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B.3.4 Stunted Plant Growth: Causes and Recourses 
 
Considerable effort was spent trying to understand the causes for stunted growth in some parts of 
the source area planting. Some of these areas coincided with areas of apparent chemical staining 
of the surface soil, visible on aerial photographs and Quickbird images in the Old Field  
(Figure B-18). One objective was to see if the soil could be amended to restore plant growth; a 
second objective was to determine if there were human health risks associated with chemical 
residues on the soil.  
 

 
 

Figure B-18. Aerial view of the source area phytoremediation plantings in 2006, showing areas of 
chemical staining in white.  

 
 
In 2005, greenhouse experiments were conducted with sudan grass grown in soil collected from 
stunted-growth and good-growth area of the Old Field (DOE 2006). Sudan grass grew poorly in 
soil from the stunted-growth areas. Further greenhouse trials were conducted in 2006 by students 
at Diné College in Tsaile, Arizona (Figure B-19) growing fourwing saltbush in stained soil 
(DOE 2008). Adding organic potting mix to the stained soil enhanced the growth of fourwing 
saltbush, but a series of replacement experiments with micronutrients did not reveal any 
micronutrient deficiencies. 
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Figure B-19. Top Panel: Diné College students Alverae Laughter and Westin Lee measuring 
fourwing saltbush plants as part of a greenhouse study of stunted growth and micronutrient 

supplements at the Tsaile, Arizona campus. Bottom Panel: Atriplex plants 4 weeks after the start of the 
greenhouse experiment. Plants were sown in the stained soil both with and without potting mix and both 

with and without micronutrient amendments. 
 
 
The stains observed at the site consisted of different colored materials (red, gray, yellow, and 
black) suggesting a heterogeneous mix of chemicals were present. Soil samples from the poor-
growth areas were lower in copper and sulfate and higher in calcium, iron, and magnesium than 
soils from good-growth areas. Calcium was present in very high amounts in the stained areas of 
the Old Field and might have contributed to stunting by interfering with plant uptake of 
nutritional ions. Plant tissues did not accumulate uranium or other heavy metals to levels of 
concern for grazing animals. Manganese nodules, which are precipitates of manganese and iron, 
were also observed in the stained areas. However, analyses of manganese levels in stained soil 
samples showed that concentrations were within the range of natural soils and did not pose an 
exposure risk to workers onsite (DOE 2009). A yellow precipitate was noted in areas of the 
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former Evaporation Pond, and these were tested for radioactivity and chemical composition. 
Uranium and vanadium salts were found in the precipitates, but at levels that were two orders of 
magnitude lower than would pose an exposure risk to workers onsite (DOE 2010). 
 
An effective remedy for stunted plant growth was not found. Application of organic mulch to the 
plants in their early stage of growth appeared promising. Scientists thought that after plants 
reached a critical size, they might extend their roots through the stained layers and into 
uncontaminated soil, and continue to grow. This occurred with several individual plants 
However, areas of the Old Field planted in 1999 still have low plant cover and stunted plants, so 
surface treatments alone are not sufficient to promote good plant growth in these areas. 
 
B.3.5 Plant Uptake of Nitrogen and Sulfur 
 
Nitrogen concentrations were measured annually in plant tissues (leaf and stem samples) from 
2001 to 2008, and sulfur was measured in 2007 and 2008 (see the Status Reports in Appendix I). 
Plant nitrogen content averaged 1.82 percent (standard deviation [SD] = 0.34) and sulfur 
averaged 0.284 percent (SD = 0.127). On the basis of biomass estimates (Section B.3.2), plants 
in source area phytoremediation plots removed 346 kg of nitrogen and 54 kg of sulfur from the 
soil. These are relatively small amounts compared to the amount of nitrogen and sulfur 
contaminants initially present in the source area soils (DOE 2002, 2007). However, much larger 
amounts of nitrate and ammonium have been removed from the source area by microbiological 
processes stimulated by irrigation of the phytoremediation plots (Section B.4). 
 
B.3.6 Soil Water Content and Percolation Monitoring 
 
Monitoring Methods 
 
Scientists began monitoring soil moisture profiles in 1999 using a fast neutron thermalization 
(neutron hydroprobe) method (Ward and Whitman 2009) and added monitoring with water 
content reflectometers (WCRs) (Kim and Benson 2002) and water flux meters (WFMs) 
(Gee et al. 2002, 2009) in 2006. Thin-walled PVC tubes served as neutron hydroprobe ports. We 
installed 20 ports in the Old Field in 1999 and 20 more in the Extended Field in 2006, all evenly 
distributed over the fields (McKeon et al. 2005; Jordan et al. 2008). We recorded neutron counts 
with a Campbell Pacific Nuclear Model DR 503 hydroprobe in each port at 0.3 m intervals to a 
maximum soil depth of 5 m except where bedrock occurred at shallower depths. We divided 
field counts by shielded counts (count ratios) and applied a calibration based on soil bulk density 
and count ratios obtained for dry and saturated site soils (Jordan et al. 2008). We measured 
neutron counts monthly in all ports, March through October from 2000 to 2010 and again in 
July 2015, to determine how lack of irrigation affected soil moisture. 
 
In 2006, scientists installed WCRs and WFMs at four locations within the plantings (one in 
the Old Field and three in the Extended Field) for real-time monitoring of soil moisture 
profiles and percolation flux. Each instrument cluster consisted of one WFM placed at a 
depth of 3.7 m and four WCRs placed above the WFM at 0.3–0.6 m, 0.9–1.2 m, 1.8–2.1 m, 
and 2.7–3.0 m depths. WCRs were calibrated in the laboratory following the methods of 
Kim and Benson (2002). WFMs consist of a funnel to direct water from the soil into a passive 
wick to control soil moisture tension, emptying into a miniature tipping-bucket water gage 
(similar to a rain gage), and a pipe or chimney extending above the funnel to minimize divergent 
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flow (Gee et al. 2002, 2009). We calibrated WFMs annually by injecting 100 mL of water 
through tubes that extended to the surface. Data from WCRs and WFMs were downloaded 
regularly using a telemetry system (Bush et al. 2010). 
 
Monitoring Results 
 
Monthly mean soil water content in the irrigated subpile soil plantings, determined by 
neutron hydroprobe, was relatively constant at 0.11–0.12 cm3 cm−3 from 2006 through 2010 
(Figure B-20A), and below the soil water content at field capacity, about 0.15 cm3 cm−3. Water 
content increased slightly in 2007, the year we increased irrigation volume, and then decreased 
in 2008 when we adjusted irrigation back to 0.23 m yr−1. Mean soil water content in July 2015, 
5 years after irrigation ceased, was still 0.110 cm3 cm−3 (standard error of the mean 
[SEM] = 0.003), not significantly different than during years with irrigation (P = 0.63). Soil 
water content increased with depth, but for most ports, it remained at or below field capacity 
even at the 5 m depth (Figure B-20B). However, for 2 of the 40 ports, soil water content 
remained consistently at saturation (0.24 cm3 cm−3) at the 5 m depth, even in 2015, 5 years after 
irrigation ceased; the two ports occur in an area where the water table is shallower than 5 m. Soil 
moisture levels tended to be lowest from May to September during the growing season 
(Figure B-20C).  
 
WCR readings also indicated that soil water content was below field capacity in the top 1.2 m 
(Figure B-21). Readings at Stations 3 and 4 were consistently below field capacity at all soil 
depths from 2006 to 2015. At Station 1, soil water content at the 3 m depth rose above field 
capacity in 2010 (Figure B-21), but then the profile dried markedly after we discontinued 
irrigation. By contrast, at Station 2, soil water content at 3 m increased markedly after irrigation 
ceased in 2010, possibly because of the high plant mortality in the immediate area. WFMs 
recorded no net recharge at stations in the Old and Extended Fields from 2006 through 2010. 
One of the four WFMs recorded a percolation flux rate of 9.7 millimeters per year (mm yr−1) 
from 2010 through 2014, after irrigation ceased. This WFM is in area where, after 2011, erosion 
caused runoff water to channel and pond after storm events, and groundwater elevation 
seasonally increased as determined by soil sampling (B.4.1) and WCR measurements.  
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Figure B-20.  Soil moisture contents measured by neutron hydroprobe in the subpile soil at the 

Monument Valley UMTRCA site showing means per year.(A), means by soil depth (B), and means per 
month during the growing season (C). Open symbols in B and C show results for July, 2015, 5 years after 
irrigation was discontinued. Errors bars are standard errors of means.  
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Figure B-21. Soil moisture contents measured by water content reflectometers in the Old Field (Stations 1 
and 2) and the Extended Field (Station 3 and 4) at different depths in the subpile soil profile at the 

Monument Valley UMTRCA site. 
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B.3.7 Estimation of Evapotranspiration 
 
We calculated an approximate annual water balance for the subpile soil area by subtracting ET 
from precipitation (PPT) plus irrigation. We estimated monthly ET using a remote sensing 
algorithm. The algorithm empirically relates Enhanced Vegetation Index (EVI) data from the 
Moderate Resolution Imaging Spectrometer (MODIS) sensors on the Terra satellite with 
maximum daily air temperatures (Tmax) and with ET measured at eddy covariance and Bowen 
ratio moisture flux towers at 13 riparian phreatophyte sites in in Arizona and New Mexico 
(Nagler 2005a,b). We modified the algorithm for ATCA and black greasewood (Sarcobatus 
vermiculatus, symbol SAVE) using 2 years of sap flux measurements at the Monument Valley 
site (Glenn et al. 2008) as follows: 
  

ET = 11.5 * (1−e−1.63*EVIsc)*0.883/[1+e−(Tmax − 27.9)/2.57)] (1) 
 
EVIsc is MODIS EVI stretched between a maximum value, representing full plant cover, and a 
minimum value, representing bare soil: 
 

EVIsc = 1 − (EVImax − EVI)/(EVImax − EVImin) (2) 
 
We set EVImax at 0.542 and EVImin at 0.091, based on values from the 13 flux tower sites, 
resulting in an EVIsc of 0.0 for bare soil and an EVIsc of 1.0 for full vegetation. EVIsc values can 
exceed 1.0, for example, for alfalfa fields. Negative EVI values can also occur for surface water 
and are excluded from analyses. 
 
Tmax is the mean daily maximum temperature (oC) for each 16-day period of MODIS data 
collection. Tmax was better correlated with ET at the tower sites than any other 
meteorological variable or combination of variables, including potential ET (ETo). The first 
term in Equation (1), (1 − e−1.63*EVIsc), is based on the equation for the absorption of light by 
a canopy, with EVIsc replacing leaf area index in the formula. The second term, 
0.883/[1 + e−(Tmax − 27.9)/2.57)], assumes a sigmoidal response of ET to Tmax, with a center point 
at 27.9 oC. These equations were based on the observed response of phreatophyte ET to EVI 
and Tmax at the tower sites. Numerical coefficients in Equation (1) were derived using 
best-fit regression analysis. The original equation developed for riparian phreatophytes 
(Nagler et al. 2005b) included an additional constant, 1.03 mm day−1, to account for the fact that 
tower ET did not go to zero even when plants were dormant. This term was dropped for the 
Monument Valley analysis because, given the sparse vegetation, ET frequently does go to zero. 
Equation (1) adequately reproduced sap flux data for ATCA and SAVE in the source area and 
matched annual PPT values for the entire UMTRCA site (subpile soil and plume areas) within 
6% for the years 2000–2007 (Glenn et al. 2008).  
 
Figure B-22 shows results of a partial water balance for the subpile soil plantings. ET exceeded 
PPT plus irrigation in all years except 2007, when we temporarily doubled irrigation. Averaged 
over all years, ET exceeded PPT plus irrigation by 27% (P < 0.001 by t test). After we 
discontinued irrigation in 2010, ET was more than double PPT (259 mm yr−1 versus 
115 mm yr−1, P < 0.001). The high ET might be attributable to the desert phreatophytes, ATCA 
and SAVE, tapping groundwater (Breshlof et al. 2013), or an unmeasured amount of runoff that 
the subpile soil area received from surrounding sandstone uplands (DOE 1999, 2005). By 
contrast to ET in the subpile soil area, estimates of ET over the plume were correlated with 
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annual PPT (r = 0.75, P = 0.002), with mean values of 145 mm yr−1 (SE = 11.0) for ET and 
161 mm yr−1 (SE = 11.4) for PPT (not significantly different, P = 0.11). 
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Figure B-22. Annual water balance components for the subpile soil area at the Monument Valley 
UMTRCA site, 2000–2014, showing ET, precipitation (PPT), and irrigation plus PPT. ET over the plume 

(offsite ET) is also shown. 
 
 
B.4 Soil Nitrification and Denitrification 
 
When the phytoremediation study commenced in 1999, scientists assumed that inorganic 
nitrogen would slowly convert to organic forms through uptake by the transplanted native 
shrubs, fourwing saltbush and black greasewood, resulting in a slow reduction of inorganic 
nitrogen in the source area soils. As the study progressed it became apparent that microbial 
processes were causing soil nitrogen levels to drop at a much faster rate than expected. With 
this knowledge, research efforts shifted to evaluations of ways to enhance microbial processes. 
 
B.4.1 Soil Sampling and Analysis Methods 
 
We sampled subpile soil annually using hand augers in the vicinity of each hydroprobe port and 
analyzed the samples for nitrate as N, ammonium as N, and sulfate as SO4

2−. Samples were taken 
at 0.3 m intervals to a maximum depth of 5 m (Figure B-23). All samples were analyzed in the 
DOE’s Environmental Sciences Laboratory. Samples were air-dried and sieved, then 20 g 
samples were mixed with 50 mL of 1 M potassium chloride, stirred for 2 hours, and centrifuged 
to remove particulates. This procedure was repeated once, and the combined supernatants were 
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filtered and analyzed by ion chromatography for nitrate and by Hach spectrophotometry for 
ammonium and sulfate. 
 

 
 

Figure B-23. Diné College students Garry Jay and Rita White sampling source area soils  
with a bucket auger. Annually from 2000 to 2009, samples were extracted to a depth of 5 meters at 

40 random points within the irrigated plantings. 
 
 
We collected soil samples for 15N analysis at 1 m and 4 m depths, at eight locations within the 
Old Field in 2004 and at eight locations within the Extended Field in 2007. Samples were 
analyzed for nitrate, ammonium, and 15N isotopes of each compound at the SIRFER Laboratory 
at the University of Utah, Salt Lake City, UT. We reported 15N enrichment as 15N relative to an 
atmospheric standard in ‰ (Kendall and Aravena 2000). We calculated values forusing a 
simplified form of the Rayleigh Equation: 

 
 = (15NSt − 15NS0)/lnf (3) 

 
where St and S0 are enrichment values of samples at time t and time zero, respectively, ln is the 
natural logarithm, and f is the fraction of unreacted product at time t (Mariotti et al. 1981). For 
our samples, we plotted N values of nitrate and ammonium versus the natural logarithm of 
concentrations of each, and we assumed that the slope of the line was equal to  (Kendall and 
Aravena 2000). The major assumptions in this analysis are that starting concentrations were 
uniform in the soil profile and that different concentrations measured in the samples 
represent different decay rates over time rather than different starting concentrations 
(Kendall and Aravena 2000). 
 
We analyzed time courses of nitrate, ammonium, and sulfate concentrations by one-way analysis 
of variance (ANOVA) with year of sample as the categorical variable, and by linear regression 



 

 
Monitored Natural & Enhanced Attenuation, Alluvial Aquifer and Subpile Soils—Monument Valley U.S. Department of Energy 
Doc. No. S07670  May 2016 
Page B-32 

analyses to determine decay rates. ANOVA, linear regression analyses, and other tests were 
performed with SigmaPlot software (Systat Software, Inc., San Jose, CA). Variances around 
means are reported as standard errors of means (SEM). 
 
B.4.2 Rapid Nitrate Loss from the Source Area Soil 
 
The soil in the Old Field initially contained an estimated 36 metric tons of inorganic 
nitrogen in the form of nitrate and ammonium ions. Plants had converted just 0.35 metric ton 
of this inorganic nitrogen into organic nitrogen over 10 years (about 1 percent removed per year) 
(Section B.3). However, the initial loss of nitrogen from the source area soil profile was 
unexpectedly rapid, with nitrate-N dropping from 164 mg kg−1 to 82 mg kg−1 between 
2000 and 2002 (Table B-2). The decrease occurred throughout the field and was statistically 
significant (P < 0.001). Ammonium levels decreased by less than 10 percent over the same 
period (P > 0.05) (Table B-3).  
 
Table B-2. Nitrate-N concentrations (mg kg−1) in soil samples from the Old Field, 2000 to 2004. The field 

is divided into four irrigation zones that were each sampled at 2–5 locations near neutron hydroprobe 
ports. Values are means with standard errors of means in parentheses. 

 

 

Zone/Depth  
(m) 

2000 2001 2002 2004 Number of Samples 

Zone 1 
0.3 71.8 (37.6) 100.8 (41.1) 22.6 (37.1) 25.9 (23.1) 5 
0.9 90.6 (25.2) 31.2 (10.5) 7.0 (5.3) 42.9 (34.7) 5, 5, 5, 4 
1.8 186.7 (73.9) 52.0 (21.1) 9.3 (6.1) 36.1 (28.8) 3, 3, 4, 4 
2.7 218.0 (103.0) 77.5 (60.5) 10.9 (16.3) 27.8 (25.0) 2, 2, 2, 3 
3.6 235.0 23.0 48.1  1 
4.5 302.0 46.0 57.3  1 

Zone 2 
0.3 92.6 (35.5) 112.6 (58.2) 44.1 (47.3) 61.6 (26.5) 5 
0.9 154.4 (42.0) 44.0 (13.2) 51.1 (73.5) 39.7 (20.2) 5 
1.8 111.2 (33.4) 69.8(34.3) 35.1 (24.1) 43.1 (36.4) 5 
2.7 67.8 (24.6) 113.3 (35.8) 34.7 (22.1) 38.4 (29.7) 4, 4, 5, 4 
3.6 77.0 (31.9) 90.7 (73.3) 49.5 (39.8) 61.5 (52.5) 3, 3, 3, 2 
4.5 113.0 (12.0) 133.5 (35.5) 74.8 (10.8) 59.1 (17.3) 2, 2, 2, 4 

Zone 3 
0.3 126.0 (34.3) 95.0(30.1) 73.4 (53.4) 92.9 (36.9) 5 
0.9 276.5 (141.1) 116.0 (52.2) 82.6 (54.4) 60.9 (26.9) 5 
1.8 213.2 (64.4) 146.2(58.2) 106.0 (41.2) 137.7 (72.3) 5 
2.7 180.4 (65.3) 119.0 (53.6) 84.7 (62.1) 147.9 (75.5) 5 
3.6 123.6 (35.7) 95.7 (27.9) 58.6 (48.7) 104.1 (39.6) 5, 4, 4, 5 
4.5 170.3 (28.8) 164.7(108.8) 107.0 (76.3) 229.1 (111) 4, 3, 5, 4 

Zone 4 
0.3 62.0 (13.8) 131.8 (40.9) 145.4 (104.5) 81.5 (55.3) 5 
0.9 217.8 (138.4) 181.8(81.6) 74.9 (75.9) 122.6 (73.1) 5 
1.8 173.4 (70.9) 170.8 (43.8) 88.2 (87.2) 134.5 (47.4) 5 
2.7 286.6 (85.4) 185.6(55.6) 87.3 (97.1) 128.9 (39.9) 5 
3.6 227.0 (118.8) 166.8(27.5) 312.7 (432.2) 156.7 (37.4) 5 
4.5 322.6 (106.1) 240.8 (20.3) 283.8 (229.8) 181.6 (71.0) 5, 4, 5, 5 

Average 164 116 82 91  
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Table B-3. Ammonium-N concentrations (mg kg−1) in soil samples from the Old Field, 2000 to 2004. The 
field is divided into four irrigation zones which were each sampled at 2–5 locations near neutron 

hydroprobe ports. Values are means with standard errors of means in parentheses. 
 

Zone/Depth 
(m) 

2000 2001 2002 2004 
Number of 
Samples 

Zone 1
0.3 2.5 (1.2) 66.8 (53.5) 1.9 (0.83) 1.52 (0.51) 5 
0.9 44.9 (45.5) 121.9 (62.1) 10.3 (11.1) 5.82 (3.98) 5, 5, 5, 4 
1.8 102.7 (93.2) 146.7 (109.1) 57.8 (77.8) 85.3 (65.0) 3, 3, 4, 4 
3.6 56.0 43.0 7.5  1 
4.5 140.0 113.0 77.5  1 

Zone 2
0.3 8.2 (2.0) 55.3 (42.9) 12.3 (18.9) 1.37 (0.51) 5 
0.9 155.2 (73.3) 110.8 (53.2) 93.3 (76.0) 74.6 (57.6) 5 
1.8 329.6 (60.9) 200.2 (50.2) 196.1 (152.0) 191.5 (80.9) 5 
2.7 287.0 (60.4) 226.1 (50.2) 257.0 (144.2) 230 (89) 4, 4, 5, 4 
3.6 310.0 (60.4) 244.3 (22.6) 220.8 (141.2) 227.5 (62.5) 3, 3, 3, 2 
4.5 360.0 (145.0) 349.5 (90.5) 290.0 (420.0) 251.7 (11.81) 2, 2, 2, 4 

Zone 3
0.3 109.6 (87.0) 116.1 (91.6) 131.4 (158.9) 95.8 (60.4) 5 
0.9 183.2 (113.6) 257.7 (87.5) 270.8 (219.5) 186.0 (81.8) 5 
1.8 397.6 (70.1) 258.9 (72.9) 332.0 (136.1) 205.1 (84.8) 5 
2.7 340.4 (49.2) 360.3 (48.9) 400.0 (31.62) 286 (58.0) 5 
3.6 432.1 (69.2) 380.3 (45.2) 410.0 (389.1) 307 (40.9) 5, 4, 4, 5 
4.5 432.0 (105.0) 206.8 (84.2) 460.0 (159.4) 320 (113) 4, 3, 5, 4 

Zone 4
0.3 4.8 (1.2) 19.2 (5.0) 2.4 (1.8) 81.9 (79.5) 5 
0.9 11.4 (9.6) 19.9 (10.1) 92.5 (178.8) 35.2 (19.7) 5 
1.8 90.5 (54.3) 94.1 (70.0) 101.8 (199.1) 77.9 (74.3) 5 
2.7 316.8 (167.0) 114.4 (100.8) 181.3 (221.6) 168.6 (108) 5 
3.6 203.0 (118.8) 206.1 (103.6) 234.7 (278.4) 175.1 (103) 5 
4.5 159.4 (103.7) 230.0 (90.4) 290.1 (278.5) 143.3 (120) 5, 4, 5, 5 

Average 191 168 173 148 

 
 
The most likely remaining explanation for the rapid loss of nitrate was microbial denitrification 
stimulated by application of irrigation water to the soil. Denitrification produces nitrous oxide 
and diatomic nitrogen gasses, which vent from the soil into the atmosphere. Scientists recognized 
this as a potentially significant finding because microbial processes could dramatically speed up 
the remediation of inorganic nitrogen compounds in the source area and perhaps also in the 
aquifer. Therefore, considerable effort was expended in testing the denitrification hypothesis, 
quantifying loss of nitrate and ammonium over time with intensive annual soil sampling,  
and seeing if the process could be enhanced by supplying a carbon substrate through the 
irrigation system. The soil denitrification and nitrification research at Monument Valley, 
summarized below, is well documented (McKeon et al. 2005; Jordan et al. 2008; and the Status 
Reports in Appendix I). 
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B.4.3 Evidence for Denitrification in the Source Area 
 
Two lines of evidence supported the hypothesis that microbial denitrification was responsible for 
the rapid loss of nitrate: direct assays of denitrification in source area soils and enrichment of 15N 
in soils undergoing nitrate loss. Denitrification activity was measured both in the laboratory in 
soils collected from the site, and in the field using assay chambers placed over the soil.  
 
In the laboratory, soil samples from irrigated and unirrigated areas in the source area were 
assayed for Denitrification Enzyme Activity (DEA) and Most Probable Number of Denitrifiers 
(MPND). DEA and MPND were positive in both irrigated and unirrigated soil samples, but DEA 
was 6 times higher in irrigated compared to unirrigated samples (P < 0.05), and MPND counts 
were 20 times higher (P < 0.05). Nitrous oxide is the first product of denitrification, and soils 
collected from the irrigated area had about 30 times the rate of nitrous oxide production as 
unirrigated soils when placed in reaction chambers in the laboratory. Unsupplemented soils (no 
water or substrate added) had rates of nitrous oxide production consistent with observed rates of 
nitrate loss from the field. Assay chambers were also placed directly over the soil onsite, and 
rates of nitrous oxide production were 10–20 times higher (P < 0.05) in irrigated compared to 
unirrigated sites in the source area. 
 
15N enrichment is another signal of microbial denitrification. Bacteria preferentially use the more 
common 14N isotope in their metabolism, including denitrification. Therefore, residual nitrogen 
in the soil becomes progressively more enriched in 15N as denitrification proceeds. On the other 
hand, if nitrate is lost due to physical processes such as leaching, no 15N enrichment is expected 
in the residual nitrate pool. Scientists extracted residual nitrate from source area irrigated soil 
samples collected from 2000 to 2004 and assayed them for total nitrate, 14N-nitrate, and 
15N-nitrate. The samples showed significant enrichment in 15N as nitrate levels decreased over 
time (Figure B-24). The value of 15N decreased linearly with the natural logarithm of the 
concentrations for both nitrate and ammonium (Figure B-25). nrichment factors for 15N were 
similar for nitrate ( = −4.76‰) and ammonium ( = −5.22‰) (not significantly different at 
P < 0.05). However, the N line plot for nitrate was about −16‰ lower than the line plot for 
ammonium (Figure B-25).  
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Figure B-24. 15N enrichment versus nitrate concentration in pooled samples from source area soils,  
2000–2002. 15N enrichment is expressed as δ15N in units of parts per thousand relative to 15N content in 

atmospheric samples of nitrogen gas. The relationship followed an exponential decay function as 
expected for 15N enrichment due to microbial denitrification. See Appendix A for more information on 15N 
enrichment methods and interpretation. 
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Figure B-25. Regression of 15N enrichment values (N) for nitrate and ammonium as a function of 
ln(concentration) in samples from the subpile soil at the Monument Valley UMTRCA site. 

 
 
B.4.4 Effect of Ethanol on Denitrification in the Source Area 
 
After initially high rates of nitrate loss slowed, and nitrate levels actually increased slightly from 
2002 to 2004, scientists began considering methods to stimulate denitrification in the soil. 
Microbial denitrification requires a carbon source to support bacterial growth as well as nitrate, 
which serves as an energy source. Soil assays in 2005 showed that total organic carbon (TOC) 
levels were very low (0.02–0.07 percent) and appeared to be negatively correlated with nitrate 
content (higher nitrate levels were associated with lower TOC levels). Therefore, the thinking 
was that denitrification might be carbon-limited in the source area. Laboratory assays showed 
that addition of ethanol, a microbial carbon substrate, greatly stimulated denitrification in soil 
samples from the source area.  
 
In 2006 scientists tested the ability of ethanol injected into the irrigation system to enhance 
denitrification. Ethanol was distributed into selected irrigation lines at a concentration of 
0.15 percent in the irrigation stream. Soil samples were collected monthly, May to September, 
and assayed for moisture content, nitrate, ammonium, and nitrous oxide production at 0.3 m, 
1.3 m, and 2.7 m soil depths. Addition of ethanol significantly (P < 0.5) increased nitrous oxide 
production (indicating denitrification) in soil samples, but the effect was rather small, and no net 
decrease in soil nitrate was measured in the soil samples over the summer. Despite irrigation, soil 
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moisture levels were low (4–8 percent on a gravimetric basis) in all treatments, and a 
multivariate analysis showed that soil moisture rather than presence of ethanol was the most 
important factor influencing nitrous oxide production in the soil. The growth of plants in the 
phytoremediation plots led to rapid removal of irrigation water as plant transpiration, producing 
lowered levels of soil moisture after 2002. Denitrification and microbial growth require high soil 
moisture levels, leading to the conclusion that ethanol alone could not enhance denitrification in 
this water-limited system.  
 
B.4.5 Changes in Nitrate, Ammonium, and Sulfate, 2000–2014 
 
Concentrations of nitrate-N and ammonium-N in the Old Field in 2000 were 163 mg kg−1 
(SEM = 14.7) and 184 mg kg−1 (SEM = 20.0), respectively. Mean nitrate-N and ammonium-N 
levels in the Old Field decreased by 78% and 86%, respectively, from 2000 to 2014 
(Figure B-26). Mean annual reduction rates, based on linear regression, were 5.5 mg kg−1 yr−1 for 
nitrate-N, 9.55 mg kg−1 yr−1 for ammonium-N, and 15.1 mg kg−1 yr−1 for total N (Figure B-26). 
Final levels of nitrate-N and ammonium-N in 2014 were 23.5 mg kg−1 (SEM = 8.9) and 
40.4 mg kg−1 (SEM = 18.5), respectively. In contrast, sulfate levels appeared to rise from 2007 to 
2009, then decreased to 2007 levels by 2014 (Figure B-26); however, an ANOVA indicated no 
significant differences in sulfate levels among years (F = 1.38, P = 0.23). The mean sulfate 
concentration for all years was 2007 mg kg−1 (SEM = 152). 
 
Soil nitrate profiles in the Old Field were initially greater at depth, and reductions in soil 
nitrate over time occurred at all depths (Figure B-27A). Soil ammonium profiles were similar 
(Figure B-27B), except that levels were lower than nitrate at shallower depths and higher at 
greater depths. Soil sulfate profiles were different; levels were highest near the surface and 
decreased with depth, and with no apparent loss of sulfate from the profile over time 
(Figure B-27C).  
 
Nitrate and ammonium also decreased with time in the Extended Fields planted in 2006 
(Figure B-28). Nitrate decreased after an initial lag period, whereas ammonium decreased 
steadily over all years. An ANOVA, with year as the categorical variable, indicated that 
decreases were significant for both nitrate (F = 4.83, P < 0.001) and ammonium (F = 2.61, 
P = 0.035) and, similar to observations in the Old Field, initial levels were 79–83% lower by 
2014. An ANOVA also indicated that sulfate levels did not differ by year (F = 2.06, P = 0.086) 
(Figure B-26). By 2014, the remaining ammonium and nitrate occurred only in a few hot spots in 
subpile soil profiles (Figure B-29).  
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Figure B-26. Means and standard errors for concentrations of nitrate-N, ammonium-N, and sulfate in the 
subpile soil of the Old Field at the Monument Valley UMTRCA site, 2000–2014. Error bars are standard 

errors of means. Sulfate was first measured in 2005. 
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Figure B-27. Distribution of nitrate (A), ammonium (B), and sulfate (C) by soil depth over time in the 
Monument Valley UMTRCA site subpile soil. 
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Figure B-28. Mean and standard errors of subpile soil nitrate-N, ammonium-N, and sulfate in the 
Extended Field at the Monument Valley UMTRCA site. 
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Figure B-29. Spatial distributions of nitrate-N and ammonium-N in subpile soil profiles for the Old Field in 
2000 and for the Old Field and Extended Field in 2014 at the Monument Valley UMTRCA site (x and y 

axes are State Plane in US feet, and the z axis is soil depth in negative feet). 
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B.5 Source Containment and Removal Discussion 
 
Ammonia was the main nitrogen source used in ore processing at the site, although some 
ammonium nitrate was also used (DOE 2005). This commercial ammonia would likely have 
had 15N close to 0.0‰ (Freyer and Aly 1974). We measured values of 2 to 3‰ in subpile soil 
samples with the highest ammonium concentrations (about 500 mg kg−1 as N in Figure B-25), a 
level that might have been close to N levels in the subpile soil when the mill was 
decommissioned. Using this assumption, we estimated that about 150 mg kg−1 of N was lost in 
the 32 years from 1968 to 2000, compared to 282 mg kg−1 lost from 2000 to 2014. Hence, a 
process of natural attenuation of N was likely underway in the subpile soil before 2000 and was 
apparently enhanced by irrigated plantings of ATCA and SAVE, and fencing the site to 
prevent grazing.  
 
Nitrate-N from ammonium nitrate used for ore processing would likely have had 15N values 
of 2–3‰ depending on the manufacturer (Freyer and Aly 1974), whereas we measured 
15N values of about −16‰ in subsoil samples with the highest nitrate concentrations (also about 
500 mg kg−1 as N). We concur with Miao et al. (2013a) that the depletion of 15N observed in soil 
ammonium samples relative to nitrate was due to microbial conversion of ammonium to nitrate 
in the tailings pile and soil. The parallel 15N enrichment lines in Figure B-25 also indicate loss 
of N through coupled nitrification and denitrification (Kendall and Aravena 2000). A similar 
coupled process occurs in the alluvial aquifer plume but at a slower rate (Jordan et al. 2008; 
Carroll et al. 2009; Borden et al. 2012; Miao et al. 2013a).  
 
Coupled nitrification and denitrification systems are found in soils and sediments with adjacent 
anoxic and oxic microsites, because nitrification is carried out by facultative aerobes, while 
denitrification requires anaerobic conditions (Kendall and Aravena 2000; Kremen et al. 2005). It 
appears that nitrification and denitrification occurred most rapidly in the upper soil layers of the 
subpile soil where oxygen would be more abundant, while deeper soil layers initially retained 
large amounts of unreacted ammonium. However, by 2014 even deep layers of soil showed a 
marked reduction in both nitrate and ammonium.  
 
Our values of  for 15N enrichment were similar to values found for denitrification in soil and 
groundwater systems undergoing rapid denitrification due to the presence of large amounts of 
nitrate (−5‰ to −8‰), whereas slower rates lead to greater fractionation and, therefore, larger 
(more negative) values of  (Mariotti et al. 1988). The  value for the plume during ethanol-
stimulated nitrification and denitrification was −8‰ (Miao et al. 2013a), similar to our results for 
the subpile soil.  
 
Leaching occurred during and after milling operations (DOE 1999, 2005) and was evaluated as a 
possible reason for the decrease in subpile soil nitrogen levels between 2000 and 2014. The 
subpile soil receives an unknown amount of runoff from the surrounding uplands. Storm runoff 
across this area created a few small channels and may have contributed to localized recharge as 
measured in one WFM. However, four lines of evidence suggest that leaching was not a broadly 
important factor once the fenced plantings became established. First, sulfate levels were highest 
at the soil surface and did not decrease significantly over the study period, opposite of patterns 
observed for nitrate and ammonium. Leaching would have resulted in movement of sulfate from 
the surface to deeper in the profile and an overall reduction in concentration similar to that 
observed for nitrate and ammonium. Second, soil water content was at or below field capacity 
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for almost all soil profiles sampled over the 14-year course of the study, and we detected no net 
percolation flux with the four WFMs during the 10-year irrigation period. Third, groundwater 
nitrate-N and ammonium-N levels immediately downgradient of the subpile soils dropped to 
<5 mg L−1 (although levels have increased farther downgradient), indicating a recent lack of 
nitrogen movement from the subpile soils into the alluvial aquifer (Miao et al. 2013a). Finally, 
the partial water balance analysis suggests that ET for our ATCA and SAVE plantings now 
removes twice the amount of water that the subpile soil receives as PPT. 
 
Our irrigated plantings did not remove sulfate in the subpile soil, probably because redox 
conditions in the vadose zone did not favor sulfate reduction (Miao et al. 2013b). However, 
the plantings did isolate sulfate in the subpile soil. ET from ATCA and SAVE plantings 
appeared to curtail sulfate leaching. Groundwater monitoring results for 2009 and 2010 
included sulfate levels of 39–330 mg kg−1in wells immediately downgradient of the subpile soils, 
compared to levels of 17–130 mg kg−1 for upstream control wells, and 370–1500 mg kg−1 for 
wells in the plume (Miao et al. 2013b). Stable isotope analyses indicated that the subpile soil 
area was the source of high levels of sulfate in the alluvial aquifer for approximately 40 years 
(Miao et al. 2013b), but enhancing or accelerating reestablishment of the desert phreatophyte 
community has now cut off that source. 
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The roles of desert shrubs (phytoremediation) and microbial processes (nitrification and 
denitrification), which were shown to help contain and remove contamination from the source 
area (Appendix B), were also investigated as possible remedies for contaminated groundwater. 
As with the source area (subpile soils), LM scientists first characterized natural 
phytoremediation and microbial denitrification in the alluvial aquifer, and then evaluated ways 
to enhance these natural processes.  
 
Fourwing saltbush and black greasewood plants naturally pump water from the top of the 
alluvial aquifer and from deep soil layers above the aquifer, thereby potentially limiting plume 
dispersion. These plants also extract small amounts of nitrogen and sulfur from the aquifer. 
Field plot studies found that revegetation of denuded areas and grazing management in other 
areas overlying the plume can greatly enhance water extraction by these native 
phreatophytic plants.  
 
Modeling and isotope studies provided evidence that nitrate in the alluvial aquifer is naturally 
undergoing microbial denitrification, albeit at a slow rate, with an estimate that between 
40 percent to 60 percent of the original nitrate in the plume has been converted to innocuous 
nitrogen gas over the past 40 years. Injection of ethanol into selected wells markedly increased 
rates of denitrification and also stimulated conversion of sulfate to hydrogen sulfide. Modeling 
results show that enhanced plume denitrification may be technically feasible given the high 
hydraulic conductivity of the alluvial aquifer sands. 
 
Enhanced attenuation can be defined as initiating and/or augmenting natural and sustainable 
attenuation processes. The goal is to increase the magnitude of natural processes beyond that 
which occurs without intervention. Enhanced attenuation approaches may be implemented if it 
cannot be shown with a high level of certainty that the total capacity of natural attenuation 
processes are capable of attaining groundwater remediation objectives. The pilot studies are 
focusing on enhancements that are sustainable—that do not require long-term, continuous 
intervention. The goals for enhanced attenuation of groundwater at Monument Valley are to slow 
plume movement, extract nitrate and sulfate, and increase microbial denitrification. 
 
The role of native shrubs in controlling the source area water balance through transpiration 
(Appendix B, Section B.3), which prevents deep percolation and leaching of contaminants, led to 
the hypothesis that these same shrubs, functioning as phreatophytes (plants that root into and 
extract groundwater) could transpire groundwater and slow the spread of the contaminant 
plumes. Similarly, the rapid loss of nitrate and ammonium from the source area due to microbial 
processes (McKeon et al. 2005; Jordan et al. 2008) led to the hypothesis that similar microbial 
processes might be operating in the plume and could be enhanced by supplying carbon 
substrates. These topics were addressed through pilot studies and modeling. The major findings 
are presented in the following sections. As in previous sections of this report, more detailed 
discussions can be found in the technical products—reports and publications—cited herein.  
 
C.1 Groundwater Phytoremediation 
 
The potential natural vegetation overlying the plume is dominated by two phreatophytic shrubs, 
fourwing saltbush and black greasewood. Phreatophytes are deeply rooted plants that extract 
water from shallow aquifers. Black greasewood (Sarcobatus vermiculatus) is an obligate 
phreatophyte—it must extract groundwater to survive—while fourwing saltbush (Atriplex 
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canescens), and some other Atriplex species, are facultative phreatophytes capable of extracting 
water from both the aquifer and the vadose zone above the aquifer.  
 
Plant communities dominated by these two species occur over many millions of hectares of 
intermountain basins in the western U.S. where, as is the case at the Monument Valley site, 
recharge creates shallow aquifers under valley floors (Nichols 1994; Steinwand et al. 2001; 
Lin et al. 1996). These communities are capable of controlling the basin water balance through 
their use of groundwater for transpiration. However, where the phreatophyte have been 
overgrazed, as  occurs at the Monument Valley site, the local water balance can switch from net 
discharge to net recharge due to a reduction in phreatophyte transpiration.  
 
Where rooted into the alluvial aquifer plume at Monument Valley, these phreatophytic shrub 
species could be contributing to natural attenuation in two ways. First, they could be extracting 
water from the plume, slowing its movement away from the site. Second, they could be 
extracting nitrate and sulfate from the plume to support plant growth. If the shrub populations are 
indeed extracting water, nitrogen, and sulfur from the plume, their contribution to remediation 
could potentially be enhanced through grazing management and revegetation in areas overlying 
the plume. 
 
The pilot studies of natural and enhanced phytoremediation of groundwater at Monument Valley 
addressed the following topics:  

 The relationship between the natural distribution of phreatophytes and the depth to 
groundwater 

 Evidence of phreatophyte rooting depths and zones of water extraction 

 The feasibility of enhancing natural phytoremediation through revegetation and grazing 
management 

 Rates of nitrogen and sulfur uptake by plants rooted in the alluvial aquifer 

 Rates of water extraction—transpiration—by phreatophytes rooted in the alluvial aquifer 
and potential slowing of plume dispersion 

 
C.1.1 Plant Communities and Depth to Groundwater 
 
A simple contour map of depths to groundwater superimposed over a distribution map of native 
phreatophyte populations and associated plant communities (Figure C-1), coupled with isotope 
data showing where plants are extracting water and nitrogen from the plume (Section C.1.2), was 
used to select areas for evaluating the feasibility of methods to enhance plume phytoremediation 
(Section C.1.3). The contours of depth to groundwater were derived from well completion data 
(DOE 1999a) and vadose zone sampling. 
 
The vegetation distribution map was created using a modified relevé method to characterize 
plant cover in stands near monitoring wells, and then stands were grouped into associations using 
simple ordination and gradient analysis techniques (e.g., Barbour et al. 1999). Associations were 
identified by first grouping stands with similar species composition and cover. Because species 
composition and cover vary across the site as a continuum rather than as discrete units, no clear 
breaks between groups of stands were apparent. Therefore, a simple gradient analysis of 
dominant species was used to group stands.  
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Figure C-1. Contour map of depths to groundwater superimposed on a map of plant associations.  
Plant acronyms are as follows: SAVE = Sarcobatus vermiculatus (black greasewood), ATCO = Atriplex 

confertifolia (shadscale), ATCA = Atriplex canescens (fourwing saltbush), HAPL = Haplopappus 
pluriflorus (jimmyweed), POIN = Poliomintha inicana (bush mint), EPTO = Ephedra torreyana (joint fir), 

SAIB = Salsola iberica (Russian thistle), and AMAC = Ambrosia acanthacarpa (bur ragweed). 
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Production of a vegetation map involved (1) mapping stand locations on the 1995 aerial 
photograph; (2) identifying vegetation patterns in the photograph, under magnification, that were 
consistent with the plant associations; (3) outlining mapping unit boundaries using a combination 
of stand locations and vegetation patterns; and (4) returning to the field to check the reliability of 
the photograph interpretation (DOE 2004b). 
 
Depths to groundwater range from 9 to 12 m (30 to 40 ft) within the fourwing saltbush 
association (Atriplex canescens, or ATCA) association and from 6 to 9 m (20 to 30 ft) within the 
black greasewood association (Sarcobatus vermiculatus, or SAVE). Revegetation plots were 
installed within the denuded area along a depth gradient from east to west and overlying nitrate 
“hot spots” so as to span ranges of depth to groundwater (Section C.1.3) 
 
C.1.2 Phreatophyte Rooting Depth 
 
Before initiating large-scale studies of groundwater phytoremediation, LM scientists first needed 
strong evidence that native phreatophytes were rooted in the alluvial aquifer at Monument 
Valley. According to the literature, black greasewood roots can penetrate 10-20 m or deeper to 
access groundwater (Nichols 1993, 1994). Given the apparent influence of the depth to 
groundwater on the distributions of black greasewood and fourwing saltbush overlying the 
alluvial aquifer (Section C.1.1), scientists tested the hypothesis that these native shrubs were 
indeed rooted into the contamination plume and were extracting water, nitrogen, and sulfur from 
the plume, contributing to natural attenuation of contaminants. If this hypothesis was true, then 
the extraction rates might be increased by enhancing the health and growth rates of these plant 
populations.  
 
For phytoremediation studies in the source area (Appendix B, Section B.3.3), stable isotope data 
for source area soils provided direct evidence that roots penetrated to at least 5 m. Similarly, LM 
scientists used stable isotopes of oxygen (18O) and hydrogen (2H, also known as deuterium [D]) 
to test the hypothesis that black greasewood and fourwing saltbush overlying the alluvial aquifer 
are rooted even deeper, accessing groundwater.  
 
18O and D are naturally present as minor constituents of water, along with the more common 16O 
and 1H isotopes. These isotopes fractionate within the hydrological cycle (Clark and Fritz 1997; 
Cook and Herczeg 2000; Kendall and McDonnell 1998). Seawater normally contains the highest 
concentration of the heavy isotopes and is used as a standard to calculate the degree of heavy 
isotope enrichment in other water samples. Enrichment is expressed as 18O or D, in units of 
per thousand (‰), similar to the use of atmospheric nitrogen as a standard for 15N enrichment as 
discussed earlier (Appendix B, Section B.3.3). When seawater evaporates to form clouds, the 
isotopes fractionate due to gravity; the atmospheric water molecules have lower concentrations 
of the heavy isotopes (negative  values) than the source seawater. The opposite occurs when 
rainwater forms; gravitational fractionation produces rain that is more enriched in heavy isotopes 
(less negative  values) than the source water in the clouds. Furthermore, the residual moisture in 
clouds becomes ever more depleted in heavy isotopes (more negative  values) following 
sequential rainfall events. As a result, each rainfall event has a characteristic “signature” of 
heavy isotopes. 
 
In the southwestern U.S., summer rains tend to have less negative  values than winter rains, 
because summer rains originate from the nearby Gulf of Mexico and Gulf of California, whereas 
winter rains originate in the northern Pacific Ocean and have been depleted of much of their 
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heavy isotopes through rainfall events as they pass over the continent on their way to the 
southwestern deserts. Plots of D versus 18O fall along a meteoric water line characteristic of 
water samples originating from rainfall events (Lin et al. 1996). On the other hand, terrestrial 
water samples that have undergone evaporation form an “evaporative series,” plotting along a 
line having shallower slope than the meteoric water line. The point at which the evaporative 
series intersects the meteoric water line indicates the isotope enrichment values of the original 
rainfall event giving rise to the evaporative series. Finally, water taken up by plants has the same 
isotope signature as the source water accessed by the roots; hence, water extracted from stem 
samples can be matched to environmental water samples to determine where the plant got 
its water. 
 
These relationships, as illustrated for Monument Valley in Figure C-2, are based on summer rain, 
aquifer, and soil and plant stem moisture samples taken in 2000-2003 (McKeon et al. 2005). 
Summer rain at Monument Valley fell along the meteoric water line determined by a more 
extensive sample set from at nearby Page, Arizona (Lin et al. 1996). Well samples also fell along 
the meteoric water line, closer to the winter rains than summer rains. Well samples clustered 
close together, indicating that water in the aquifer at the depth of the wells was mixed and 
probably recharged by rapidly infiltrating winter rain events from the surrounding uplands. On 
the other hand, plant stem water fell along an evaporative series apparently originating from 
winter rains falling directly over the plume area. This was assumed to be deep soil moisture as it 
did not match isotope signatures of summer rain water or soil water down to 5 m soil depth. 
 

 
 

Figure C-2. 18O and D values for soil, water, and plant tissues collected in 2000 and 2003 at the 
Monument Valley UMTRA site. Reference data for wells and rainwater for Page, Arizona (Lin et al. 1996), 

are shown plotted along the Page local meteoric water line. Plant stem water and soil pore water are 
shown plotted along an apparent local evaporation line. 
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In 2005, scientists augered two deeper holes down to the top of the water table near wells 606 
and 677 (Jordan et al. 2008). These holes were located in mixed stands of black greasewood and 
fourwing saltbush plants overlying the plume. Soil water, groundwater, and plant water samples 
were analyzed for isotopes. Black greasewood and fourwing saltbush plants growing near the 
auger hole were sampled, including plants that had been transplanted and protected from 
livestock in fenced exclosures (Section C.1.3) as well as wild black greasewood and fourwing 
saltbush plants.  
 
At well 606, which is closer to the source area, the water table was 9 m deep. At this depth soil 
nitrate levels varied from near background levels at the surface to >100 ppm at the water table. 
Soil moisture levels were low in the vadose zone down to the 5 m depth, then increased with 
depth to about 10 percent gravimetric moisture content until the top of the aquifer was 
encountered. The water above the alluvial aquifer was very low in nitrate, and so it was assumed 
to be rainwater stored in the vadose zone above the capillary fringe of the aquifer, which would 
have been high in nitrate. The auger hole near well 677, further downgradient from the source 
area, was relatively dry down to the top of the aquifer at 10 m. Nitrate levels increased abruptly 
from near-background to >100 ppm at the top of the aquifer (Figure C-3).  
 
Water isotope values for these samples are shown in Figure C-4. Soil moisture samples from the 
surface to the 3 m soil depth had higher (less negative) values for oxygen and hydrogen isotopes, 
compared to values from 4 m down to the top of the aquifer. Plants in and out of exclosures near 
the wells had enrichment values within the range measured at the top of the aquifer at well 677 
and in the aquifer and in moist soil above the aquifer at well 606.  
 
The combination of soil moisture profiles, nitrate profiles, and water isotope results suggest that 
wild fourwing saltbush and black greasewood had rooted down to and were intercepting water 
both from soil water in the vadose zone just above the capillary fringe of the aquifer and from the 
top of the plume, with black greasewood being more dependent on aquifer water than 
fourwing saltbush.  
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Figure C-3. Relationship between moisture content, nitrate concentrations, and ammonium 
concentrations as a function of soil depth at sites near well 606 (a) and well 677 (b) over the Monument 

Valley contamination plume (see Jordan et al. 2008). 
 
 
 

Nitrate-N

Nitrate-N
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Figure C-4. 18O and D isotope enrichment values in water extracted from soil samples collected at 

different depths over the alluvial plume near well 606 and well 677. The graph also shows the isotope 
values in water extracted from stem sample of black greasewood (SAVE) and fourwing saltbush (ATCA) 

plants growing over the plume near the wells (top of graph), of saltbush plants that were grown from 
seedling in exclosures, and of wild plants growing at different locations over the plume (bottom of graph). 
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C.1.3 Enhanced Plume Phytoremediation: Grazing Management and Revegetation 
 
Grazing management and revegetation were evaluated as methods for enhancing phreatophyte 
growth and phytoremediation. Early grazing management studies at the Monument Valley site 
indicated 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). Similarly, early revegetation studies indicated that native phreatophytes could 
be planted and, with irrigation, become rooted in the alluvial aquifer within three years. Given 
these early positive results, LM scientists designed follow-up pilot studies to evaluate grazing 
management and revegetation as means for enhancing plume phytoremediation on a 
landscape scale.  
 
Populations of native phreatophytes (black greasewood and fourwing saltbush) growing over the 
plume have historically been degraded by heavy grazing. In addition, populations of these shrubs 
growing north of the former New Tailings Pile were deliberately cleared during the initial 
tailings remediation work, prior to the excavation of soils contaminated by windblown tailings, 
leaving a large denuded area overlying proximal portions of the plume and with the highest 
nitrate levels. 
 
C.1.3.1 Early Studies 
 
The early phytoremediation enhancement studies found that protecting native black 
greasewood and fourwing saltbush plants from grazing could double biomass productivity, 
transpiration rates (rates of water extraction from the aquifer), and nitrogen-uptake rates 
(DOE 2004b, McKeon et al. 2006). The early phytoremediation studies also found that 
greenhouse-grown transplants could be successfully established and grow vigorously for several 
years in small fenced plots and, with managed irrigation, send roots down 30 feet into the nitrate 
and sulfate plume. 
 
The early studies were conducted using grazing exclosures constructed around 24 plant pairs 
(12 fourwing saltbush and 12 black greasewood) of similar initial size (1−3 m3 canopy volume 
per plant). One plant of each pair was enclosed within a 2 by 2 by 1.5 m chainlink fence for 
protection from grazing while the other plant was left unprotected. Canopy volume, ground 
cover area, biomass, and density were measured for each shrub when exclosures were 
constructed in June 1998, and then annually in September or October for 3 consecutive years. 
 
Plants were subsampled for tissue analysis. Tissue samples were collected of all new, annual 
growth of leaves, small stems, and often seeds. The dry weights of the samples were measured, 
and representative portions of the samples were analyzed for total nitrogen content using the 
Kjeldahl method (Tabatai 1996). An ammonia ion selective electrode was used to determine 
ammonia nitrogen values, and a nitrate ion electrode was used to determine nitrate nitrogen 
values (American Public Health Association 1998). 
 
Initially the canopy volumes of shrubs inside and outside grazing exclosures were similar. 
During the three growing seasons, canopy volumes of shrubs inside exclosures increased by  
2−4 times the starting values, whereas the size of grazed plants outside the exclosures remained 
unchanged (Figure C-5). Differences in biomass per m2

 of canopy cover were not significant 
between grazed and ungrazed plants of either species; however, the net annual productivity of 
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ungrazed plants was approximately 1.5 times that of the grazed plants. Grazed plants had 
significantly (P < 0.05) lower total N content than ungrazed plants, and black greasewood plants 
had higher total N content than fourwing saltbush (Table C-1). Ungrazed plants had higher levels 
of nitrate-N than grazed plants (P < 0.05). Plants that were excluded from grazing also contained 
significantly higher (P < 0.05) concentrations of total sulfur than grazed plants (Table C-2). 
 

 
 

Figure C-5. Canopy volumes for fourwing saltbush (ATCA) and black greasewood (SAVE) plants either 
grazed or protected from grazing during 3 growing seasons at the Monument Valley site.  

Each data point is the mean of 12 plants; error bars show standard errors of the mean. Date 1 is 
June 1998, Date 2 is October 1998, Date 3 is March 1999, and Date 4 is September 2000. 

 
 

Table C-1. Total nitrogen and nitrate on a dry-weight basis of A. canescens and S. vermiculatus leaves 
under ungrazed and grazed conditions for plants harvested in 2000. Two-way analysis of variance 

(ANOVA) with plant type and grazing condition as a dependent variable showed that black greasewood 
had significantly (P < 0.05) higher nitrogen content than fourwing saltbush; Black greasewood plants 

under ungrazed conditions had significantly higher nitrogen than under grazed conditions. Nitrate results 
were not different by plant type (P > 0.05) but ungrazed plants had significantly greater nitrate-N than 

grazed plants. Table shows means and (standard errors). 
 

 
A. canescens S. vermiculatus 

Ungrazed Grazed Ungrazed Grazed 
Nitrogen (%)  2.14 (0.12) 2.05 (0.15) 2.76 (0.17) 2.26 (0.08) 
Nitrate (mg N kg -1) 727 (95) 590 (69) 951 (139) 558 (60) 

 
 

Table C-2. Sulfate-S and Total Sulfur (dry-weight basis) of A. canescens and S. vermiculatus leaves for 
plants under ungrazed and grazed conditions in 2000. Table shows means and (standard deviations). 

 

Plant 
Sulfate-S 
Ungrazed 

(ppm) 

Sulfate-S 
Grazed 
(ppm) 

Total S 
Ungrazed 

(%) 

Total S 
Grazed 

(%) 
A. canescens 513 (323) 374(257) 0.461 (0.244) 0.271 (0.156) 
S. vermiculatus 430 (308) 375 (353) 0.332 (0.09) 0.253 (0.052) 

 
 



 

 
U.S. Department of Energy Monitored Natural & Enhanced Attenuation, Alluvial Aquifer and Subpile Soils—Monument Valley 
May 2016  Doc. No. S07670 
  Page C-11 

The results show that productivity and canopy volume of both shrub species increased markedly 
when grazing was eliminated. This rapid growth in response to protection from grazing is further 
evidence that the plants are rooted into the alluvial aquifer (Section C.1.2), as a rapid growth 
response would not be expected if plants were rooted into the predominantly dry soil over the 
plume. Nitrogen content of the plant tissues also increased slightly and nitrate-N increased 
markedly in response to grazing protection. These results corroborate other studies of grazing 
effects in the Navajo Nation (Brotherson et al. 1983, Lash et al. 1999).  
 
Small livestock exclosures were also used to determine if black greasewood and fourwing 
saltbush seedlings would establish and survive if transplanted in denuded areas over the plume. 
Seeds of both species, collected near Tuba City, Arizona, were germinated in a greenhouse. The 
subspecies of fourwing saltbush, (Atriplex canescens ssp. angustifolia) exhibits better survival 
and growth when used in revegetation projects (Glenn et al. 2001). In June 1998, ten plants of 
each species were transplanted into six exclosures located over the plume near well 606 
(three exclosures) and well 765 (3 exclosures). Plants were irrigated once each week with 8 liters 
of clean groundwater from June to October 1998. 
 
By May 1999 fourwing saltbush transplants had a 90 percent survival rate and reached an 
average height of over 0.5 m, whereas black greasewood had only a 45 percent survival rate and 
reached a mean height of only about 0.15 m. By October 2001, fourwing saltbush dominated and 
completely filled each exclosure plot, reaching heights exceeding 2 m (Figure C-6). By contrast, 
black greasewood transplants remained small and most did not survive to the third growing 
season. On the basis of the results of this early study, fourwing saltbush (A. canescens ssp. 
Angustifolia) appeared to be a good candidate for revegetation of denuded areas and enhancing 
phytoremediation of the plume. 
 

 
 

Figure C-6. Exclosure plots near well 606 planted with fourwing saltbush and black greasewood in 
June 1998 and irrigated from June to October 1998. This photo was taken in July 2002 during an 

extended drought, providing anecdotal evidence that transplants had rooted in groundwater. 
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C.1.3.2 Landscape-Scale Studies 
 
Based on these positive results of the early studies, indicating that phytoremediation can be 
enhanced by controlling grazing, LM scientists installed large plots protected from grazing to 
determine if similar results were possible on a landscape scale.  
 
Two 50 m by 50 m plots within existing populations of fourwing saltbush and black greasewood 
overlying the plume were fenced to protect populations from grazing. Plots were established in 
locations where the potential benefits of grazing protection were greatest: (1) areas with 
relatively mature stands of these shrubs, (2) areas where roots were known to be tapping the 
aquifer, and (3) areas where nitrate concentrations in the alluvial aquifer are relatively high. One 
fourwing saltbush exclosure was established north of the source area where the populations had 
been severely overgrazed. A black greasewood exclosure was established in a relatively dense 
population stand nearer the source area (Figure C-7).  
 
Two other exclosures (East and West Revegetation Exclosures) were established in an area that 
had been cleared of vegetation in the past (Figure C-7) and, when exclosures were constructed in 
2005, only annual weeds grew there. As with the early studies, fourwing saltbush and black 
greasewood seedlings grown in the greenhouse were planted. Seedlings were transplanted on 
2 m × 2 m spacing and then irrigated using a drip system at a rate of approximately 50 cm/year. 
These plots have been surveyed for plant growth by ground transects and remote sensing 
methods (Appendix F) through 2010. Figure 1 in the report shows the locations of the 50 m by 
50 m grazing exclosure plots and revegetation plots as they appeared in 2010.  
 
The large exclosures have been effective in enhancing phreatophyte growth over the plume, 
although not as dramatically as in the small exclosures in the earlier study. The difference can be 
attributed to reduced grazing pressure over the entire area. Whereas in the early study, major 
differences in plant growth inside versus outside could be attributed to heavy grazing, differences 
were less significant because of relatively moderate grazing during the more recent study; 
populations outside the enclosures also grew healthier. 
 
Based on 2010 remote sensing results (Appendix F), the fourwing saltbush grazing exclosure 
plot had 35.3 percent canopy cover compared to a cover of 29 percent in unprotected fourwing 
saltbush stands. Percent canopy cover in the black greasewood exclosure was 66.9 percent, 
compared to 40.9 percent outside the exclosure. The East and West Revegetation Exclosure plots 
had 76.3 percent and 48.0 percent canopy cover by 2010, respectively, based on remote sensing 
data, compared to near-zero shrub growth before seedlings were transplanted. The differences 
between these plots may be attributable, at least in part, to depth to groundwater, which was 
approximately 30 ft at the East Plot and 40 ft at the West Plot.  
 
About half the canopy cover in these protected plant communities consisted of phreatophytes 
while the other half consisted of non-phreatophytic shrubs, forbs, and grasses (Table C-3). 
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Figure C-7. Aerial photograph of plume area taken prior to installation of the pilot studies showing GPS 
boundaries of grazing Exclosure Plot 1 (black greasewood) and Exclosure Plot 2 (fourwing saltbush), 

Revegetation Plots 1 (East) and 2 (West) (all in yellow), the land-farm pilot study plot (blue; Appendix E), 
and the mill site remediation fence line (green). 
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Table C-3. Percent plant canopy cover inside and outside grazing exclosure plots. 
 

Cover Type 
Black 

Greasewood 
Inside 

Black 
Greasewood 

Outside 

Fourwing 
Saltbush 

Inside 

Fourwing 
Saltbush 
Outside 

Atriplex canescens 15.8 6.5 15.7 15.1 
Sarcobatus vermiculatus 16.0 5.4 - - 
Atriplex confertifolia 0.2 0.4 - - 

Total phreatophyte shrubs 32.0 12.3 15.7 15.1 
Gutierrezia sarothrae - 0.2 - - 
Poliomintha incana - - 0.5 0.9 
Vanclevea stylosa - - 2.2 1.7 

Total non-phreatophyte shrubs 0.0 0.2 2.7 2.6 
Ambrosia acanthicarpa - 1.4 1.8 2.6 
Bassia scoparia - 0.2 - - 
Chamaesyce revoluta - - 1.5 0.3 
Chenopodium sp. - - 1.8 0.5 
Descurainia sophia - - 0.7 0.1 
Grindelia squarrosa - - 0.6 - 
Mentzelia multiflora - 0.1 0.2 0.1 
Salsola tragus 32.3 24.5 17.4 22.8 
Sphaeralcea coccinea - - 0.2 - 
Suaeda moquinii 1.4 1.0 - - 

Total forbs 33.7 26.2 24.2 26.4 
Sporobolus contractus - - 0.1 - 
Sporobolus cryptandrus - - 1.3 0.2 
Achnatherum hymenoides - - 0.5 - 

Total grasses 0.0 0.0 1.9 0.2 
Plant litter 5.4 4.7 8.2 5.4 
Bare ground 28.8 55.8 48.1 50.3 

Total vegetative cover 65.7 38.7 42.6 44.1 

 
 
C.1.4 Plant Uptake of Nitrogen and Sulfur 
 
LM scientists analyzed nitrogen and sulfur contents of leaf tissue samples of fourwing saltbush 
and black greasewood rooted in the plume to estimate annual uptake rates (DOE 2007), and then 
extrapolated the results over large areas of the plume using remote sensing and estimates of 
fractional cover of these two phreatophytic shrubs (Appendix F). 
 
Leaf material was harvested from 0.25 m2 quadrats on eight randomly selected saltbush and 
greasewood plants growing over the plume. Dry weight of leaves plus seeds was multiplied by 
nitrogen content (3.14%, S.E. = 0.2) or sulfur content (0.66%, S.E. = 0.04), and then by 
fractional vegetation cover for areas of the plume, to calculate annual nitrogen and sulfur uptake 
rates for the plume. Both species replace their leaves annually, and so the tissue concentrations 
based on leaf weights were interpreted as a minimum measure of annual elemental uptake 
rates—the values exclude branch and root growth (S.E. is standard error of the mean). Dry 
weight of saltbush leaves was 508 grams per square meter (g/m2) (S.E. = 55) while greasewood 
was 276 g/m2 (S.E. = 32). The mean value of 392 g/m2 was used, thus assuming an equal 
proportion of plants over the plume. 
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The area over the plume was divided into three distinct vegetation zones (Table C-4): a densely 
populated, 4.9 ha stand of volunteer fourwing saltbush just east of the source area and within the 
fence (protected from grazing); a 20.6 ha stand of less densely populated black greasewood just 
north of the source area; and a 162 ha area of relatively sparse fourwing saltbush covering most 
of the rest of the plume. The evaluation was based on nitrogen and sulfur content of leaf samples. 
Again, both plant species replace their leaves annually, so the results represent annual 
uptake rates.  
 

Table C-4. Area, plant cover, and uptake of sulfur and nitrogen based on leaf dry weight for three areas 
over the Monument Valley contamination plume. ATCA = Atriplex canescens (fourwing saltbush) and  

SAVE = Sarcobatus vermiculatus (black greasewood). 
 

Area Description 
Area 
(ha) 

Plant 
Cover 

(%) 

Sulfur 
Uptake 
(kg/yr) 

Sulfur 
Uptake 

(kg/yr/ha) 

Nitrogen 
Uptake 
(kg/yr) 

Nitrogen 
Uptake 

(kg/yr/ha) 
Volunteer ATCA 
Inside Fence 

4.9 24.1 30.7 6.3 146 29.8 

Dense SAVE Outside 
Fence 

20.6 9.75 52.1 2.5 248 12.0 

Sparse ATCA 
Outside Fence 

162 5.24 220 1.4 1,045 6.5 

 
 
Nitrogen uptake for the entire area overlying the plume was 1,439 kg/yr and sulfur uptake was 
296 kg/yr. Although substantial, these estimates of uptake rates are relatively modest compared 
to the total amount of contamination in the plume, roughly 9.6 × 107 kg nitrogen and  
2.7 × 1010 kg sulfur, based on data from the SOWP (DOE 1999). 
 
C.1.5 Groundwater Extraction: Phreatophyte Transpiration 
 
An objective of the plume pilot studies was to evaluate methods for limiting the continued spread 
of the alluvial aquifer plume by enhancing plant transpiration (natural pumping of water back to 
the atmosphere). The study employed a combination of transpiration measurements on individual 
plants and remote sensing methods to monitor the effects of grazing on LAI, fractional cover (fc), 
and ET. Journal publications of this research are appended. 
 
Two native phreatophytic shrubs are rooted in the alluvial aquifer (Section C.1.2): fourwing 
saltbush (Atriplex canescens, or ATCA) and black greasewood (Sarcobatus vermiculatus, or 
SAVE). Given the literature on the ecohydrology of these two phreatophytes, LM scientists 
evaluated the concept that ET of groundwater by these two plant species could potentially slow 
the movement of the contaminant plume, as a type of groundwater hydraulic control (EPA 2000).  
 
Because the site has historically been heavily grazed by livestock, the study focused on a 
comparison of transpiration rates for (1) areas overlying the plume that are grazed and (2) areas 
protected from grazing. Results of an evaluation of grazing management and revegetation, 
considered to be the most practical methods for enhancing plume phytoremediation, are 
presented in Section C.1.3. Appendix F describes the research that led to the development of 
remote sensing monitoring protocols that were used for this study. A journal publication 
(Bresloff et al. 2013) provides thorough documentation of the remote sensing research 
(see Appendix J).  
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Transpiration rates of fourwing saltbush and black greasewood rooted in the plume were 
measured in 2006 and 2007 using sap flow sensors attached to branches on individual plants 
inside and outside livestock exclosures (Glenn et al. 2009). Sap flow sensors (Figure C-8) 
introduce a precise amount of heat into the plant through a wire wrapped around the stem. 
Temperatures are measured by thermocouples placed in the stem upstream and downstream of 
the heating wire, and outside the insulating layer around the stem section. Temperature 
differences between the stem temperature at the heating wire and at the three points away from 
the heating wire are used to solve an energy balance equation to determine diffusive and 
convective heat losses. Convective heat loss is due to heat carried away from the stem section by 
water moving in the transpiration stream, thus providing a measure of water flow though 
the plant. 
 
Estimates of landscape-scale transpiration rates were derived from the stem sap flow 
measurements using the LAI and fc values of those plants (Figure C-9), and then extrapolated 
over larger areas of the plume using satellite remote sensing methods (Appendix F). High-
resolution Quickbird images, on which individual shrubs are discernible, were used to develop 
relationships between ground measurements of LAI and fc, and values of the NDVI on images. 
These results were then scaled to longer time frames using archival Landsat imagery for which 
NDVI values were inter-calibrated with Quickbird images. 
 
This approach for estimating ET on a landscape scale indicates that fourwing saltbush and black 
greasewood shrubs had relatively high LAI and canopy level transpiration rates (Table C-5), and 
that the fc of plants was the controlling factor for their water consumption over different areas of 
the plume. Table C-6 shows that over the whole site, annual precipitation exceeded ET from 
2000 to 2004, but was slightly lower than ET from 2005 to 2010 due to revegetation of the 
source area and reduced grazing over the plume. Table C-6 also shows that the more dense 
stands of ATCA and SAVE, protected from grazing, used up to twice the annual precipitation, 
demonstrating the potential of the shrub community to control the site water balance, and 
provide groundwater hydraulic control under favorable conditions. 
 
The results also show that ET is approximately equal to annual precipitation over the entire site. 
However, in exclosure plots where fourwing saltbush and black greasewood were protected from 
grazing, plants developed higher fc and LAI values, and ET exceeded annual precipitation, with 
the excess assumed to come from groundwater discharge. Therefore, grazing management could 
be an effective method to slow migration of the contaminant plume in the shallow alluvial 
aquifer at this and similar sites in the western U.S. 
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Figure C-8. Wiring for a heat-dissipation stem flow sensor on a black greasewood (Sarcobatus 
vermiculatus) plant rooted in the alluvial aquifer at the Monument Valley site (top photo), and photovoltaic 

panel, batteries, and datalogger to power and record data from the stem flow sensor (bottom photo). 
 
 
 



 

 
Monitored Natural & Enhanced Attenuation, Alluvial Aquifer and Subpile Soils—Monument Valley U.S. Department of Energy 
Doc. No. S07670  May 2016 
Page C-18 

 
 
Figure C-9. Local residents Ben and Mary Stanley sampling foliage to estimate LAI and fractional cover of 
a black greasewood (Sarcobatus vermiculatus) plant as part of the phreatophyte transpiration study at the 

Monument Valley site.  
 
 

Table C-5. Summary of LAI and sap flow data for ATCA (Atriplex canescens, fourwing saltbush) and 
SAVE (Sarcobatus vermiculatus, black greasewood) plants growing over the Monument Valley 

contamination plume. Mean values were pooled across species and grazing treatments but separated by 
year based on analysis of variance (ANOVA) results. 2006 values were significantly lower than 2007 

values for each variable (P < 0.05). 
 

 LAI 2006 LAI 2007 
2006 ET 

Leaf 
(mm/m2)/d 

2007 ET 
Leaf 

(mm/m2)/d 

2006 ET 
Canopy 

(mm/m2)/d 

2007 ET 
Canopy 

(mm/m2)/d 
ATCA In 
ATCA Out 

2.96 
3.19 

3.78 
4.47 

1.66 
2.81 

2.95 
4.38 

4.91 
8.96 

11.15 
19.58 

SAVE In 
SAVE Out 

3.71 
2.05 

3.98 
4.45 

3.06 
3.07 

6.72 
4.42 

11.35 
6.29 

26.75 
19.67 

Mean 
SE 
N 

2.96 
0.22 
31 

3.85 
0.27 
32 

2.66 
0.27 
13 

4.74 
0.69 
17 

7.97 
1.16 
13 

16.79 
2.59 
17 

Notes: 
In = inside livestock exclosures 
Out = outside livestock exclosures 
SE = standard error of the mean 
N = sample size 
(mm/m2)/d = millimeters per square meter per day 
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Table C-6. Potential evapotranspiration (ETo), precipitation, and ET estimated by Moderate Resolution 
Imaging Spectrometer (MODIS) satellite imagery for areas at the Monument Valley site. Means and 

standard errors (SE) are shown for 2000-2004 and 2005-2010. All values are mm yr−1. 
 

Year ETo Precipitation 
Inside 
Fence 

Outside 
SAVE 

Outside 
ATCA 

Whole Site

2000 1573 168 189 146 123 144 
2001 1499 214 145 149 122 136 
2002 1482 143 103 99 99 90 
2003 1508 146 183 191 147 169 
2004 1461 212 185 159 129 146 
Mean (SE) 1504 (19) 176 (17) 161 (17) 148 (15) 124 (8) 137 (13) 
2005 1463 267 282 220 196 195 
2006 1452 155 206 157 110 143 
2007 1465 167 306 235 199 200 
2008 1421 193 259 248 160 162 
2009 1432 107 193 184 114 150 
2010 1419 234 310 356 242 268 
Mean (SE) 1442 (8) 187 (26) 259 (20) 233 (28) 170 (21) 186 (19) 

 
 
C.2 Natural and Enhanced Plume Denitrification 
 
The Monument Valley pilot studies evaluated the feasibility of relying on natural attenuation 
processes to remediate contamination in soil beneath the former New Tailings Pile (referred to as 
the source area) and an alluvial aquifer (referred to as the plume) spreading away from the source 
area. The evaluation focused on the roles of native desert plants (phytoremediation) and 
microorganisms (bioremediation). Source area phytoremediation and bioremediation were 
addressed in Appendix B and plume phytoremediation was addressed in Section C.1. This 
section first reviews modeling and monitoring methods used to evaluate ongoing natural 
microbial denitrification in the plume (C.2.1), and then reviews the results of a field study 
designed to enhance natural denitrification. Journal publications of this research are in 
Appendixes I and J. 
 
C.2.1 Natural Plume Denitrification 
 
Natural attenuation of nitrate is the combined effect of several naturally occurring processes, 
such as biodegradation, sorption, and dispersion, that decrease the concentrations of chemicals in 
the aquifer over time (Rivett et al. 2008; Smith et al. 2006; Tartakovsky et al. 2002). Sorption 
was determined for nitrate in column studies (Jordan et al. 2008), and for nitrate in the plume by 
mobility relative to chloride (Carroll et al. 2009). Spatial and temporal nitrate concentration data 
was collected from a transect of monitoring wells located along the plume centerline and was 
used to model dispersion and sorption processes (Carroll et al. 2009). 
 
Based on the finding that microbial denitrification was taking place in the source area 
(McKeon et al. 2005), LM scientists conducted laboratory and field assays to see if 
denitrification occurred in the plume as well. If present, natural denitrification could represent a 
passive form of site remediation, with nitrate gradually converted to nitrogen and nitrous oxide 
gasses over time. Furthermore, ammonium and sulfate in the plume could also undergo microbial 
transformations that could reduce their levels in the aquifer through coupled nitrification-
denitrification and formation of hydrogen sulfide gas, respectively. 
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15N and denitrification assays, as part of laboratory microcosm studies, were used to evaluate the 
conversion of nitrate to nitrogen and nitrous oxide gasses (Jordan et al. 2008). From these data, 
LM scientists developed a model (the MT3DMS Model) of first-order rate coefficients for 
natural attenuation and denitrification. The model was then compared to measurements of nitrate, 
ammonium, and oxygen in observation wells from 1985 to 2007, producing calibrated estimates 
of rates of natural attenuation and of enhanced attenuation (Carroll et al. 2009).  
 
Laboratory assays showed that denitrification occurred in samples collected from the plume, 
with a projected half-life of nitrate of 1-4 years under laboratory conditions (Table C-7). 
Furthermore, adding a carbon substrate (ethanol or methanol) increased the rate of denitrification 
by two orders of magnitude (Figure C-10). These results were checked by determining the 15N 
enrichment factor in the residual nitrate in the reaction vessels. As expected, 15N accumulated in 
the residual nitrogen fraction, because 14N is the preferred form of nitrogen for microbial 
denitrification.  
 
Table C-7. Natural, ethanol-, and methanol-enhanced denitrification first-order rate coefficients obtained 

from laboratory microcosm concentration data. 
 

First-order Rate Description k (hr-1) k (yr-1) Half-life (yr) 
2006-natural 2.00 × 10−5 0.2 3.96 

2007-natural 8.33 × 10−5 0.7 0.95 

2006-with ethanol 3.30 × 10−3 28.9 0.02 

2007-with ethanol 2.00 × 10−3 17.5 0.04 

2007-with methanol 1.95 × 10−3 17.1 0.04 
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Figure C-10. Microcosm nitrate depletion in soil slurries with or without methanol or ethanol amendment 

(DOE 2008, Jordan et al. 2008). 
 
 
These laboratory rates cannot be extrapolated directly to field conditions. Therefore, scientists 
estimated field rates by measuring nitrate concentrations and 15N enrichment values in samples 
taken from plume wells at increasing distances from the source area, up to 2,000 m away at the 
leading edge of the plume (Figure C-11). Nitrate decreased in concentration with increasing 
distances from the source (Figure C-11a), presumably due to dilution of the original nitrate due 
to recharge of the plume as well as by denitrification. 15N enrichment also increased with 
distance (Figure C-11b), and a plot of 15N enrichment versus nitrate concentration showed an 
inverse relationship between 15N enrichment and nitrate loss (Figure C-11c), as expected for 
microbial denitrification.  
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Figure C-11. Nitrate (a) and 15N isotope enrichment (b) in the Monument Valley contamination plume as a 
function of distance from the source area, and 15N-nitrate enrichment as a function of nitrate concentration 

in the same samples (c). Significance levels are denoted as ** (P < 0.01) and *** (P < 0.001). 
 
 
The discrimination of 14N over 15N is calculated as an enrichment factor () as: 
 
s(t) − s0)/ln Ct/C0 
 
where: 
s(t) is the enrichment value of the sample at time (t) 
s0 is the enrichment factor of the original source of nitrate 
Ct and C0 are the final and starting concentrations of nitrate, respectively 
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Values of  are usually negative, with more negative numbers indicating greater discrimination 
of 14N over 15N. For this analysis, we assumed that samples taken just outside the source area 
represented s(t) and C0, while samples at the leading edge of the plume represented s0 and Ct. 
Our calculated value of  was −1.7, typical of mixed systems where nitrate is attenuated by 
physical processes such as dispersion and sorption as well as by microbial nitrification. On the 
other hand, pure denitrification determined in laboratory assays produces values of  ranging 
from -10 to -23 (Blackmer and Bremner 1977) (our laboratory value was -9.63). If we apply the 
range of values for pure denitrification to our mixed system, we can estimate that from 1968 
when the mill closed to 2008, approximately 40-60 percent of the original nitrate in the plume 
was lost to denitrification, for a half-life of approximately 40 years. 
 
Miao et al. (2013) evaluated the natural attenuation of ammonium in groundwater. They 
collected samples from 14 wells in the plume and analyzed major cations and anions, trace 
elements, and isotopic composition of ammonium and nitrate. Their results showing oxic redox 
conditions and correspondence of isotopic compositions of ammonium and nitrate confirmed the 
natural attenuation of ammonium via nitrification. Moreover, they observed that ammonium 
concentration within the plume area was closely related to concentrations of uranium and a series 
of other trace elements, including chromium, selenium, vanadium, iron, and manganese. They 
hypothesized that ammonium-nitrate transformation processes influence the disposition of the 
trace elements through mediation of redox potential, pH, and possibly aqueous complexation and 
solid-phase sorption. Despite the generally relatively low concentrations of trace elements 
present in groundwater, their transport and fate may be influenced by remediation of ammonium 
or nitrate at the site.  
 
C.2.2 Enhanced Plume Denitrification and Sulfate Reduction 
 
At the rate now occurring in the aquifer, many decades may be required for nitrate levels to 
decay to compliance levels by natural denitrification alone. On the other hand, the laboratory 
assays suggested that denitrification could be greatly enhanced by injecting a carbon substrate 
into the plume. This appeared to be feasible due to the limited volume of the aquifer with high 
concentrations of nitrate, and the high hydraulic conductivity of the aquifer sediments. Two field 
trials were conducted to test this option, a push-pull experiment and a natural gradient 
experiment. The experiments were initiated in 2009 and monitored through 2011  
(Borden et al. 2011). 
 
The push-pull experiment injected 5 percent ethanol dissolved in plume water into well 765  
(Figure C-12) screened at 17-27 m soil depth, located in an area of high nitrate concentration in 
the plume. Additional groundwater was then added to push the ethanol solution into the aquifer 
surrounding the well casing. Water was then pumped from the well casing to retrieve the 
injection solution, and it was tested for nitrate, ethanol, and nitrous oxide to determine the rate of 
denitrification. Over 48 hours, nitrate levels decreased to background levels (Figure C-13) and 
nitrous oxide levels increased (Figure C-14), indicating that denitrification occurred. In addition, 
changes in aqueous concentrations of sulfate, iron, and manganese indicated that the ethanol 
amendment caused a change in prevailing redox conditions. The results of compound-specific 
stable isotope analysis for nitrate-nitrogen indicated that the nitrate concentration reductions 
were biologically mediated. Denitrification rate coefficients estimated for the pilot tests were 
approximately 50 times larger than resident-condition (non-enhanced) values obtained from prior 
characterization studies conducted at the site (Carroll et al. 2009). The nitrate concentrations in 
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the injection zone have remained at levels three orders of magnitude below the initial values for 
many months (Figure C-13), indicating that the ethanol amendments had a long-term impact on 
the local subsurface environment. 
 
The single-well natural gradient experiment injected ethanol in one well, and detected its rate of 
movement and effect on nitrate levels in a series of downgradient observation wells. The purpose 
was to see if the rate of movement of ethanol in the aquifer was sufficient to make enhanced 
denitrification practical at this site. As in the first experiment, denitrification was rapid at the 
injection site, well 729 (Figure C-13). The redox potential in the soil changed, and it was 
confirmed that sulfate was converted to hydrogen sulfide. Sulfate concentrations began to 
decrease a few weeks after the injection, coincident with the depletion of nitrate, and by month 9, 
were below 10 mg/L. After a time lag, denitrification was detected at the downgradient 
observation wells, with the direction of movement determined to be northwesterly and the rate of 
movement calculated as 0.1 m day−1. As in the first experiment, once nitrate levels decreased, 
they did not rebound over the measurement period of several months. This indicates that residual 
denitrification activity after ethanol injection can keep pace with nitrate renewal rates. This could 
occur if microbial biomass developed from the injection of ethanol was recycled as a substrate 
for later generations of denitrifying bacteria. The results are positive in showing that ethanol 
injection has a long-lasting effect on aquifer nitrate levels. 
 
These results support the premise that it would be feasible to enhance denitrification by 
injecting ethanol into hot-spot areas of the plume. The plume currently has two hot spots of 
high-nitrate concentrations, each apparently with a footprint area of about 2 ha (Appendix D, 
Section D.2). Using the rate of movement of 0.1 m day−1, a single injection well could treat 
an area of roughly 0.4 ha yr−1. Therefore, it may be possible to treat the hot-spot areas with 
five injection wells each.  
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Figure C-12. Illustration of the Monument Valley site showing the source area and selected monitoring 
wells. The inset shows the arrangement of injection and monitoring wells used for the push-pull and single 

well gradient test. Ethanol was first injected into well 765 in the push-pull experiment. Ethanol was then 
injected into well 729 and monitored in the downgradient wells in the natural gradient experiment. 
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Figure C-13. Long-term nitrate concentrations measured for the push-pull test (injection well 765) and for 

the single-well injection test (injection well 729 and monitoring wells 743, 730, and 741). Time 0 
corresponds to the start of ethanol injection. 

 
 

 
 
Figure C-14. Nitrous oxide concentrations measured for the push-pull test (injection well 765) and for the 

single-well injection test (injection well 729). Time 0 corresponds to the start of ethanol injection. 
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