sulfate are the major concerns
at Monument Valley site. In 2008, transport and fate processes that influence ammonium, nitrate,
and sulfate concentrations were evaluated, and a manuscript comparing nitrate attenuation
characterization methods developed for Monument Valley was submitted to the Journal of
Hydrology. :

Results from the collection of spatial and temporal concentration data from a transect of
monitoring wells located along the plume centerline indicate that nitrate, ammonium, and sulfate
concentrations are decreasing due to natural attenuation processes. Adsorption appears to partly
control the transport and fate of ammonium in the plume. Sulfate concentrations are most likely
controlled by equilibrium formation/dissolution of the solid mineral phase gypsum. Naturally
formed gypsic lenses are already found in soils at the site. Calcium ions in the soil react with
sulfate in the Source Area and contamination plume to produce gypsum deposits, which are
relatively immobile.

Nitrification may be occurring in the upgradient part of the plume as well as in the Source Area
(see above). Nitrate biotransformation occurs through reduction to atmospheric nitrogen gas
(i.e., denitrification) in both the irrigated subpile soils and the downgradient region of the plume.
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The occurrence and rate of denitrification was evaluated through microcosm experiments,
nitrogen isotopic fractionation analysis, and solute transport modeling. First-order rate
coefficients calculated with each method were comparable. The composite natural attenuation
rate coefficient was slightly larger but similar to the denitrification rate coefficient, which
suggests that microbially-induced decay primarily controls nitrate attenuation at the site. Sulfate
reductive biotransformation was not evident from the available data.

An estimated 30—70 percent of nitrate in the plume has been lost through natural denitrification
since the mill was closed in 1968. Estimates of sulfate losses through gypsum formation are not
yet available, but eventually an equilibrium level is expected to be established at the solubility of
calcium sulfate in the hotspots of the plume, and lower where the plume has been diluted.

Ethanol-Enhanced Denitrification of the Alluvial Aquifer

EA can be defined as initiating and/or augmenting natural and sustainable attenuation processes.
The goal is to increase the magnitude of attenuation by natural processes beyond that which
occurs without intervention. Enhancing in situ biological denitrification through injection of
amendments has been deemed a promising method for remediation of nitrate-contaminated
groundwater.

The Monument Valley site is considered to be an excellent candidate for in situ EA
denitrification. The region of high nitrate contamination in the plume is confined in a relatively
small volume of the aquifer. Treatment of this high-concentration portion of the plume could
allow natural attenuation of the remainder of the plume. Questions that remain to be addressed
are the degree of enhancement that can be achieved and the optimal means of implementation.
These questions will be addressed with a pilot-scale demonstration in 2009 supplemented with
mathematical modeling analyses. This report includes a detailed work plan for a field-scale
injection of ethanol as a denitrification enhancement substrate.

Changes in Vegetation

Preliminary studies demonstrated that grazing protection overlying the plume may have positive
effects on biomass productivity, ground cover, and rates of phreatophyte transpiration and
nitrogen uptake. In 2005, two large plots were fenced to evaluate grazing protection on a
landscape scale. Vegetation canopy cover and shrub density were sampled in 2007 and 2008 in
the two grazing exclosure plots and compared with adjacent control plots not protected from
grazing. Results suggest that to date, no clear trends in the response of vegetative cover and
shrub density to reduced grazing are apparent. However, grazing exclosures do appear to have
increased overall leaf area index (LAI) and evapotranspiration (ET) (see below).

Remote Sensing Monitoring Methods

Phreatophytic shrub populations at Monument Valley play a role in controlling movement of the
groundwater nitrate plume and also in limiting soil percolation in the source area of the plume.
The Monument Valley site will require long-term monitoring of vegetation cover and ET if
natural and enhanced attenuation methods are selected for the final remedy. Vegetation
abundance over the source area helps determine the extent of recharge of water from the source
area and from surrounding uplands into the plume, because water used by vegetation decreases
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the amount that can migrate into the aquifer. Vegetation abundance over the plume helps
determine the rate of plume migration away from the site, because water used by vegetation
decreases the amount available to expand the volume of the plume over time.

In 2008, an unobtrusive approach for evaluating changes in phreatophytic shrub populations
based on remote sensing technologies developed from research at Monument Valley. These
methods may result in reduced long-term surveillance and maintenance costs at Monument
Valley and also may be applicable at other LM sites. The body of this report discusses the need
for vegetation monitoring and how ground data can be combined with high-resolution and low-
resolution imagery to monitor ET, LAI, and fractional cover. The method developed for
Monument Valley was published in the journal Ecohydrology in 2008.
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1.0 Introduction

The U.S. Department of Energy (DOE) is conducting pilot studies of enhanced attenuation
remedies for contaminated groundwater at a former uranium mill tailings sites near Monument
Valley, Arizona. Nitrate, ammonium, and sulfate levels are elevated in an alluvial aquifer
spreading away from a source area where tailings were removed.

The pilot studies at Monument Valley were mandated by a DOE Environmental Assessment. The
EA gives direction for an evaluation of alternative remedies before a final strategy is selected
(DOE 2004a). Preliminary studies suggested that natural and enhanced phytoremediation may be
viable options for reducing nitrate and sulfate levels in the alluvial aquifer and at the plume
source (DOE 2002, DOE 2004b). Phytoremediation is also in harmony with revegetation and
land management goals for the site.

In May 2005, DOE and the Navajo Nation jointly approved a second (and final) phase of pilot
studies as proposed in a work plan published by DOE in 2004 (DOE 2004c). The purpose of the
final phase is to evaluate the capacity of natural processes, and methods to enhance natural
processes, that degrade and slow the migration of contaminants both in the alluvial aquifer and at
its source. The pilot studies are focusing on phytoremediation and bioremediation processes.

- Phytoremediation relies on the roots of plants to remove, degrade, and slow the migration of
contaminants. Bioremediation relies on microbial processes to reduce concentrations of nitrate,
ammonium, and sulfate in the source area and plume.

In 2006, DOE published first-year (2005) results of the pilot study, a synopsis of the enhanced
natural attenuation approach, and a decision framework for using the results of the pilot studies
to choose a final remedy for nitrate, ammonia, and sulfate at Monument Valley (DOE 2006).
Summaries of the 2006 and 2007 results of the Monument Valley pilot studies were subsequently
published (DOE 2007, DOE 2008). Summaries of the 2008 results of Monument Valley’s pilot
studies are presented in Sections 2.0 through 8.0 of this report. The reader can find additional
background information on the rationale and designs of the Monument Valley pilot studies in the
DOE reports cited above. Appendix A is a complete list of journal and proceedings publications,
presentations, and DOE reports produced since the inception of the project.

The pilot studies are based on large plantings and irrigation systems that require regular
maintenance. Maintenance activities in 2008, outlined in Appendix B, included repairs of the
drip irrigation system and raising transplant replacements for dead four-wing saltbush and black
greasewood as needed.
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2.0 Soil Moisture

Monument Valley pilot study plots are irrigated to support growth of planted phreotophytic
shrubs and to enhance denitrification. The plots are purposely under-irrigated to prevent leaching
of nitrate into the aquifer. The original source area (subpile) plot has been irrigated each year
since it was installed in 2000, with the exception of 2003. The irrigated area was increased in
2006 with the expansion of the subpile plot, planting of the evaporation pond, and planting of
plume phytoremediation plots (Passive Phytoremediation Plots).

2.1 Irrigation Schedule

In 2007 and 2008 the irrigation schedules were altered to provide more water to the fields in an
attempt to enhance plant growth and denitrification, while still preventing leaching of
contaminants into the aquifer. In 2007, plots were irrigated for 2 hours per day (0.95 millimeters
per day [mm/day] on an area basis) from April 25 to May 21 (total of 24 mm), then for 6 hours
per day (2.85 mm/day) from May 22 to November 1 (total of 472 mm). The total annual
application was 496 mm, about three times higher than in previous years.

In 2008, irrigation rates were reduced because neutron hydroprobe readings and water content
reflectometers (WCRs) suggested that some parts of the fields were over-irrigated and may be
producing drainage. Plots were irrigated for 4 hours per day (1.9 mm/day) from March 28 to
May 25 (total of 110 mm) and for 3 hours per day (1.4 mm/day) from May 26 to October 1 (total
of 175 mm). The total application in 2008 was 285 mm. The Passive Phytoremediation Plots
‘received 6 hours per day of irrigation both years to encourage deep root growth, but soil moisture
was not measured. Irrigation schedules of some of the plots in the Land Farm were altered in
both years due to lower-than-expected yield from the high-nitrate well.

2.2 Neutron Hydroprobe Monitoring

Soil moisture levels were measured monthly during the irrigation season at approximately
0.31-meter (m) intervals in a series of 60-neutron hydroprobe ports distributed in four plots in the
Original Field (the subpile plots established in 2000); in three plots in the Extended Field
(established in 2006); in the Evaporation Pond plot (established in 2006); and in the Land Farm
(established in 2006). Additional control ports were located in non-irrigated portions of the
subpile soil, representing denuded areas and areas with vegetation.

Results were analyzed for April, July, and September readings for 2007 and 2008. Mean
readings over all depths for each plot are shown by month and year in Figure 2—1. A three-way
analysis of variance was conducted in which year, month, and site (Controls, Original Field,
Extended Fields, Evaporation Pond, and Land Farm) were independent variables and soil
moisture (cubic centimeters [cm’] H,O per cm® soil) averaged over all depths was the dependent
variable. Year was marginally significant (P = 0.051), while month (P = 0.001) and site

(P <0.001) were highly significant. The interaction term (year x site) was also highly significant
(P <0.001), showing that the sites responded differently to the altered irrigation schedules.
Control ports were not significantly different between years (P = 0.652), whereas the Original
Field was slightly wetter in 2008 than 2007 (P = 0.003) and the Extended Field was slightly
dried in 2008 than 2007 (P < 0.001). The Extended Field was slightly wetter in July than in April
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or September in both years (P < 0.001) but seasonal differences were otherwise non-significant

(P> 0.05).
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Figure 2—1. (Top) Soil moisture levels in 2007 and 2008 in non-irrigated Control plots and in four areas
within the Original Field in the source area at the Monument Valley site. (Bottom) Soil moisture levels in
Control plots and in the Extended Field, the Evaporation Pond, and the Land Farm, 2007 and 2008. Bars
are standard errors of means; results are averaged across all soil depths at each port.
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Bare and vegetated control plots had similar moisture levels (about 0.08 cm®/cm?®), significantly
lower than in all irrigated plots (Figure 2-1). Moisture levels in the Original Field were about
0.10 — 0.12 cm*/em’ (Figure 2-1, top), which are below the assumed field capacity (about

0.15 cm’/ecm’). However, field capacity needs to be determined by measurement in these fields.
Moisture levels were slightly higher in the Extended Field and Land Farm than in the Original
Field, but were much higher in the Evaporation Pond, above 0.15 cm®/cm’ (Figure 2—1, bottom).

Variations in soil moisture by depth is shown in Figure 2-2. Control plots had low soil moisture
near the surface but moisture content increased with depth, and was higher than in the Original
Field, Extended Field, and Evaporation Pond at the 4.3-m depth (the 4.6-m depth is not plotted in
Figure 3-2 because many of the ports did not extend to this depth). The Evaporation Pond had
groundwater at a shallow depth, a condition that existed before irrigation began. These results
suggest that some recharge of the aquifer takes place in the non-irrigated portion of the site due
to infiltration of precipitation. Some recharge is also likely to take place in parts of the irrigated
fields, especially the Evaporation Pond. Overall, however, an irrigation rate of 285 millimeters
per year (mm/yr) as used in 2008 should stimulate plant growth and denitrification while
minimizing leaching of contaminants to the aquifer.

Soil Moisture by Depth
Combined 2007 - 2008 Data
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Figure 2-2. Soil moisture levels at different depths in the soil profile in Control plots and irrigated plots in
the source area at the Monument Valley site. Results are averaged across ports at each site.
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2.3 Percolation Flux Monitoring

WCRs and Water Fluxmeters (WFMs) were installed in 2006 at four locations within the subpile
plantings for real-time monitoring of soil moisture profiles and percolation flux. The four WFMs

were installed to monitor percolation of water below the root zone that could potentially leach
contaminants. Instrument clusters were installed in the south-central area of the 1999 planting
(WFM1) and in the northeast (WFM2), northwest (WFM3), and southeast (WFM4) areas of the
2006 planting. Instrument clusters consisted of one WFM placed about 370 cm deep in the soil
profile with four WCRs placed above the WFM at 30—60, 90—120, 180-210, and 270-300-cm
depths.

WCRs are designed to measure volumetric water content of soils and other porous media. The
water content information is derived from the probe sensitivity to the dielectric constant of the
medium surrounding the probe rods (Campbell Scientific, 2006). Because of apparent
discrepancies in our in-house calibrations of WCRs, calibration coefficients derived in the
Campbell Scientific soils laboratory were used to reduce 2008-2009 periodicity data:

Water Content (%ovol) = (—0.0663 — 0.0063*period + 0.0007*period2)*100

The WCR output is period, measured in microseconds. The result of the calibration equation is
percent volumetric water content.

The WFMs were installed near the bottom of the root zone and are capable of directly
monitoring saturated and unsaturated water fluxes ranging from 0.02 mm/yr to more than
1,000 mm/yr (Gee et al. 2002). Two WFMs were installed in March 2006; the other two were
installed in July 2006.

The WFMs are passive wick lysimeters that monitor percolation flux from a soil-filled funnel
(Gee et al., 2009). The soil captures flow from a predetermined area where it drains into the
funnel neck occupied by a conductive material capable of applying a capillary pressure to the
overlying soil. Water flux is measured directly by placing a water monitoring device

(e.g., miniature tipping bucket or recording autosiphon) below the lower end of the wick
(Figure 2-3).

The funnel neck is 2.5 cm in diameter and is filled with a fiberglass wick material that creates a
hanging water column. The top 15 cm of the wick material was separated into single strands,
which were used to line the interior of the funnel. To prevent soil from filtering through the
funnel and the wick, a thin layer of diatomaceous earth was placed in the bottom of the funnel
above the wick. Diatomaceous earth material is highly conductive and does not restrict flow
within the WFM. The wick extended vertically below the soil-filled funnel.

The WFMs incorporate a method to control convergence or divergence of flow. The control tube

consists of a plastic pipe, about the same diameter as the top end of the funnel and extends from
the funnel top up to a height of 60 cm. The inside diameter of the control tube is 20 cm with
corresponding surface area of 314 cm?. The saturated hydraulic conductivity of the wick is
extremely high and under normal flow conditions offers little resistance to the overall flow in
the WFM.
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Figure 2-3. Schematic of a passive wick WFM (from Gee et al. 2009).

The four WFMs have recorded zero percolation since they were installed in March and

July 2006. These results support the conclusion that infiltration from the combination of ambient
precipitation and irrigation has been stored in the fine sand profile and is not percolating and
leaching nitrate. In October 2008 and again in March 2009, water was injected in the WFM
calibration tubes. All instruments recorded tips showing that all were functioning correctly and
capable of recording percolation events should they occur.

Results from WCRs placed above WFMs show that soil volumetric water content is somewhat
variable both spatially and temporally (Figure 2—4). Many patterns were expected. Seasonal
fluctuations in water content are a response to meteorological conditions and the irrigation
schedule. Seasonal fluctuations in water content deeper in the profiles lag fluctuations closer to
the surface. Rapid wetting and drying is evident closer to the surface whereas changes in water
content are more gradual producing smoother curves for WCRs located deeper in the profiles.

Water content was consistently higher at WFM1, a location with more mature plants in the 1999
planting. The deepest WCR at the WFM 1 location has recorded yearly increases in water content
since 2006, suggesting that deep percolation and leaching of nitrate is more likely there. WFM?2
and WFM3, located in areas of the 2006 planting where shrubs have grown largest, have
recorded yearly declines in water content at all depths, which is likely a response to increasing
leaf area and evapotranspiration (ET). The lowest values occurred at the 270-300-cm depth in
WMEF3.
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Figure 2—4. Hourly volumetric water content at four depths down to 300 cm monitored with WCRs at
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3.0 Soil Chemistry Monitoring

3.1 Source Area Nitrogen and Sulfur

Soil cores were collected in the Source Area soil from the 1999 planting (original field) and the
2006 planting (extended fields) in March, 2007 and May, 2008 and analyzed for nitrate-N,
ammonium-N, and sulfate-S. Figure 3—1 shows mean soil nitrate and ammonium results from the
original field for the period 2000-2008. Both nitrate and ammonium have decreased significantly
(P <0.001) since 2000. The decrease in nitrate appears to have slowed, as expected for a
substrate-dependent, exponential decay process. On the other hand, ammonium levels are still
decreasing. Nitrification (of ammonium) is a likely reason for the slow decrease in nitrate.
Overall, total nitrogen has been reduced from 350 milligrams per kilogram (mg/kg) to

200 mg/kg.

Nitrate and Ammonium in
Original Subpile Field
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Figure 3—1. Nitrate and ammonium concentrations in the original source area field (1999 planting)
from 2000 fo 2008. Results are the analysis of 100 auger holes sampled at 3-5 soil depths at each
sample interval. Error bars are standard errors of means. Data were analyzed by one-way analysis
of variance with sample interval as the independent variable; both nitrate and ammonium
have decreased (P < 0.001).

Soil samples taken throughout the original field in 2004 show that '°N enrichment (8'°N) is
linearly related to the log of nitrate and ammonium concentrations, and that slopes of enrichment
curves are the same (Figure 3-2). This is evidence that loss of nitrogen is due to denitrification in
the case of nitrate, and of nitrification followed by denitrification in the case of ammonium.
Denitrification favors *N over '° N, so residual nitrate in the soil becomes enriched in "N as
nitrate becomes depleted.
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5"°N in Nitrate and Ammonium Samples from the Subpile Soil at Monument Valley
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Figure 3-2. Regression of &°N on the natural log of nitrate and ammonium concentration in samples from
the subpile soil taken in 2004. Samples were taken at different depths and locations in and out of irrigated
areas to assure a wide range of concentration values. The results how significant (P < 0.001) increase in
8"°N values with decreasing concentrations, indicating that microbial processes are reducing the
concentrations through production of nitrous oxide or nitrogen gas.

Figure 3-3 (top) shows the distribution of nitrate, ammonium and sulfate by depth in 2008, and
Figure 3-3 (bottom) shows the distribution of nitrogen losses by depth from 2000 to 2008.
Nitrate and ammonium both increase in concentration with soil depth, whereas sulfate is most
concentrated at shallow depths. Most nitrate losses have come from the middle of the soil profile
(peak at 3—m depth) whereas most ammonium losses have come from shallow soil depths (peak
at 1 m). Nitrification of ammonium to nitrate is an oxidative process that is more likely to occur
in shallow (aerated) soil, whereas denitrification is an anaerobic process more likely to occur in
deeper, less aerated soil.

Figure 3—4 shows the distribution of nitrate, ammonium and sulfate in the original field by
sampling location. The field is divided into four zones running east to west, and each zone is
divided into 5 subzones running north to south. Data were averaged across soil depths.
Ammonium (Figure 3-4A) and nitrate.(Figure 3—4B) concentrations differed significantly by
zone (P < 0.001), whereas sulfate did not differ significantly by zone or subzone (P = 0.15).
Nitrate hotspots are now mainly in the eastern edge of the original field, whereas ammonium
hotspots are still present throughout the original field.
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Nitrate, Ammonium and Sulfate by Soil Depth, 2008
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Figure 3-3. (Top) Mean and standard errors of nitrate, ammonium and sulfate concentrations in the
original field in the subpile soil area in 2008. (Bottom) Reduction in nitrate and ammonium from
2000-2008 as a function of soil depth.
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Figure 3—-4. Distribution of ammonium (A), nitrate (B), and sulfate (C) in the original field of the source
area in 2008 as a function of sampling location. The field was divided into four sections in the east-west
direction: e = east; em = east middle; wm = west middle; and w = west. Each section was divided into five
subzones in the north-south direction with 1 = northernmost subzone and 5 = southernmost subzone.
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Nitrate and ammonium concentrations in the extended field and former evaporation ponds are
shown in Figure 3-5. Nitrate and ammonium decreased between 2007 and 2008, but results were
not significant (P > 0.05). The former evaporation ponds now have low levels of both nitrate and
ammonium. The extend field areas still have elevated levels of both nitrate and ammonium.

Nitrate and Ammonium in 2006 Plantings, 2007 - 2008
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Figure 3-5. Distribution of nitrate and ammonium in the extended field (EF) and evaporation ponds (EP)
in 2007 and 2008. Bars are means and standard errors. There were no significant differences (P < 0.05)
in 2007 and 2008 means.

The results show that planting and irrigating of native shrubs has produced a marked reduction in
both nitrate and ammonium in the source area over an eight year period. Microbial processes
rather than plant uptake are responsible for nearly all of the nitrogen reduction. However, the
plants contribute to the control of the site water balance, preventing leaching of nitrogen
compounds into the aquifer (see Section 2.0).

3.2 Land Farm Nitrogen and Sulfur Sampling Design
3.2.1 Background

Land farming was selected as possible active remedy for the nitrate and sulfate plumes. Land
farming will be considered only if the more passive alternatives are found to be inadequate. The
farm would serve several functions: (1) extract nitrates in irrigation water pumped from the
plume; (2) convert nitrates into useful plant biomass; (3) reduce sulfate levels in the alluvial
aquifer, (4) minimize water infiltration and leaching of contaminants back into the aquifer; and
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(5) enhance restoration of the disturbed ecosystem. Land farming consists of pumping the
contaminated alluvial aquifer to irrigate and fertilize a farming operation on areas disturbed
during the surface remediation. The land farm would produce a crop such as native plant seed for
mine land reclamation. Pumping would continue until nitrate concentrations in the alluvial
aquifer drop below the 44 milligrams per liter (mg/L) maximum concentration limit for nitrate.

The treatment structure for the land farm pilot study consisted of two main factors: (1) nitrate
concentration in irrigation water supply and (2) crop species. There were four nitrate levels; no
nitrate, 250 mg/L nitrate (a level not likely toxic to crop plants or to livestock feeding on the
crop) 500 mg/L nitrate (a level not likely toxic to crops but possibly toxic to livestock) and
750 mg/L nitrate (a level possibly toxic to crops and livestock). The two crops are Atriplex
canescens (ATCA) and Sarcobatus vermiculatus (SAVE).

The treatment structure has been altered several times due mainly to the low yield of water from
well 649, the source of high nitrate water. Initially, plants in the control (or no nitrate) plots
received 2 gallons of clean water per day. Plants in the 250-parts-per-million (ppm) nitrate plots
were irrigated for 60 minutes with water from well 649 and 180 minutes with water from the
DeChelley aquifer (non-contaminated water) to total 2 gallons per day. Plants in the 500-mg/L
nitrate plots were irrigated for 180 minutes with contaminated water and 60 minutes with clean
water. Plants in the 750-ppm plots received 2 gallons of contaminated water per day from

well 649.

In 2007, we attempted to increase the irrigation volumes to 4 gallons per day to enhance plant
growth. However, we found that well 649 was drawing down after 2 hours of operation making it
impossible to supply enough high nitrate water to meet the treatment structure. Hence, the
250-ppm and 500-ppm treatments were switched to water from the DeChelley aquifer, and the
four high-nitrate plots were the only ones receiving water from Well 649. Even with this
modified design, the high nitrate plots received less water than the other plots due to the low
yield of the well, and the 750-ppm plots had significantly lower soil moisture levels than the
control plots. Nevertheless, ATCA plants on the 750-ppm treatment produced three times as
much biomass as ATCA plants on the other treatments. Hence, the experiment showed that
contrary to initial expectations, high nitrate levels did not inhibit plant growth. In fact, it
stimulated growth by providing nitrogen, indicating that direct irrigation of ATCA with water
from the plume hotspot would be feasible. SAVE plants were difficult to establish due to very
slow initial growth and damage by rabbits. No treatment effects were evident in 2007.

3.2.2 Sampling Protocol for 2009

Both ATCA and SAVE plants are now well established in the plots and have grown sufficiently
that the experiment can be terminated and analyzed. Soil and plant tissue samples are needed to
answer the two other questions regarding irrigating with high nitrate water:

. Will nitrate and sulfate accumulate in the soil profile?

. Will tissue levels of nitrate and sulfate by acceptable for livestock?

We recommend sampling according to the original experimental design. Even though the
treatment structure was altered, the two intermediate treatment levels did receive some nitrate
supplementation during the initial year of irrigation, so treatment effects might remain.
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Since the individual plots are the experimental units for analysis, we recommend taking multiple
plant tissue samples within each plot, then pooling them by plot for analyses. Branches from five
randomly selected ATCA and SAVE plants in each plot will be clipped and bagged. Plant
samples will be dried in a solar drier at the Environmental Research Laboratory in Tucson.
Samples will then be separated into stems and leaves by hand-sorting. One composite leaf
sample and one composite stem sample will be prepared for ATCA and SAVE plants from the
materials harvested for each plot. These will be analyzed by Carbon-Nitrogen-Sulfur (CNS)
analyzer for carbon, total nitrogen, and total sulfur. Nitrate will be determined in aqueous
extracts from leaves and stems by colorimetry (Hach Cadmium Reduction Method). One soil
core will be taken from each plot and sampled at 1-foot [ft], 3-ft, 5-ft, 7-ft, 9-ft and 12-ft depths.
Samples will be dried in a solar drier then submitted for analysis of total nitrogen, total sulfur
and nitrate, using aqueous extracts analyzed as for plant tissues. Sampling will be conducted in
October 2009.

Levels of nitrogen, sulfur, and nitrate will be compared in soils and tissues by two-way analysis
of variance with nitrate treatment and plant type as categorical variables. Tissue nitrate and
sulfur levels will be compared to recommended limits for ingestion by livestock. Based on the
results, the overall feasibility of land farming for remediation of nitrates in the plume hotspot
will be evaluated.

3.3 Root Distribution in the Source Area Plantings
3.3.1 Need for Direct Estimation of Root Depth

ATCA and SAVE are both deep-rooted phreatophytes. We previously found that ATCA and
SAVE plants over the plume were extracting water from deep in the vadose zone and from the
top of the aquifer at soil depths of 9-13 m. However, ATCA is a facultative phreatophyte,
capable of forming an extensive shallow root system to capture shallow soil water from rainfall
events (and from irrigation) as well as deep roots to tap groundwater, when available. The
irrigated plantings in the source area are deficit irrigated (irrigated with less water than they
could use based on potential ET), and bedrock is encountered at 3—5 m. An alluvial aquifer
occurs at a depth of about 4 m on the far eastern end of the plots. It is important to determine the
rooting depths of ATCA and SAVE in the source area to determine how roots are distributed
relative to the wetting pattern induced by irrigation. Rooting depth determines how deeply plants
can be safely irrigated without causing leaching of water past the root zone. Rooting depth might
also influence the distribution of denitrification within the soil profile, as the carbon deposited by
root growth could stimulate microbial denitrification. Previous field and laboratory assays
showed that denitrification is carbon limited in source area soils.

3.3.2 Sampling and Analysis Protocol

In April 2009, soil cores were collected to determine root biomass in the original field and in the
extended fields. One core was collected from the West, three from West Middle, four from East
Middle and four from East plots in the original field. One core was collected from Extended
Field West, four were collected from Extended Field South, and three were collected from the
Extended Field North. Of the 20 samples collected, half were directly underneath plant canopies
and half were in bare soil between canopies. Soil samples were collected at 0.3-m, 1-m, 2-m,.
3-m, 4-m and 5-m soil depths where possible. Depth to bedrock was determined at each

auger site.
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Figures 3—6 and 3—7 show the auguring procedure. Figure 3—7 shows that extensive roots were
present in canopies at the 1-ft soil depth, but these became less obvious with increasing soil
depth. The soil samples were returned fresh in sealed plastic bags to the Environmental Research
Laboratory. Presence of roots in samples will be scored by direct examination of soils under a
dissecting microscope and by a flotation method (Al-Khafaf et al. 1977), in which roots soil
samples are placed in a saturated NaCl solution, which allows roots and other organic materials
to float to the top. They can then be collected, sorted, and weighed to determine root biomass per
kilogram of soil.

Figure 3-6. Augering for collection of soil samples. Half the samples were taken underneath canopies
and half in the space between canopies (shown).

Figure 3-7. Top of the auger hole shown in Figure 3—6. Note the roots in the soil even though this sample
was taken between shrub canopies.
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3.4 Manganese Toxicity Investigation
3.4.1 Background

The subpile soil has elevated levels of calcium (Ca) and iron (Fe) in places and exhibits stained
areas (which appear white on aerial photographs but have several other color phases including
black, red, green, and pink when examined on the ground). Parts of the field also have a shallow
layer of black mottled material below the soil surface, which is associated with areas of stunted
plant growth. The Soil, Water and Plant Analysis Laboratory at the University of Arizona
identified Manganese (Mn) nodules (Fe and Mn precipitates) in samples from the mottled soil
areas. They hypothesized that oxides of Mn at different oxidation states were deposited in the
soil during extraction of yellowcake at the site. These different oxidation states could be
responsible for the "rainbow" appearance of colors around drip emitters in the stained areas, and
especially in the former evaporation pond. Dr. Janick F. Artiola conducted further analyses to
determine if Mn might present a health risk at the site.

3.4.2 Manganese Chemistry

Mn is a relatively abundant element in soils (600 mg/kg), ranging from 20-3,000 mg/kg. The
chemistry of Mn in soils is very complex because it can have three possible oxidation states

{11, 1, IV) within the pH-redox range of most soil systems (Lindsay 1979). Many Mn complexes
are colored. The most reduced forms (Mn II), like Alabandite (natural MnS (Mn II), found in
Arizona, are dark brown with green streaks. Because reduced forms of Mn tend to be more
soluble in water they can form secondary minerals such as: oxides, hydroxides and carbonates in
the soil, examples include; carbonates like rhodochrosite (pink) and ankerite (dark gray),
pyrochroite (Mn(OH),)(dark gray), and Mn sulfates, such as MnSO4 which is reddish-pink in
color. As Mn oxidizes, it can also react with sulfates with green colors, for example Mny(SO4);.
Eventually Mn oxidizes and forms the most stable forms (least soluble) of Mn(IV) like pyrolusite
(beta-MnQO,), and manganite (MnOOH)(III) (gray or brown with reddish or black streak). Other
stable forms are psilomalane, BaMnMngO,4(OH), formed by weathering of carbonates and
silicates, found in A; others are Mn-rich veins of limestones, which are opaque black, forming
crusts and stalactites and filling cavities.

3.4.3 Presence and Formation Iron-Manganese Concretions

The formation or dissolution of Mn nodules is typically associated and has been mostly studied
in marine environments. But soils with significant redox fluctuations can also have and actively
form Mn nodules and concretions. Mn concretions, initially erroneously classified as nodules

(approximately 1-3 mm in diameter), have been shown to be present in Monument Valley soils.

Water soluble (likely reduced) forms of Mn have been observed at the site as rainbow-like rings
around drip trrigation emitters. Since this site is under irrigation and revegetation, these recent
events may be significantly altering the redox reactions of Mn (usually facilitated via wet/dry
cycles). Although not proven, the present of colored bands near dry nozzles may indicate the
presence of some soluble and redox-active Mn species that could either co-precipitate or dissolve
in response to soil-water redox changes. One possible scenario may be the recent induced change
from less oxidized and more mobile forms of Mn to more oxidized Mn species and less soluble
Mn species due to increased biological activity (irrigation, plant rhizoidal-microbial activity).
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Fifteen surface soils samples were analyzed for total and water-soluble Mn and total Fe to

establish the presence of these concretion forming factors. Additionally, several dark concretions

were gathered, homogenized, acid-digested, and analyzed for total Mn and Fe. See Table 3-1.

Table 3—1. Manganese and Iron Soil Chemical Data

Color Concretions Site Total Mn H20-Sol-Mn Total Fe
Sample ID (na/9) (na/g) (uglg)
Dark red HBC MV EM 4-9 133.97 0.094 4,294
Dark red LBC MV EM 2-1 21.62 0.634 3,974
Medium red LBC MV EM 4-6 9.32 0.006 4,620
Dark red LBC MV E 4-1 89.50 0.120 4,418
Medium red LBC MV W 3-6 47.82 0.714 3,508
Dark red MBC MV E 4-15 283.50 0.334 4,722
Medium red MBC MV EFW 2-1 114.21 0.230 2,837
Medium red MBC MV EFW 3-1 170.00 0.036 3,486
Lightred = MBC MV WM 2-1 293.04 0.026 3,414
Dark red NC MV E 1-3 111.40 0.022 3,937
Dark red NC MV E 5-1 220.01 0.012 4,467
Medium red NC MV EM 3-12 5.59 0.038 4,587
Dark red NC MV E 1-2 7.70 0.028 3,988
Light red NC MV E 2-6 121.92 0.036 3,851
Medium red VLBC MV W 1-3 583.57 0.016 3,206
Average 148 0.16 3,950
%CV 104 147 14
Concretions Analysis Total Mn Total Fe
HBC = heavy black concretions (pg/9) (ug/9)
LBC = light black concretions 2,808 3,076
MBC = medium black concretions
NC = no visible concretions
VLBC = very light black concretions

Hg/g = micrograms per gram
MV = Monument Valley
CV = coefficient of variation

We observe from the analysis of the pure concretions that the amounts of Mn and Fe are very
similar, suggesting that these dark concretions are in fact soil particles or aggregates enriched

with Mn. The total iron content in these concretions shows an approximate 20 percent reduction
(by mass) in Fe suggesting, as one would expect, that these concretions are likely more dense
than soil aggregates due to the precipitation of Mn oxides. The data shows that on average these
concretions are nearly 20 times richer in Mn than the surrounding soil. Also, the total and soluble
Mn (%CV = 104 and 147, respectively) soil concentrations are much more variable than the total
Fe concentrations (%CV= 14). This suggests that Mn is or has in the past been mobilized and
localized within this soil system. The uneven numbers of concretions in these 15 soil samples
was clearly observed, ranging from “no visible concretions”, to “heavy, black concretions” (see
Table 3—1), suggesting that these Mn-rich sites are highly spatially variable in these soils. '
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The observed variability in soluble Mn also supports the digenesis process of these Mn-rich
concretions. Although the measured soil soluble Mn concentrations are very small (< Img/kg),
their high variability (among the 15 soil samples) suggest that some soluble forms of Mn still
remain in these soils. This, together with anecdotal evidence that the rainbow rings are
diminishing with each irrigation event, suggests that the onset of regular irrigation events
mobilized significant amounts of soluble forms of Mn. However, with time (wet-dry cycles),
soluble Mn is rapidly coalescing (precipitating) into stable Mn oxides, forming Mn-rich
concretions. The mobilization of Mn at this site likely occurred during the leaching of uranium-
rich minerals with acid, as described in the last section.

3.4.4 Manganese Abundance at the Site

The results shown in the table above suggest that the range and average concentration of Mn in
soils at the site is well within normal soil values. Total Mn averages 148 mg/kg with a maximum
of 583.6 mg/kg. These levels are below the soil average of 600 mg/kg (range of 203,000 mg/kg)
reported in Section 3.4.2, “Manganese Chemistry”. Although not modeled, soluble Mn
concentrations, likely above those expected in soil-water extracts with stable Mn species in
well-aerated, alkaline soils, might occur on site. Six of the 15 soil samples showed soluble Mn
values above 0.05 mg/kg, suggesting the presence of some reduced, soluble forms of Mn oxides
and carbonates like pyrochroite and rhodochrosite or even residual Mn sulfates that are not stable
in soil systems. With more wet-dry cycles it is expected that these forms of Mn will be converted
to oxidized, very stable and insoluble forms of Mn such as pyrolusite.

3.4.5 Origin of Reduced Soluble Manganese at the Site

Manganese reduction and leaching in soils with low pH (high acidity) and saturated conditions is
well documented in the literature of wetland and hydric soils (Schwermann and Fanning 1976,
Zhang and Karathanasis 1997). Fuller and Warrick (1985) document the effects of strong acid
leachates (such as 2N sulfuric acid) through soils. Among the many elements leached by strong
sulfuric acid solutions, Mn stands out, generating huge pulses (thousands of ppm) within the first
pore volumes of column fluent. During these laboratory studies, changes in the color of the
acidic fluents were observed, ranging from faded pink and green to brown. This sequential
“rainbow effect” indicated the progressive leaching of several Mn species found in soils.

Uranium processing included the use of sulfuric acid solutions passed through leached bed to
mobilize uranium ions. It stands to reason under these extreme conditions (low pH, reduced and
anaerobic soil) that naturally occurring Mn also leached and was translocated within the vadose
zone of the site. The most likely forms of Mn at the site were/are sulfate-containing species since
this is the most prevalent anion at the site. Since this site/location is very dry, it is also likely that
soluble (reduced) forms of Mn were formed during the period of operations. But upon
decommissioning the site, dry conditions set in, precluding the re-oxidation of Mn to much more
stable and common forms (at least surface soils) of Mn such as pyrolusite. However, since the
site is now being irrigated as part of the revegetation strategy, oxidation (at least in the
unsaturated zone) of Mn is likely occurring, leading to more stable forms over time. This process
may be responsible for the formation of nucleation sites that form dark brown concretions rich in
Mn and the rainbow rings around drip nozzles that have been observed on irrigation soils at

this site.
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3.4.6 Conclusions and Recommendations

The levels of Mn are within values for normal soils, and well below any levels of concern for
human health risks. Therefore, we do not recommend further testing or remediation at the site.
The irrigation practices and natural attenuation processes will continue to convert the soluble
forms of Mn into insoluble oxides normally present in soils. ‘

2008 Pilot Study Status Report U.S. Department of Energy
Doc. No. S05418 August 2009
Page 3-12



4.0 Summary of Interrelationships of NH,;, NOs, SO4, and
Moisture Content

Contamination of groundwater by nitrate, ammonium, and sulfate are the major concerns for
remediation of the Monument Valley site, and there is great interest in the impact of natural
attenuation on risk and management of groundwater contaminant plumes. Transport and fate
processes that influence ammonium, nitrate, and sulfate concentrations were evaluated, and a full
report is attached as Appendix C. A manuscript comparing nitrate attenuation characterization
methods developed for Monument Valley was submitted to the Journal of Hydrology

(Appendix D).

Spatial and temporal concentration data collected from a transect of monitoring wells located
along the plume centerline were analyzed to evaluate the overall rates of natural attenuation. The
results indicate that nitrate, ammonium, and sulfate concentrations are decreasing due to natural
attenuation processes. Adsorption appears to partly control the transport and fate of ammonium
in the plume. Sulfate concentrations are most likely controlled by equilibrium formation/
dissolution of the solid mineral phase gypsum. Naturally formed gypsic lenses are already found
in soils at the site. Excess Ca ions in the soil react with sulfate in the source area and
contamination plume to produce gypsum deposits, which are relatively immobile.

As documented in Section 3.1, ammonium has decreased in the irrigated subpile soils in the
source area through microbial processes (nitrification followed by denitrification). Ammonium
biotransformation to nitrate (i.e., nitrification) may also be occurring in the upgradient part of the
plume. Nitrate biotransformation occurs through reduction to atmospheric nitrogen gas

(i.e., denitrification) in both the irrigated subpile soils and the downgradient region of the plume.

The occurrence and rate of denitrification was evaluated through microcosm experiments,
nitrogen isotopic fractionation analysis, and solute transport modeling. First-order rate
coefficients calculated with each method were comparable. The composite natural attenuation
rate coefficient was slightly larger but similar to the denitrification rate coefficient, which
suggests that microbially induced decay primarily controls nitrate attenuation at the site. Sulfate
reductive biotransformation was not evident from the available data.

Overall, approximately half of the nitrate and ammonium originally present in the source area
has been remediated since 1999 through planting and irrigating of native shrubs, and an
estimated 30—70 percent of nitrate in the plume has been lost through natural denitrification since
the mill was closed in 1968. Estimates of sulfate losses through gypsum formation are not yet
available, but eventually an equilibrium level is expected to be established at the solubility of
calcium sulfate (Ca 2,000 mg/L) in the hotspots of the plume, and lower where the plume has
been diluted.
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5.0 Vegetation Monitoring: Plume Grazing Exclosures

In 2005, two grazing exclosure plots (north and south) were constructed at the site. Previous
studies of these and earlier exclosures demonstrated that grazing protection may have positive
effects on biomass productivity, ground cover, and rates of phreatophyte transpiration and
nitrogen uptake (McKeon et al. 2006; Glenn et al. 2008). Vegetation canopy cover and shrub
density were sampled in the two exclosure plots and adjacent control plots not protected from
grazing in 2007 and 2008. The purpose of the study is to better understand how grazing
protection may change plant community composition and phreatophyte shrub abundance over
several years.

A relevé sampling protocol was performed (Bonham 1989) within each exclosure plot and within
each control area to generally characterize the vegetation cover. The most common species in all
areas were four-wing saltbush (Atriplex canescens) and Russian thistle (Salsola tragus). A
greater number of species were found inside both exclosure plots than in their respective outside
control areas. Greasewood (Sarcobatus vermiculatus), shadscale (Atriplex confertifolia), suaeda
(Suaeda torreyana), and broom snakeweed (Gutierrezia sarothrae) were found both inside and
outside the south plot but not the north. Resinbush (Vanclevea stylosa), purple sage (Poliomintha
incana), and threadstem sandmat (Chamaesyce revoluta) were found both inside and outside the
north plot, but not the south. Differences in depth to groundwater probably contribute to
observed differences in species composition between the north and south.

Line transects were used to quantify differences in plant canopy cover. Twenty 5-m transects
were randomly placed within each native grazing exclosure and equal-sized control area. The
cover types directly under points at 1-decimeter intervals on each transect tape were recorded.
T-tests were used to compare means and identify statistically significant differences. Results of
the 2008 transect samples are summarized in Table 5-1.

Phreatophyte shrub cover and total vegetative cover are significantly higher in the south grazing
exclosure than its control area (p <.0005). The north exclosure showed no statistically
significant trends for phreatophyte shrub cover, but in 2008, vegetative cover was actually higher
in the control than in the exclosure (p < .005), mainly the result of higher cover of resinbush and
Russian thistle. In 2007, the north exclosure experienced grazing pressure when the fence was
damaged, allowing prolonged entry of livestock. Therefore, the South Plot may represent the
effect of grazing exclosures after three growing seasons better than the North Plot, which is more
equivalent to one growing season.

Vegetative cover has not changed significantly between 2007 and 2008 except that higher cover
of some forb species (e.g. herb sophia [Descurainia sophia] and Russian thistle) was observed in
2008. This is most likely because sampling occurred in early September in 2008 but later in the
year (early November) in 2007, when many such annuals had already died back. Also, the cover
of resinbush, Russian thistle, and four-wing saltbush increased outside the north exclosure
increased relative to inside in 2008. Comparison to future trends in this area may help explain
this trend.

U.S. Department of Energy 2008 Pilot Study Status Report
August 2009 Doc. No. S05418
Page 5-1



Table 5-1. Vegetation Cover Inside and Outside Grazing Exclosure Plots

Native Native Native Native
Cover Type South South North North
Inside QOutside Inside QOutside
Atriplex canescens 14.5 0.7 11.9 13.8
Sarcobatus vermiculatus 8.8 53 - -
Total phreatophyte shrubs 23.3 6.0 11.9 13.8
Ephedra viridis - - 0.2 -
Gutierrezia sarothrae - 0.7 - -
Poliomintha incana - - 3.1 04
Vanclevea stylosa - - 1.3 8.0
Yucca angustifolia - - - 0.6
Total non-phreatophyte shrubs 0.0 0.7 4.6 9.0
Ambrosia acanthicarpa - 0.9 15 1.4
Chamaesyce revoluta - - 1.0 0.1
Chenopodium sp. - - 0.9 0.2
Descurainia sophia - - 0.1 -
Salsola tragus 16.7 10.5 4.1 7.4
Suaeda torreyana 1.6 0.2 0.0 -
Total forbs 17.3 11.6 7.6 9.1
Sporobolus cryptandrus - - 04 -
Total grasses 0.0 0.0 0.4 0.0
Plant litter 11.7 9.2 15.0 13.7
Bare ground 47.7 72.5 60.5 55.0
Total vegetative cover 40.6 18.3 24.5 31.3

To estimate shrub density, the distance from each sampling point to the nearest phreatophyte
shrub of a given species was recorded (point-to-plant distance) as well as the distance between
that shrub and its nearest conspecific neighbor (plant-to-plant distance). Density was calculated
for each species using (1) closest individual method, (2) nearest neighbor method, and (3) a
combined method, summarized in the 2007 report (DOE 2007). The combined method is
considered to be more accurate than the other methods. Results of the density calculations are

presented in Table 5-2. Size and age classes of shrubs were not measured in 2008.

Table 5-2. Shrub Density Inside and Outside Grazing Exclosure Plots

Area Closest Individual Nearest Neighbor Combined Method
Native South Inside 329.08 285.33 476.43
Native South Outside 252.22 378.60 292.32
Native North Inside 1,106.85 1,394.76 804.79
Native North Outside 523.45 959.16 490.15

The average density of shrubs was higher inside the grazing exclosures than outside (641 inside
vs. 391 outside, combined method). The density of shrubs in the north plots was higher than the
density in the south (647 in the north vs. 384 in the south, combined method).
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Shrub density changed substantially between 2007 and 2008 (Figure 5—1). In 2007, density was
higher outside the exclosures, but in 2008, density was higher inside. Shrub density dropped
drastically outside the north exclosure in 2008. In 2007, approximately 85 percent of the shrubs
in the control area outside the north exclosure were characterized as “small” (young shrubs);
approximately 77 percent of the shrubs inside the north exclosure were small. It is probable that
grazing pressure was responsible for the substantial drop in shrub density outside.

Shrub Density
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Figure 5-1. Comparison of Shrub Density Estimates (Combined Method), 2007 to 2008
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6.0 Monitoring Vegetation Status and Evapotranspiration Using
Ground-Calibrated Remote Sensing Methods

Phreatophytic shrub populations at Monument Valley will play a continuing role in controlling
movement of the groundwater nitrate plume and also in limiting soil percolation in the source
area of the plume. This section presents an unobtrusive method for evaluating changes in
phreatophytic shrub populations based on remote sensing technologies. The approach developed
for Monument Valley was published in the journal Ecohydrology (Appendix E). These methods
may result in reduced long-term surveillance and maintenance costs at Monument Valley and
also may be applicable at other Legacy Management sites. The following sections discuss the
need for vegetation monitoring and how ground data can be combined with high-resolution and
low-resolution imagery to monitor ET, leaf area index (LAI), and fractional cover.

6.1 Background and Rationale for Remote Sensing Methods

The Monument Valley site will require long-term monitoring of vegetation cover and ET,
especially if lengthy in situ (rather than pump and treat) technologies are selected as mitigation
strategies. Vegetation abundance over the source area helps determine the extent of recharge of
water from the source area and from surrounding uplands into the plume, because water used by
vegetation decreases the amount that can migrate into the aquifer. Vegetation abundance over the
plume helps determine the rate of plume migration away from the site, because water used by
vegetation decreases the amount available to expand the volume of the plume over time.

The dominant vegetation over both the source area and plume is a mixed ATCA, Atriplex
confertifolia, and SAVE phreatophyte shrub community. Direct measurements of transpiration
by ATCA and SAVE over the plume in 2006 and 2007 indicated that individual shrubs have
relatively high rates of water use on a leaf-area and canopy-area basis. Estimated ET rates from
dense stands of plants approached the rate of potential ET for this location. On an area basis,
dense stands had annual ET rates several times higher than the annual precipitation, indicating
that they were extracting water from the plume and source area and could contribute greatly to
controlling the site water balance.

Currently, relatively heavy grazing is practiced at the site, and shrub cover is only about

9-10 percent over most of the plume. Annual ET over the plume is approximately equal to
annual precipitation. However, exclosure studies have shown that the ground cover could
conceivably be increased to 25 percent through controlled grazing. A small change in annual ET
over the plume through enhanced vegetation abundance could tip the water balance from
recharge to discharge. Conversely, increased grazing pressure or loss of vegetation through
climate change could tip the balance towards recharge, leading to further migration of the plume
away from the source area. We estimated that an increase of just 30 mm/yr in annual ET over the
plume could tip the water balance of the aquifer from recharge to discharge.

6.2 Remote Sensing Products

The protocol developed for Monument Valley uses annual, high resolution (0.5 m) Quickbird
imagery (DigitalGlobe, Inc., Longmont, CO) and 16-day composite low-resolution (250 m)
imagery from the Moderate Resolution Imaging Spectrometer (MODIS) sensors on NASA’s
Terra satellite (Figure 61, top). Both sources of images are supplied as geometrically and
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Figure 6—1. Top: MODIS pixel footprints overlain on a high-resolution 2007 Quickbird image for the
Monument Valley site. Bottom: a shape file of the Monument Valley site prepared on a Quickbird image
and overlain on a MODIS image for July, 2007. The red dot shows the location of the irrigated field in the
source area for each image; note the close correspondence in location between the two images.
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atmospherically corrected products, ready for use without further processing by the end-user.
Quickbird is a commercial product and a series of replacement satellites is planned. Similarly, a
series of inter-calibrated Terra-type NASA satellites is planned to provide continuity for Earth
Observation Sciences for decades to come.

Quickbird pan-sharpened images combine 0.5-m resolution panchromatic black-and-white
images with 2.4-m resolution multi-spectral (color) images, and they have sufficient resolution to
map the distribution of individual shrubs over the site to determine fractional vegetation cover
(fo) and changes in vegetation patterns over time. One 16.5 km x 16.5 km scene, sufficient to
cover the entire Monument Valley site, costs approximately $1,200. The images are custom-
acquired within a window of approximately 60 days from time of order to date of acquisition.

MODIS imagery is collected on a near-daily basis, and is processed into 16-day composite
values by the EROS Data Center in South Dakota. Vegetation changes can be monitored using
the two vegetation indexes (VIs) supplied by EROS: the Enhanced Vegetation Index (EVI) and
the Normalized Difference Vegetation Index (NDVI) (Huete et al. 2002). Quickbird also offers
multi-spectral images at 2.4 m resolution from which NDVI can be calculated. These VIs ratio
the reflection of light in the Red to reflection in the Near Infrared (NIR) received by the satellite
sensors. Green vegetation absorbs nearly all of the Red radiation and reflects nearly all of the
NIR radiation, producing VIs distinctly different from soil or water. Hence, VIs can be used to
map vegetation patterns and quantify the density of foliage over an area of interest. They can be
calibrated with ground data to quantify physiological processes that depend on light absorption
by the canopy. These include ET and Gross Primary Productivity. They can also be calibrated to
quantify biophysical variables such as fractional vegetation cover (f.), LAI, and standing
biomass. These are the primary variables that determine the vigor of the site vegetation
community. '

MODIS imagery is free, and can be acquired online from the Oak Ridge National Laboratory
DAAC site (http://daac.ornl.gov/). This site uses Google Earth to aid the user in defining an area
of interest, and then displays the footprint of the MODIS pixels to be ordered on a recent, high-
resolution Quickbird image of the scene. Hence, areas covered by MODIS pixels can be
precisely collocated on high-resolution Quickbird images as well as on the ground in field
surveys. This greatly facilitates calibrating satellite data to ground measurements. The geometric
accuracy of MODIS and Quickbird images is high, allowing areas of interest to be located first
on the Quickbird image, then overlain as shape files on the MODIS image to extract NDVI or
EVI values for change detection over time (Figure 6-1, bottom). Images are available at 16-day
intervals from 2000 to the present. The archives are continuously updated with a lag of about

30 days between date of acquisition and date of posting.

6.3 Mapping Vegetation with Quickbird Imagery

Fractional cover can be easily determined on Quickbird images because the dark-colored shrubs
stand out clearly against light-colored sand at the Monument Valley site. Two methods can be
used to quantify vegetation cover. The first method uses an unsupervised, image classification
program in ERDAS Imagine software (Leica Geosystems, Inc., Atlanta, Georgia). Each pixel in
the area of interest is partitioned into one of four color-coded classes using a statistical nearest-
neighbor approach. One class clearly corresponds to shrubs, as seen by comparing the classified
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image with the original image (Figure 6-2, top). The program displays the number of pixels in
each class, from which fractional cover of shrubs can be calculated.

The second method uses a point-intercept analysis of the original image in Adobe Photoshop or
other photo interpretation software. A grid is overlaid on the area of interest on the image, and
each grid intersection is scored as vegetated or unvegetated (Figure 62, bottom). This method is
more time consuming and more subjective than the automatic classification method, but avoids
misclassification of dark objects such as vehicles and sheds as shrubs, a problem with automatic
classification programs.

Both methods are sensitive to shadows cast by shrubs. Shadow length is dependent on time of
day and day of the year. Quickbird is in a sun-synchronous orbit and acquires images at
approximately 10:30 a.m., resulting in small shadows that cannot be distinguished from shrub
canopies on the panchromatic images. Quickbird images are acquired at view angles that can be
as great as 20 percent off-nadir. Images are corrected so that distances measured on the ground
are accurate, but three dimensional objects can still be slightly distorted. We measured ATCA
and SAVE shrub canopy areas on the ground and regressed them against measurements on a
July 12, 2007 Quickbird image (Figure 6-3). Ground measurements were only 83 percent of
Quickbird measurements, presumably due to shadows counted in the shrub category. Shadow
effects diminish as stand density increases, because shadows are cast within the canopy rather
than on bare soil. An iterative correction formula that takes this into account is:

f.= chB X (083 +0.17 x chB) (1)

where f.qp is the apparent cover measured on the Quickbird image. As stand density
approaches 1.0, the correction factor approaches 0.

Comparison of Quickbird estimates of f. with ground estimates made in the South and North
Exclosure plots in 2007 by line transects are in Table 6—1. Estimates show a reasonable level of
agreement. The visual, point-intercept methods corresponded more closely to ground
measurements than the computer classification method. The Quickbird methods are able to
distinguish ATCA and SAVE shrubs from other (less dense) vegetation classes. However,
images should be acquired before the summer monsoon season to avoid interference from annual
forbs that can be prolific in wet years. Furthermore, we do not know if the correction factor for
shadows can be applied to all Quickbird images.

The high resolution of the Quickbird images also allows them to be used to map the distribution
of shrubs over the site. Figure 6—4 shows how shrub density increased dramatically in the fenced
source area from 1997 to 2007. Classified images from different dates can be analyzed by
automated change-detection programs in ERDAS or ArcInfo programs to map changes in shrub
densities over time. These programs display differences in pixel values as they change over time.
However, Quickbird images have a positional error of about 12 m between different dates. To
use change detection programs, the images must first be geo-referenced by matching common
features on each image using ERDAS or ArcInfo software. This has not yet been done for the
Monument Valley site.
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Figure 6-2. Top: Outline of the North Exclosure at the Monument Valley site on a classified Quickbird
image (left) compared to the original sharpened panchromatic image. Bottom: illustration of the point-
intercept method of visually estimating f. by shrubs on a Quickbird image. Yellow points are grid
intersections that were scored as ATCA or SAVE shrubs.
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Figure 6-3. Relationship between shrub canopy area measured on the ground with areas measured on a
Quickbird image for the Monument Valley site.
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Table 6-1. Estimates of fractional ground cover of shrubs by different methods at the
Monument Valley site, July 2007

Method South Exclosure North Exclosure
Ground Survey 0.273 0.106
Quickbird Classified 0.331 0.078
Quickbird Point intercept 0.241 0.103
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Figure 6—4. Comparison of shrub density at the Monument Valley site in 1997 and 2007. The 1997 image
is an aerial photograph while the 2007 image is a Quickbird scene. The Quickbird image shows the
development of the volunteer stand of ATCA (A) and the irrigated field (B) in the fenced area over time.

6.4 Approximating LAl and Standing Biomass from Quickbird Images

Ground measurements can be combined with Quickbird estimates of f, to determine LAI and
standing biomass. We measured LAI by leaf-harvesting on 64 ATCA and 64 SAVE plants in
2006 and 2007 (Glenn et al. 2008b). In 2007, the weighted mean LAI value of ATCA and SAVE
plants over the site was 3.84, and f. was 0.0964. Hence, this value can be used to determine an
approximate value for mid-summer LAI over the site in 2007:

Site LAI = 3.84 x 0.0964 = 0.37 (2)

To estimate standing biomass, we regressed f. of individual shrubs against biomass for ATCA
plants determined by destructive harvesting. We found a linear relationship between f. and shrub
biomass over the range of shrub sizes found on the plume (Figure 6-5). Standing biomass over
the site for 2007 can be approximated by:

Standing Biomass (kg/m”) = 1.39 x 0.0964 = 0.134 (3)

These estimates should only be used as approximations, because both LAI and biomass are
sensitive to time of year and the condition of the range. For example, LAI in the irrigated ATCA
field in 2007 was only 2.05, because these plants are deficit-irrigated and are not tapped into
groundwater. Furthermore, the ground measurements were only conducted in a few areas and
seriously under-sampled the whole site. As outlined below, Quickbird analyses should be
combined with MODIS EVI measurements to provide a dynamic picture of site conditions.

6.5 MODIS EVI for Tracking Vegetation Changes Over Time

Vegetation indices are one of the oldest tools in remote sensing (reviewed in Glenn et al. 2008a).
As ratios of two adjacent bands in the electromagnetic spectrum, they are relatively insensitive to
changes in atmospheric properties at different acquisition dates, and they can be inter-calibrated
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Figure 6-5. Relationship between standing biomass and ground cover of ATCA shrubs at the
Monument Valley site.

among different sensor systems to allow comparisons among different satellite products over
time. We selected the MODIS sensor system to monitor vegetation at the Monument Valley site
because it provides near-daily coverage at a useful resolution (250 m), and because the VI
products are quality-controlled and have been inter-calibrated with ground measurements and
with other satellite sensor systems. We selected EVI because in a previous study in which we
correlated MODIS EVI and NDVI with moisture flux tower ET data at 11 sites in the western
U.S. (Glenn et al. 2008a), ET was better correlated with EVI (r = 0.83) than NDVI (0.72) across
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sites. Unlike the NDVI, EVI uses reflection the Blue band as well as reflection in the Red and
NIR bands:

EVI=2.5 x (pNIR - pRed)/(1+ pNIR + (6 x pRed - 7.5 x pBlue) (4)

where the coefficient “1” accounts for canopy background scattering and the blue and red
coefficients, 6 and 7.5, minimize residual aerosol variations (Huete et al. 2002). The EVI
is more functional on NIR reflectance than on Red absorption, and therefore it does not
“saturate” as rapidly as NDVI in dense vegetation, and it has been shown to be highly
correlated with photosynthesis and plant transpiration in a number of studies

(Glenn et al. 2008a).

We converted EVI to scaled values (EVI*) for comparison with other data sets. Scaling sets of
EVI for bare soil at zero and for a fully vegetated surface at 1.0, using EVI values of 0.091 for
EVInyin and 0.542 for EVI,,.« determined on large data sets (Nagler et al. 2005):

EVI* = 1 (EVIyax — EVI/(EVIpay — EVInio) &)

6.6 MODIS EVI* for Estimating ET and LAI

VIs are often used to estimate individual biophysical properties of vegetation, such as f. and LAL
However, their greatest strength is that VIs represent the composite properties of green
vegetation that determine light absorption by chlorophyll; these include f., LAI, leaf angles
within the canopy, chlorophyll content, and light scattering by leaves (Glenn et al. 2008a). They
are less useful in estimating individual biophysical properties than in estimating physiological
properties that depend on overall light absorption, such as ET and gross primary production.
Fortunately, these are the parameters of interest in monitoring changes in sites such as
Monument Valley over time.

We used EVI* and maximum daily temperature (T,) values to calculate ET:
ET (mm/m%/day) = 11.5 x (1-exp""®FY") x 0.883/(1+exp 279237y (6)

The algorithm was determined by regressing ET measured at nine flux tower stations against
EVI* and T, over a 4-year period; the coefficient of determination (r*) was 0.76
(Nagler et al. 2005).

The expression containing EVI* is based on the formula for light extinction through a canopy.
The temperature term is in the form of a sigmoidal curve, where there is a minimum temperature
due to the physiological status of the plants; a middle, exponential portion of the curve which fits
the vapor pressure deficit:temperature response in the Penman-Moneith equation; and an upper
limit, where physiological limitations to ET also apply. Hence, air temperature is a scalar from

0 to 1.0 that accounts for both atmospheric water demand and the physiological limitations on E,
at the low and high end of the temperature scale (Nagler et al. 2005).

Equation (6) is identical to the one derived in Nagler et al. (2005) based on moisture flux tower
data at nine phreatophyte sites in western riparian corridors, except that the original algorithm
had a constant term representing minimum (bare soil) ET, which was 1.07 mm/day in the
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original study of riparian vegetation (Nagler et al. 2005). It was required because none of the
tower-based values of ET reached zero even in winter or when EVI* approached 0, due to bare
soil evaporation. However, in this study the sap flow sensors measured plant transpiration only,
and bare soil evaporation is very low due to lack of surface moisture and scant rainfall, so we did
not include the constant term in Equation (6).

To estimate LAI, we used the ERDAS unsupervised classification method to determine f; for

each of 60 MODIS pixels, by projecting the pixel footprint onto a July 2007 Quickbird image of
the Monument Valley site. We then converted f; values to LAI using Equation (2). We regressed
summer 2007 LAI values calculated for each pixel against mean June—August 2007 EVI* values:

LAI=3.21 EVI* @)
The regression had r* = 0.77 and Standard Error of the Mean = 0.22.

MODIS estimates of ET and LAI from 2000-2007 are in Figure 6—6 (top and bottom,
respectively). 2006 and 2007 ground estimates of ET and LAI are also plotted. Ground estimates
of ET closely matched MODIS estimates. The 2007 LAI estimates were similar by both
methods, but 2006 MODIS LAI was lower than the ground estimate. The ground estimates were
made on plants in and around the North and South Exclosures, whereas the MODIS estimate
includes the entire site, hence exact agreement in LAI was not expected.

6.7 MODIS Estimates of ET and LAI Over the Site, 20002008

MODIS pixels locations are highly stable over time, allowing single pixels or clusters of pixels
to be used for change detection studies without the need to co-register the images to each other.
Selected MODIS pixels were used to track changes in ET and LAI at the Monument Valley site
over time. One pixel encompassed most of the planted fields in the source area (plus adjacent
unvegetated areas) while an adjacent pixel encompassed the volunteer, non-irrigated dense
ATCA stand inside the fence (Figure 6—7). Two adjacent pixels represented the moderately
dense SAVE stand outside the fence and over the hotspot of the plume (Figure 6-8), while

29 pixels represented the sparse ATCA stand over the rest of the plume area (Figure 6-9).

ET (Figure 6-10) and LAI (Figure 6—11) for all four areas were similar and relatively low from
2000-2003. The site had only recently been fenced, and the irrigated fields were initiated in
2000. Furthermore, heavy grazing was practiced over the site during those years. From
2004-2000, ET and LAI increased inside the fenced area, due to the development of dense plant
stands as indicated in Figure 6—4. The dense stands represented 57.9 percent and 38.5 percent of
the areas covered by the irrigated field and volunteer ATCA pixels, respectively. Projected peak
summer ET rates in the dense stands in 2008 were 4.88 mm/day and 7.01 mm/day, respectively.
These estimates are consistent with differences in LAI measured on the ground (2.05 and 3.68,
respectively); the field plantings are constrained by the deficit irrigation strategy, whereas the
volunteer plants are presumed to be rooted into the shallow portion of the plume and have
unlimited access to water.

From 2004 to 2008, ET and LAI generally increased over the unfenced parts of the plume as
well. We attribute this to relaxed grazing pressure. The dip in ET in LAI in 2006 might have
been due to low precipitation (89 mm) compared to 172 mm in 2005 and 117 mm in 2007.
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Figure 6-6. Top: ET estimated by MODIS at the Monument Valley site (open circles). Closed circles with
error bars show ET measured by sap flux sensors in 2006 and 2007. Closed circles without error bars
show ET projected from sap flux measurements and a best-fit model of ET based on temperature data

during the sap flux measurements. Bottom: LAl estimated by MODIS (open circles) compared to ground

measurements in 2006 and 2007.
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Figure 6—7. MODIS pixel footprints superimposed on a Quickbird image showing the irriga
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Figure 6-8. Two MODIS pixels representing the SAVE stand outside the fence at the
Monument Valley site.
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Figure 6-9. MODIS pixels (red dots) selected to represent the sparse ATCA stand over the
plume at the Monument Valley site.
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Figure 6~10. ET estimated by MODIS for selected areas at the Monument Valley site.
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Figure 6-11. LAl estimated by MODIS for selected areas at the Monument Valley site.

MODIS ET estimates include the contribution by annual plants, which can be substantial in wet
years. Figures 6—10 and 6—11 illustrate how MODIS can be used to detect changes in vegetation

over the site unobtrusively. Apparent changes detected by MODIS surveillance can then be

followed up by detailed analyses of Quickbird images, followed by ground surveys if necessary.
If a hydrological model of the source and plume is developed, the ET estimates could be used to

project changes in plume volume and movement over time.
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7.0 Ethanol-Enhanced Denitrification of the Alluvial Aquifer
7.1 Background

Enhanced attenuation (EA) can be defined as initiating and/or augmenting natural and
sustainable attenuation processes. The goal is to increase the magnitude of attenuation by natural
processes beyond that which occurs without intervention. Enhancing in situ biological
denitrification through injection of amendments has been deemed a promising method for
remediation of nitrate contaminated groundwater. A small number of field tests of this method
have been reported. These studies have shown that substantial reductions of nitrate
concentrations were achieved upon injection of the chosen amendment. The New Mexico South
Valley case study described in the ITRC report (2000} is very similar to the Monument Valley
site in terms of volume and area of the plume, nitrate concentrations, and mobility of the plume.

The Monument Valley site is an excellent candidate for in situ EA remediation of nitrate in the
plume. We have already demonstrated that denitrification can be stimulated in the vadose zone
of the source area through irrigation of native shrubs. Nitrate levels in the source arca have
decreased from 171 mg/L in 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>