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1. INTRODUCTION 


This Corrective Action Comprehensive Monitoring Evaluation (CACME) report for the perched 


groundwater nitrate plume at the White Mesa Uranium Mill (the Mill or the site) located near 


Blanding, Utah represents a 5-year review of the Phase II Corrective Action as specified in the 


final Stipulation and Consent Order (SCO) Docket No. UGW12-04. The SCO was approved on 


December 12, 2012 by the Utah Department of Environmental Quality Division of Waste 


Management and Radiation Control (DWMRC) [Utah Department of Environmental Quality 


Division of Solid Waste and Radiation Control, 2012]. The May 12, 2012 Corrective Action Plan 


(CAP) for Nitrate (HGC, 2012a) is an appendix to the SCO. 


As required under the SCO, the CACME is to include: 


1. An estimate of the rate of nitrate plume remediation (percent mass reduction and 


concentration reduction per year) and projected timeline to return groundwater nitrate 


concentrations to the Groundwater Quality Standards using Phase II alone, including any 


adjustments to the reclamation surety estimate; 


2. Identification of any changes to Phase II to improve effectiveness and accelerate the 


remediation timeline, and;  


3. Unless it has been determined to the satisfaction of the DIRECTOR that Phase II has 


returned or will return nitrate concentrations to the Utah Groundwater Quality Standard 


within five (5) years, then preparation of a Phase III planning document including a 


transport assessment, a hazard assessment, and an exposure assessment along with a 


corrective action assessment including an evaluation of best available remedial 


technologies as described in the May 12, 2012 CAP Section 7.3.  


 


In addition, the report must bear the seal of a Professional Engineer or Professional Geologist, 


pursuant to UAC R3l7-6-6.15.D.3. 


This report meets the above requirements of the SCO and discusses quarterly data collected 


beginning with the implementation of Phase II during the first quarter of 2013. Data collected 


from the fourth quarter of 2012, which reflects the quarter just prior to the initiation of Phase II 


pumping, and the ‘baseline’ data collected during the second quarter of 2010 are also included. 


The ‘baseline’ second quarter 2010 (rather than the fourth quarter 2012) data are used as a pre-


pumping reference for evaluation of the performance of the corrective action as specified per 


phase II of the CAP (HGC, 2012a). 
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As will be discussed in detail below, our evaluation demonstrates that Phase II meets all 


performance criteria in the CAP and that continuation of Phase II is adequate and appropriate at 


this time. As a result, implementation of Phase III is not necessary or desirable at this time, and 


we recommend that Phase II continue until such time as it ceases to meet applicable criteria or 


EFRI elects to implement Phase III. 
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2. BACKGROUND AND OVERVIEW 


Perched groundwater is the shallowest groundwater encountered at the site and is the focus of all 


groundwater monitoring and corrective action activities. Figure 1A is a site plan showing the 


locations of perched groundwater monitoring wells, piezometers, and nitrate and chloroform 


pumping wells. Wells TW4-22, TW4-24, TW4-25, and TWN-2 are nitrate pumping wells; MW-


4, MW-26, TW4-1, TW4-2, TW4-4, TW4-11, TW4-19, TW4-20, TW4-21, TW4-37, and TW4-


39 are chloroform pumping wells. 


Figure 1B is a site plan that shows kriged third quarter, 2017 perched groundwater elevations, 


and the locations of three perched groundwater plumes: the nitrate, chloride, and chloroform 


plumes. Specifically Figure 1B displays the kriged, third quarter, 2017 boundaries of these 


plumes. All three plumes originate from source areas located up-gradient to cross-gradient with 


respect to the site tailings management system. 


The nitrate plume (which is the focus of this report) is defined by nitrate as nitrogen (N) 


concentrations that equal or exceed 10 milligrams per liter (mg/L); the chloride plume by 


chloride concentrations that equal or exceed 100 mg/L; and the chloroform plume by chloroform 


concentrations that equal or exceed 70 micrograms per liter (µg/L). The nitrate and chloroform 


plume boundaries are based on the State of Utah Groundwater Quality Standards for these 


substances whereas the chloride plume is defined by a threshold concentration that appears to 


exceed the background chloride concentrations within the perched groundwater (INTERA, 


2009b).  


The nitrate plume as defined in the CAP is confined to the region of the perched zone containing 


nitrate concentrations exceeding 10 mg/L located south of TWN-18 and north of MW-11. At the 


time of preparation of the CAP, the highest nitrate concentrations were historically detected at 


TWN-2, within the northern (upgradient) portion of the plume, and within the footprint of the 


historical pond (Figure 1B). Areas of detectable nitrate that are not continuous with the above 


defined area exist to the northeast (near former nitrate program wells TWN-9 and TWN-17 [now 


abandoned as per the CAP]), and to the east-southeast associated with the chloroform plume. 


Areas to the northeast are not a target of the CAP, and nitrate associated with the chloroform 


plume is addressed by ongoing chloroform pumping. 


The nitrate, chloride and chloroform plumes commingle; however only the northwest portion of 


the chloroform plume commingles with the nitrate and chloride plumes, and the suspected 


sources of the chloroform plume, two former sanitary leach fields that received laboratory wastes 


prior to Mill operation (HGC, 2007; HGC, 2016), are located to the east (cross-gradient) of the 
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chloride and nitrate plumes. The historical pond (Figure 1B), formerly located upgradient of the 


tailings management system within the upgradient extremity of the nitrate and chloride plumes, 


is likely a major contributing source to the nitrate and chloride plumes, although potential 


additional former sources have not been ruled out. Currently, there are no known remaining 


active or unaddressed sources  


The historical pond was active as far back as the 1920s, as many as 60 years prior to the 


establishment of the White Mesa Mill. Aerial and satellite photos taken over the years and dating 


back to the 1950s indicate that the historical pond was one of the major agricultural/livestock 


ponds in the area and typically contained water. However, records or information have not been 


obtained to evidence the actual specific uses of the pond over the years. 


Although the chloroform and nitrate plumes had different sources, the sanitary leach field 


sources to the chloroform plume contributed nitrate which exceeds 10 mg/L in areas east-


southeast of the nitrate plume. However, the nitrate associated with the chloroform plume is 


separated from the nitrate plume by wells having nitrate that is either not-detected or at 


concentrations less than 10 mg/L. Figures 2 and 3 are maps showing third quarter, 2017 nitrate 


and chloride concentrations, respectively. Third quarter, 2017 nitrate concentrations range from 


non-detect to approximately 66 mg/L and chloride concentrations range from approximately 13 


to 1,230 mg/L. Appendix A provides figures showing second quarter 2010 (‘baseline’) nitrate 


and chloride concentrations. Second quarter, 2010 nitrate concentrations range from non-detect 


to approximately 69 mg/L and chloride concentrations range from approximately 6 to 639 mg/L. 


The maximum nitrate concentration detected within the nitrate plume was 111 mg/L during the 


fourth quarter of 2016 and the maximum chloride concentration detected within the chloride 


plume was 1,260 mg/L during the first quarter of 2013. 


2.1 Historical Perspective 


A detailed history of the nitrate and chloride plume investigation is provided in the CAP (HGC, 


2012a). Nitrate within the area shown in Figure 1B was first detected in wells TW4-19, TW4-22, 


TW4-24, and TW4-25 that were installed as part of the investigation of the chloroform plume 


initially discovered at perched well MW-4 in 1999. Pumping of chloroform-laden perched water 


began in 2003 (HGC, 2007; HGC, 2016) and continues to the present time. 


Investigation of nitrate exceeding 10 mg/L in the perched water included installation of 19 


temporary TWN-series wells shown in Figures 1A and 1B (many now abandoned as per the 







 


5 
 


Nitrate Corrective Action Comprehensive Monitoring Evaluation (CACME) Report 


H:\718000\71807\NCACME\Report\NCACME2017 Final 12.11.17.Docx 


December 11, 2017 


 


CAP) and numerous shallow borings as part of a source investigation. EFRI identified and 


prioritized potential sources of the nitrate in (INTERA, 2009a) and in (INTERA, 2011).  


Based on the investigations, EFRI and the Executive Secretary agreed that the corrective actions 


were to involve three Phases. Phase I involved source control in the vicinity of the Mill’s 


ammonium sulfate tanks, the one remaining potential source of nitrate contamination. Phase II 


involves near term active remediation of the nitrate contamination by pumping contaminated 


water into the Mill’s tailings cells for disposal, combined with monitored natural attenuation. 


Phase III, if necessary, will be at the discretion of EFRI and would involve a long term solution 


for the nitrate contamination, in the event that the continuation of Phase II is not considered 


adequate or appropriate. Phase I has been completed. Phase II is ongoing and is the subject of 


this CACME. An evaluation of Phase III is considered premature at this time and is not included 


in this report. 


2.2 Perched Groundwater Occurrence, Pumping, and Impact of Wildlife 
Ponds 


An extensive description of the site hydrogeology, which focuses on the perched groundwater 


zone, is provided in HGC (2014). As noted above, perched groundwater is the shallowest 


groundwater encountered beneath the site and is the primary focus of all groundwater monitoring 


and corrective action (nitrate and chloroform pumping) activities. 


Perched groundwater is hosted primarily by the Burro Canyon Formation. Where saturated 


thicknesses are large, perched water extends into the overlying Dakota Sandstone. The perched 


water is supported within the Burro Canyon Formation by the underlying Brushy Basin Member 


of the Morrison Formation. The Brushy Basin Member is a bentonitic shale that is considered an 


aquiclude (Kirby, 2008; United States Nuclear Regulatory Commission, 1979).  


The generally low permeability of the perched zone limits well yields. Although sustainable 


yields of a few gallons per minute (gpm) have been achieved in site wells penetrating higher 


transmissivity zones near wildlife ponds (Figures 1A and 1B), yields are typically low (<
1
/2 


gpm). Many of the perched monitoring wells purge dry and take several hours to more than a day 


to recover sufficiently for groundwater samples to be collected. In extreme cases, wells require 


several weeks to recover sufficiently for groundwater samples to be collected. During 


redevelopment (HGC, 2011) many of the wells went dry during surging and bailing and required 


several sessions on subsequent days to remove the proper volumes of water. 
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Perched groundwater flow within the Burro Canyon Formation has historically been to the 


south/southwest. Local depression of the perched water table occurs near chloroform pumping 


wells MW-4, MW-26, TW4-1, TW4-2, TW4-4, TW4-11, TW4-19, TW4-20, TW4-21, TW4-37, 


and TW4-39; and near nitrate pumping wells TW4-22, TW4-24, TW4-25, and TWN-2 (Figure 


1B). Chloroform pumping wells are pumped to reduce chloroform mass within the chloroform 


plume east and northeast of the tailings cells, and nitrate pumping wells are pumped to reduce 


nitrate mass within the nitrate plume as per Phase II of the CAP. 


Specifically, as per Phase II of the CAP, nitrate pumping is designed to sufficiently contain and 


hydraulically control the nitrate plume to prevent physical expansion of the plume. Nitrate 


pumping is not designed to hydraulically contain the entire plume, but to remove mass as rapidly 


as is practical from areas of the plume having both relatively high concentrations and relatively 


high productivity, and to hydraulically contain a large enough proportion of the plume to prevent 


expansion. Downgradient areas of the plume not under direct hydraulic control rely on natural 


attenuation assisted by upgradient pumping that reduces nitrate mass flow to these areas. Natural 


attenuation mechanisms include concentration reduction via natural dilution and hydrodynamic 


dispersion and nitrate mass removal (reduction) via oxidation of naturally-occurring pyrite 


and/or organic material in the Burro Canyon Formation (HGC, 2012b; HGC, 2014). Natural 


reduction of nitrate was not discussed in the CAP as a potential mass removal mechanism 


because pyrite (which is likely to be the primary reductant) within the perched zone had not been 


quantified at the time of preparation of the CAP. Natural attenuation will be discussed in detail in 


Section 4. 


Perched water discharges in springs and seeps along Westwater Canyon and Cottonwood 


Canyon to the west-southwest of the site, and along Corral Canyon to the east of the site (Figure 


1B), where the Burro Canyon Formation outcrops. The closest discharge points downgradient of 


the tailings cells are Westwater Seep (approximately 2,800 feet downgradient) and Ruin Spring 


(approximately 9,400 feet downgradient [HGC, 2010]). Westwater Seep is also the closest 


discharge point for the western portion of the nitrate plume, and Ruin Spring the closest 


discharge point for the eastern portion of the nitrate plume (HGC, 2014). 


The nitrate plume has been impacted by past water delivery to wildlife ponds located east-


northeast of the nitrate plume (Figure 1B). Perched groundwater mounds that resulted from 


seepage from these unlined ponds have been decaying since water delivery ceased in March, 


2012. A perched groundwater mound also exists in the vicinity of TWN-2 just north of the Mill 


site (Figure 1B). The perched groundwater mound near TWN-2 is likely a residual mound 


resulting from low permeability conditions and the location of TWN-2 within the footprint of the 
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historical pond (Figure 1B). Although the historical pond no longer exists and does not contain 


standing water, the remaining topographic depression associated with the pond likely resulted in 


enhanced infiltration of precipitation before re-grading of the land surface in that area circa 1980. 


Slightly enhanced infiltration of precipitation since the re-grading (due to the flatness of the area) 


and relatively low permeability conditions at TWN-2 likely allowed the mound to persist. 


Although nitrate pumping well TWN-2 is located within this mound, the decay of the mound has 


been relatively slow due to the relatively low permeability which restricts the productivity of 


TWN-2. 


Past seepage from the northern wildlife ponds was a source of dilution that helped to limit nitrate 


and chloride concentrations within the nitrate, chloride, and chloroform plumes. At the same 


time, the groundwater mounds associated with these ponds increased hydraulic gradients and 


contributed to downgradient migration of all three plumes. After water delivery to the ponds 


ceased in March, 2012, and the associated groundwater mounds began to decay, nitrate and 


chloride concentrations within the nitrate and chloride plumes, and chloroform and nitrate 


concentrations within the chloroform plume, were expected to increase. 


However, localized increases in concentrations of constituents such as nitrate and chloride within 


and near the nitrate plume may occur even when the nitrate plume is under control based on the 


requirements specified in the CAP. Ongoing mechanisms that can be expected to increase the 


concentrations of nitrate and chloride locally as a result of reduced wildlife pond recharge 


include but are not limited to: 


1. Reduced dilution - the mixing of low constituent concentration pond recharge into 


existing perched groundwater will be reduced over time. 


2. Reduced saturated thicknesses – dewatering of higher permeability zones receiving 


primarily low constituent concentration pond water will result in wells intercepting the 


zones receiving a smaller proportion of the low constituent concentration water. 


 


The impacts associated with cessation of water delivery to the northern ponds were expected to 


propagate downgradient (south and southwest) over time. Wells close to the ponds were 


generally expected to be impacted sooner than wells farther downgradient of the ponds. 


Therefore, constituent concentrations were generally expected to increase in downgradient wells 


close to the ponds before increases were detected in wells farther downgradient of the ponds. 


Although such increases were anticipated to result from reduced dilution, the magnitude and 


timing of the increases were anticipated to be and have been difficult to predict due to the 


complex permeability distribution at the site and factors such as pumping and the rate of decay of 
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the groundwater mound. Because of these complicating factors, some wells completed in higher 


permeability materials were expected to be impacted sooner than other wells completed in lower 


permeability materials even though the wells completed in lower permeability materials were 


closer to the ponds. 


In general, nitrate concentrations within and adjacent to the nitrate plume appear to have been 


impacted to a lesser extent than chloroform and nitrate concentrations within and in the vicinity 


of the chloroform plume, and the area of the nitrate plume has been relatively stable. As will be 


discussed in Section 3, and as shown in Figure 4 and Table 1, although the plume boundaries 


have changed somewhat, the area of the nitrate plume was approximately the same in the third 


quarter of 2017 as in the second quarter of 2010. Compared to the chloroform plume, this 


behavior is reasonable considering that the nitrate plume is less directly downgradient of and 


presumably less hydraulically connected (via higher permeability materials) to the wildlife 


ponds. 


The relative stability of average nitrate concentrations within the nitrate plume and the relative 


stability of the plume area (Table 1) likely result from a combination of competing factors. 


Nitrate mass removal by pumping and naturally occurring nitrate degradation, which tend to 


reduce concentrations within the plume and shrink the plume boundaries, are counteracted by 


reduced dilution from the wildlife ponds, which tends to increase concentrations within the 


plume and expand the plume boundaries. The interaction of these two mechanisms has resulted 


in a plume that appears to be in dynamic equilibrium with respect to area. 


2.3 Chloroform Pumping Wells Within and Adjacent to the Nitrate Plume 


Nitrate pumping wells TW4-22, TW4-24, TW4-25, and TWN-2, the original nitrate pumping 


wells specified in Phase II of the CAP, began pumping in the first quarter of 2013 and have 


continued to remove nitrate mass since that time. However, because of the overlap of the 


northwestern portion of the chloroform plume with the nitrate plume (Figure 1B), significant 


nitrate mass is removed from chloroform pumping wells that are within or adjacent to the nitrate 


plume. Chloroform pumping wells TW4-19 and TW4-20 (Figures 1A and 1B), which had been 


pumping several years prior to the initiation of nitrate pumping, are occasionally within the 


nitrate plume due to the quarter to quarter fluctuations in the position of the eastern plume 


boundary. The nitrate mass removal rates from these wells also fluctuate depending on their 


positions relative to the plume. Even during quarters when these wells are not within the nitrate 


plume (concentrations in the wells are less than 10 mg/L), the concentrations in these wells are 


typically large enough that they contribute significant nitrate mass removal. Chloroform 
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pumping wells TW4-21 and TW4-37, which became operational in 2015, are typically and 


consistently within the nitrate plume, respectively, and consistently remove relatively large 


masses of nitrate from the plume. 


Although TW4-21 and TW4-37, which became operational in 2015, are not considered nitrate 


pumping wells because they were installed as part of the chloroform program to increase 


chloroform mass removal rates, they nevertheless in practice represent an enhancement to and 


expansion of the nitrate pumping system. 


2.4 Summary of Results and Conclusions 


 The following results and conclusions are based on information and calculations detailed in 


Sections 3 through 5 below: 


1. As discussed in Sections 3.3 and 4 below, between the second quarter of 2010 and the 


third quarter of 2017, the mass of nitrate contained within the plume has been reduced by 


approximately 11% to 25%. Furthermore, there is enough pyrite in the perched zone 


within the path of the plume to completely attenuate the plume through natural reduction 


of nitrate alone. Based on pumping and estimated natural attenuation rates determined to 


date, the mass of the plume will be reduced by approximately 573 to 601 lbs per year, 


and nitrate concentrations within the plume are expected to be reduced to negligible 


values (less than 10 mg/L) within approximately 54 to 57 years. In the absence of 


pumping, between approximately 164 and 192 years would be required. Because nitrate 


mass removal by pumping is likely to drop off in the future due to reduced nitrate 


concentrations and reduced saturated thicknesses (which will limit achievable pumping 


rates), the expected time to reduce nitrate concentrations to negligible values (less than 10 


mg/L), assuming pumping continues, will be more than 54 and less than 192 years. As 


the estimated time for impacted water to reach the nearest discharge point (Westwater 


seep or Ruin Spring) is greater than 3,230 years, there is no concern at this time that the 


continuation of Phase II will not result in remediation of the plume well before it can 


reach any exposure to the public or wildlife. As we recommend that Phase II continue, no 


adjustments to the reclamation surety estimate are required. 


2. As discussed in Section 5.2 below, no changes to Phase II to improve effectiveness and 


accelerate the restoration timeline have been identified or are recommended. 


3. As discussed in Section 4.6 below, although Phase II actions are expected to return 


groundwater nitrate concentrations to the Utah Groundwater Quality Standard of 10 


mg/L, based on data collected to date, it is currently not expected that this will be 


accomplished within the next five years. A Phase III planning document contemplated by 


Section D.2 c) of the SCO is therefore included in Section 6 below. Based on that 


analysis, our evaluation demonstrates that Phase II meets all performance criteria in the 


CAP and that continuation of Phase II is adequate and appropriate at this time. As a 


result, implementation of Phase III is not necessary or desirable at this time, and we 
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recommend in Section 6.1.6 below that Phase II continue until such time as it ceases to 


meet applicable criteria or EFRI elects to implement Phase III. 
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3. SUMMARY OF PHASE II MONITORING AND PUMPING  


The following subsections discuss elements included in the quarterly Nitrate Monitoring reports, 


and summarize and interpret key findings and results. As per the CAP, since the start of Phase II 


pumping in the first quarter of 2013, nineteen quarterly Nitrate Monitoring reports were 


submitted (Energy Fuels Resources (USA) Inc [EFRI], 2013b; EFRI, 2013c; EFRI, 2013d; EFRI, 


2014a; EFRI, 2014b; EFRI, 2014c; EFRI, 2014d; EFRI, 2015a; EFRI, 2015b; EFRI, 2015c; 


EFRI, 2015d; EFRI, 2016a; EFRI, 2016b; EFRI, 2016c; EFRI, 2016d; EFRI, 2017a; EFRI, 


2017b; EFRI, 2017c; and EFRI, 2017d).  


Actions taken under Phase II of the CAP are consistent with objectives specified in the CAP to: 


• Minimize or prevent further downgradient migration of the perched nitrate plume by a 


combination of pumping and reliance on natural attenuation; 


• Prevent nitrate concentrations exceeding the action level (10 mg/L) from migrating to any 


potential point of exposure; 


• Monitor to track changes in concentrations within the plume and to establish whether the 


plume boundaries are expanding, contracting, or stable; 


• Provide contingency plans to address potential continued expansion of the plume and the 


need for additional monitoring and/or pumping points; and 


• Ultimately reduce nitrate concentrations at all monitoring locations to the action level (10 


mg/L) or below. 


3.1 Elements of Quarterly Reports 


The elements of the quarterly Nitrate Monitoring reports that have been submitted since the first 


quarter of 2013 are consistent with the requirements specified as per Phase II of the CAP. These 


elements include the following: 


• description of the nitrate program monitoring; 


• quality assurance and data validation; 


• data interpretation; 


• description of long-term pumping operation; 


• description of any corrective action taken; 


• conclusions and recommendations; and 


• electronic analytical data files. 
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Data interpretation each quarter included generation and discussion of perched water elevation 


and nitrate and chloride concentration contour maps, and, beginning with the fourth quarter of 


2013, a map estimating capture zones resulting from both nitrate and chloroform pumping. Data 


interpretation also included discussions of changes in perched water levels, nitrate 


concentrations, plume boundaries, and capture between current and previous quarters. Graphs of 


perched water levels and nitrate and chloride concentrations were provided. 


3.2 Specific Actions Taken During Phase II 


Some of the specific work performed under Phase II of the nitrate CAP includes: 


• Computation of quarterly nitrate plume residual mass estimates and trend analysis; 


• Initiation (in the first quarter of 2013) and continued pumping of nitrate pumping wells 


TW4-22, TW4-24, TW4-25, and TWN-2; 


• All required quarterly sampling, monitoring, quality control, pumping, and reporting 


activities; 


• Evaluation of the relative importance of data from each particular well in calculating 


residual nitrate mass estimates (EFRI, 2015a); 


• Evaluation of hydraulic capture based on kriged quarterly water levels and based on 


comparison of pumping and calculated ‘background’ flow through the plume; 


• Re-calculation of ‘background’ flow through the plume based on reduced hydraulic 


gradients, saturated thicknesses, and average hydraulic conductivities resulting from 


decay of the perched groundwater mound (EFRI, 2015d); 


• Preliminary evaluation of reduced productivity at TW4-24 (and TW4-19) [EFRI, 2015d]; 


and 


• Accounting for the beneficial impact of the addition of chloroform pumping wells TW4-


21 and TW4-37 on nitrate mass removal and plume control. 


3.3 Key Findings  


The quarterly Nitrate Monitoring reports provide the information outlined in Section 3.1. 


Through analysis and interpretation of the quarterly data a number of findings with regard to the 


nitrate plume were presented and discussed in each report. Some of the key findings detailed in 


the quarterly reports submitted beginning with the first quarter of 2013 (EFRI, 2013b) include: 


• The nitrate plume is completely bounded by the existing monitoring network (Figure 2); 


• Based on concentration criteria presented in Phase II of the CAP, the nitrate plume is 


under control; 
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• The downgradient (southern) plume boundary is stable. The downgradient boundary is 


defined in the CAP as located between MW-30 and MW-31(within the toe of the plume) 


and MW-5 and MW-11 (downgradient of the plume) [Figure 1B and Figure 2]; 


• Chloride concentrations in the toe of the plume (at MW-30 and MW-31) are increasing 


while nitrate concentrations are stable (Figure 5A) causing a decrease in nitrate to 


chloride ratios (Figure 5B);  


• Increasing chloride and stable nitrate within the downgradient toe of the plume are 


consistent with pyrite oxidation by nitrate (nitrate reduction by pyrite) as discussed in 


HGC (2014); 


• Based on the quarterly nitrate plume residual mass estimates, the mass of nitrate within 


the plume is trending downward (Figure 6 and Table 1); 


• As discussed in EFRI (2015a), data from wells TWN-2, TW4-22, and TW4-24 were the 


most important in computing the quarterly mass estimates (up through the fourth quarter 


of 2014); 


• Reduced wildlife pond recharge is expected to reduce dilution, to increase nitrate 


concentrations within the plume, and to increase concentrations of nitrate associated with 


the chloroform plume to the east. Reduced dilution has caused fluctuations in the eastern 


nitrate plume boundary (including temporary excursions of the boundary to include 


TW4-18 as shown in Figure 7); 


• The rate of perched groundwater flow within the plume (calculated near TW4-22 and 


TW4-24) is decreasing as a result of the decay of the groundwater mounds associated 


with the northern wildlife ponds; 


• The rate of perched groundwater flow within the plume (to the south-southwest near 


TW4-22 and TW4-24) has decreased from a pre-pumping calculated range of 


approximately 1.31 to 2.79 gpm to approximately 0.79 to 1.67 gpm, and continues to 


decrease;  


• The decline in the rate of perched groundwater flow within the plume reduces the 


pumping rates needed to maintain control of the plume;  


• Reduced productivity at TW4-24 results in part from reductions in saturated thickness 


and is mitigated by the reduced rate of flow through the plume and by the addition of 


chloroform pumping wells TW4-21 and TW4-37; and 


• Nitrate pumping at TW4-22 and TW4-24 caused cross-gradient expansion of the 


chloroform plume to the west. As will be discussed in Section 5.2, this impact of nitrate 


pumping on chloroform migration illustrates the expected negative impact should nitrate 


pumping at a more downgradient location (for example MW-30 and MW-31) be 


implemented. 


 


As noted above, quarterly estimates of residual nitrate mass within the plume are trending 


downward. Changes in the quarterly mass estimates are expected to result from several factors, 


primarily 1) nitrate mass removed directly by pumping, 2) natural attenuation of nitrate, and 3) 
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re-distribution of nitrate within the plume and changes in saturated thicknesses. In addition, 


because the sum of sampling and analytical error is typically about 20%, and because the mass 


estimates are based on quarterly nitrate concentrations in groundwater samples collected from 


wells within and marginal to the plume, changes in the mass estimates from quarter to quarter of 


up to 20% could result from typical sampling and analytical error alone. Although there is 


‘noise’ in the quarter to quarter mass estimates, the long-term trend has remained downward. 


Comparing the second quarter, 2010 baseline mass estimate of 43,700 lb with the third quarter, 


2017 mass estimate of approximately 32,940 lb suggests that the plume mass has decreased 


approximately 10,760 lb (nearly 25%). Based on the Figure 6 trendline, the plume mass has 


decreased approximately 5,000 lb (approximately 11%). 
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4. EVALUATION OF THE EFFECTIVENESS OF PUMPING AND 
NATURAL ATTENUATION 


As discussed in Section 2, the relative stability of the nitrate plume is attributable to a 


combination of competing factors. Nitrate mass removal by pumping and naturally occurring 


nitrate degradation, which tend to reduce concentrations within the plume and shrink the plume 


boundaries, are counteracted by reduced dilution from the wildlife ponds, which tends to 


increase concentrations within the plume and expand the plume boundaries. The interaction of 


these two mechanisms has resulted in a plume that appears to be in dynamic equilibrium with 


respect to area. 


Data and mechanisms that support this general interpretation, and that have resulted in plume 


control based on concentration criteria presented as per Phase II of the CAP, are provided and 


discussed in the following Sections. 


4.1 Data Trends 


As discussed in Section 2.2 and as shown in Figure 4, nitrate plume boundaries and area have 


been relatively stable since the second quarter of 2010 (which defines the ‘baseline’ data as 


specified in the CAP); however changes have occurred on the primarily cross-gradient (east) and 


cross-to downgradient (west) sides (Figure 4). In addition, a slight contraction of the upgradient 


(northern) boundary has occurred; nitrate pumping well TW4-25 is no longer within the plume, 


which has shrunk the northeastern portion of the boundary. As discussed in Section 3, the 


downgradient (southern) boundary has been stable. 


Fluctuations of the eastern nitrate plume boundary result in part from fluctuations in nitrate 


concentrations associated with the chloroform plume. Nitrate within the chloroform plume to the 


east of the nitrate plume is expected to be impacted more strongly by reduced dilution from the 


wildlife ponds. Fluctuations in the eastern nitrate plume boundary are also likely related to 


chloroform pumping immediately east of the nitrate plume. 


Figure 8 provides time-series plots of nitrate concentrations in wells typically east of the nitrate 


plume. MW-25 and MW-32 (not shown) are consistently non-detect for nitrate. Nitrate wells 


TWN-1 and TWN-4 are consistently below 10 mg/L. Chloroform program wells TW4-16 and 


MW-26 (pumping) are also consistently below 10 mg/L. Chloroform wells TW4-18, TW4-19 


(pumping), and TW4-20 (pumping) periodically exceed 10 mg/L. During quarters when all three 


exceed 10 mg/L, or when TW4-18, TW4-19, and TW4-21 exceed 10 mg/L, the kriged nitrate 


plume boundary extends a ‘spur’ to the east to incorporate TW4-18 (for example as shown in 
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Figure 7). This has occurred twice since the first quarter of 2013. In the fourth quarter of 2016, 


an eastward trending ‘spur’ incorporated TW4-39 and TW4-10 (EFRI, 2017a). 


Apparent expansion of the western nitrate plume boundary, which is cross- to downgradient with 


respect to perched groundwater flow, and where relatively few monitoring wells exist to define 


the boundary, is attributable to concentration increases at MW-28 from a few tenths of a mg/L to 


approximately 1.3 mg/L (as of second quarter 2017), and concentration increases at TWN-7 from 


less than 1 mg/L to approximately 3 mg/L (Figure 9). Overall, nitrate and chloride concentrations 


at MW-27 have been relatively stable while increases in both nitrate and chloride have occurred 


at TWN-7 and MW-28 (Figure 9). Although concentrations are relatively low, as shown in 


Figure 10, the nitrate to chloride ratio is slightly decreasing at TWN-7; relatively stable at MW-


27; and increasing at MW-28. 


Figures 11A and 11B compare second quarter 2010 with third quarter 2017 nitrate and chloride 


plume boundaries. Figure 11A displays third quarter, 2017 perched water levels and Figure 11B 


second quarter 2010 ‘baseline’ perched water levels. The directions of perched groundwater flow 


implied by the second quarter 2010 and third quarter 2017 water level distributions are similar. 


As indicated, while the upgradient portion of the chloride plume has shrunk, the plume has 


expanded downgradient (to the south-southwest) and cross-gradient (to the east and west). 


Eastward expansion may result in part from chloroform pumping at MW-26, TW4-37 and TW4-


39 and from reduced dilution from wildlife pond seepage. Shrinkage upgradient and expansion 


downgradient are consistent with continued, but slow, migration of chloride in the direction(s) of 


groundwater flow implied by the kriged quarterly perched water elevations.  


Although advection is presumed to be the primary mechanism for plume expansion, some cross- 


and downgradient expansion of both the chloride and nitrate plumes is expected to result from 


hydrodynamic dispersion. 


Perched water levels within the northern 
2
/3 of the nitrate plume have been decreasing as a result 


of pumping and reduced wildlife pond recharge. Consequently, saturated thicknesses within the 


northern 
2
/3 of the plume have been generally decreasing. Figures 12A through 14 illustrate 


changes in water levels and saturated thicknesses within the plume. The reduction in saturated 


thicknesses within the northern 
2
/3 of the plume reduces the volume of water within the plume 


and consequently reduces the mass of nitrate within the plume. The reduction in saturated 


thickness within the northern (upgradient) portion of the plume, which contains the majority of 


the nitrate mass, has been as much as 28% (Figure 14). The volume of groundwater within the 


second quarter, 2010 plume was approximately 8.92 x 10
5
 cubic meters (m


3
) or 3.15 x 10


7
 cubic 







 


17 
 


Nitrate Corrective Action Comprehensive Monitoring Evaluation (CACME) Report 


H:\718000\71807\NCACME\Report\NCACME2017 Final 12.11.17.Docx 


December 11, 2017 


 


feet (ft
3
) and the volume within the third quarter, 2017 plume approximately 7.19 x 10


5
 m


3
 (2.54 


x 10
7
 ft


3
). This change represents a decline of approximately 1.73 x 10


5
 m


3
 (6.11 x 10


6
 ft


3
), or 


19%. 


As discussed in Section 3, and as shown in Figure 6, the nitrate mass within the plume since the 


second quarter of 2010 has been reduced by nearly 25% based on the difference between second 


quarter, 2010 and third quarter, 2017 mass estimates, and by approximately 11% based on the 


Figure 6 trendline. These estimates bracket the approximate 19% reduction in plume volume 


since the second quarter of 2010. 


Nitrate concentrations in most wells consistently within the plume are relatively stable; however 


concentrations at TW4-22 have been generally increasing and, since the fourth quarter of 2013, 


concentrations TWN-2 have been generally decreasing (Figures 15 and 16). These trends in 


concentration combined with changes in saturated thicknesses within the plume have resulted in 


a significant change in nitrate mass distribution within the plume. Figures 17 and 18 provide the 


nitrate mass distributions in the second quarter of 2010 and third quarter of 2017, respectively. 


As shown, since the second quarter of 2010, the center of mass has migrated from the vicinity of 


TWN-2 to TW4-22. In addition, since the second quarter of 2013, concentrations at TWN-3, 


located in the extreme upgradient portion of the plume, have been generally decreasing. 


Overall, although internal changes have occurred (as anticipated in the CAP), the average nitrate 


concentrations within the plume have fluctuated but have not changed substantially since the 


second quarter of 2010, and are about the same in the third quarter of 2017 as in the second 


quarter of 2010 as shown in Table 1. Table 1 also shows the number of wells within the plume 


each quarter and the nitrate mass removed each quarter by pumping wells located within and 


marginal to the plume. Table 2 compares nitrate mass removed each quarter by all pumping 


wells; wells within and marginal to the plume; and wells only within the plume. Since the first 


quarter of 2013, the total nitrate mass removed by all pumping wells is approximately 2,057 lb; 


by wells within and marginal to the plume approximately 1,907 lb; and by only wells within the 


plume approximately 1,777 lb. As shown in Tables 1 and 2, although pumped nitrate mass 


fluctuates from quarter to quarter, the rate of mass removed by pumping is about the same in the 


first or second quarter of 2013 as in the third quarter of 2017.  


Figures 19 and 20 show changes in average nitrate concentrations within the plume based on 


Table 1 average concentrations in wells within the plume and based on average gridded (kriged) 


nitrate concentrations within the plume. The averages based on gridded concentrations, which 
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more accurately reflect the concentration distributions along the plume margins, are more stable 


and lower than the averages based on concentrations at individual wells.  


4.2 Natural Attenuation 


As discussed in the CAP, natural attenuation mechanisms that are expected to impact the nitrate 


plume and reduce nitrate concentrations include dilution and hydrodynamic dispersion. An 


additional mechanism that was not envisioned at the time of preparation of the CAP is nitrate 


reduction by naturally occurring pyrite and/or organic carbon in the perched zone. 


As discussed in HGC (2012b) and HGC (2014), nitrate can be reduced in the presence of organic 


material or pyrite; both have been noted within the perched zone in drilling logs at the site. 


Specifically, pyrite has been noted in drilling logs, subsamples of drill cuttings submitted for 


laboratory analysis, or both, at many wells located within and adjacent to the nitrate plume. 


These include wells MW-23, MW-24, MW-25, MW-26, MW-27, MW-28, MW-29, MW-30, 


MW-31, MW-32, TW4-16, TW4-3, TW4-5, TW4-9, TW4-10, TW4-21, TW4-22, TW4-25, 


TWN-2, TWN-3, and TWN-18. Detailed logs are not available for wells MW-5 or MW-11, 


located immediately downgradient of the plume, nor for MW-14 and MW-15, located farther 


downgradient, so the presence or absence of pyrite at these locations is unknown. However, 


pyrite was noted in logs for wells MW-34 through MW-37, also located farther downgradient of 


the plume, to the west and southwest of MW-5, MW-11, MW-14 and MW-15. 


The following discussion regarding nitrate reduction by pyrite is taken from HGC (2014). 


Assumptions used in calculations presented below are considered to be still valid. 


As discussed in HGC (2012b), nitrate will degrade in the presence of pyrite. Nitrate will also 


degrade, and more readily, in the presence of organic matter. Both pyrite and organic material in 


the form of carbonaceous matter have been logged in drill cuttings from the perched zone.  


As discussed in (Korom, 1992), the thermodynamically favored electron donor for reduction of 


nitrate in groundwater is typically organic matter. This process under neutral conditions is 


represented via the following generalized reaction (e.g. van Beek, 1999; Rivett et al., 2008; 


Tesoriero and Puckett, 2011; Zhang, 2012): 


2 3 2 3 2 3 2
5 4 2 4 2CH O NO N HCO H CO H O− −


+ = + + + (Reaction 1); 


 


In acidic (pH<6.4) aquifer conditions, reduction of nitrate by organic matter can be generalized 


by the following pathway: 
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2 3 2 2 3 2
5 4 4 2 5 2CH O NO H N H CO H O− +


+ + = + + (Reaction 2). 


 


In both cases, five moles of organic matter are required to reduce four moles of nitrate. Under 


acidic conditions the alkalinity generated by denitrification by organic matter consumes acid. 


In the absence of dissolved oxygen, pyrite can also be oxidized by nitrate. Denitrification by 


pyrite may occur via two primary reaction pathways. The pathway most commonly applied in 


geochemical studies (Kolle et al., 1983, 1985; Postma et al., 1991; Korom, 1992; Robertson et 


al., 1996; Pauwels et al., 1998; Hartog et al., 2001, 2004; Spiteri et al., 2008) is a bacteria-


mediated reaction that yields ferrous iron, sulfate, water, and nitrogen gas as follows: 


2 2


2 3 2 4 2
5 14 4 7 10 5 2FeS NO H N SO Fe H O− + − +


+ + = + + +  (Reaction 3). 


 


By Reaction 3, five moles of pyrite reduce 14 moles of nitrate, consuming four moles of acid. 


Reaction 3 is considered applicable when pyrite concentrations exceed nitrate concentrations 


(van Beek,1999). Where nitrate concentrations exceed pyrite concentrations, Reaction 4 is a 


more likely mechanism (Kolle et al., 1987; van Beek, 1999; Schlippers and Jorgensen, 2002): 


2


2 3 2 2 4 3
2 6 4 3 4 2 ( ) 2FeS NO H O N SO Fe OH H− − +


+ + = + + + (Reaction 4). 


 


By Reaction 4, two moles of pyrite reduce six moles of nitrate, yielding iron hydroxide, sulfate, 


acid, and nitrogen gas. Therefore, when nitrate concentrations exceed pyrite concentrations 


(Reaction 4), denitrification by pyrite is more efficient than when pyrite is in excess (Reaction 


3). Additionally, Reaction 4 produces acid, while Reaction 3 consumes acid, indicating that the 


impact of denitrification by pyrite on aquifer geochemistry is controlled by the relative 


abundance of pyrite and nitrate. 


Reaction 4 is an overall reaction that combines Reaction 3 and a second step whereby ferrous 


iron is oxidized by nitrate. This second step is more likely to occur when excess nitrate is present 


and available to oxidize ferrous iron (Kolle et al., 1987; Rivett et al., 2008; Zhang 2012). 


Stoichiometric calculations were used to determine the weight percent of perched zone pyrite 


that would be required to reduce the ‘baseline’ estimate of 43,700 lbs of nitrate via reaction 


mechanisms 3 and 4 (assuming each was the only denitrification reaction occurring). 43,700 lbs 


of nitrate corresponds to 19,822 kg and 319,684 moles. Although organic matter is noted in 


lithologic logs, the organic matter content of the perched zone has not been quantified so 
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calculations regarding nitrate degradation by reactions 1 and 2 are not presented, even though 


significant nitrate reduction via these mechanisms is likely to occur.  


Nitrate can either migrate towards Ruin Spring to the south-southwest or to Westwater Seep to 


the west. Assuming the entire nitrate plume migrated south towards Ruin Spring, the volume of 


the perched zone through which the nitrate plume would migrate was assumed to be on average 


20 feet thick, 1,200 feet wide, and 10,000 feet long, representing a total saturated formation 


volume of 2.4 x 10
8
 ft


3
 or 6.8 x 10


9
 liters. Assuming the entire nitrate plume migrated west 


toward Westwater Seep, the volume of the perched zone through which the nitrate plume would 


migrate was assumed to be on average 18 feet thick, 2,800 feet wide, and 4,950 feet long, 


representing a total saturated formation volume of 2.5 x 10
8
 ft


3
 or 7 x 10


9
 liters. To be 


conservative, the following calculations are based on the smaller volume of 6.8 x 10
9
 liters. 


Using these estimates, reaction 3 would require 114,173 moles of pyrite to consume 43,700 lbs 


of nitrate, and would consume 91,338 moles of acid (1.34 x 10
-5 


moles H
+
 per liter of formation). 


Reaction 4 would require 106,561 moles of pyrite to degrade the nitrate, producing 106,561 


moles of acid or 1.57 x 10
-5


 moles H
+
 per liter of formation. 


Assuming a conservatively large porosity of 0.2 for the perched zone (HGC, 2012b), the total 


volume of water is 1.36 x 10
9
 liters; and assuming a solids density of 2.6 kg L


-1
, yields a total 


solid mass of 1.4 x 10
10


 kg.  


Using this solid mass, Reactions 3 and 4 would require pyrite formation weight percents of 


0.000098% (9.8 x 10
-5


 %) and 0.000091% (9.1 x 10
-5


 %), respectively, to degrade 43,700 lbs of 


nitrate.  


These calculated pyrite weight percents are orders of magnitude less than conservative estimates 


of pyrite content based on samples analyzed during the pyrite investigation (HGC, 2012c), which 


ranged from 0.0056% to 0.08% (5.6 x 10
-3


 % to 8 x 10
-2


 %). These results suggest that the 


available pyrite content in the path of the nitrate plume is two to three orders of magnitude 


greater than needed to degrade the total mass (43,700 lbs) of nitrate. These calculations are 


conservative in that they assume the degradation of the entire mass of nitrate and not just the 


mass needed to reduce concentrations below 10 mg/L. In addition, as will be discussed in 


Section 4.6, natural nitrate degradation via pyrite oxidation is likely to degrade the nitrate mass 


to a negligible value within less than 200 years even in the absence of pumping, which is well 


within the thousands of years needed for nitrate to potentially be transported to a property 


boundary or discharge point. 
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Whether or not pyrite oxidation by nitrate at the site is generating or consuming acid depends 


largely on whether oxidation of ferrous iron by nitrate is occurring (i.e. whether pyrite 


denitrification is occurring by Reaction 3 or Reaction 4; whether nitrate exists in excess).  


The preferred mechanism for denitrification by pyrite is likely to vary spatially. If pyrite is 


assumed to be relatively evenly distributed throughout the formation, while nitrate occurs in a 


discrete plume, Reaction 3 may dominate on the plume edges while Reaction 4 may dominate 


the core of the plume. 


4.3 Hydraulic Capture 


The specific methodology for calculating the quarterly nitrate capture zones is substantially the 


same as that used since the fourth quarter of 2005 to calculate the capture zones for the 


chloroform program, as agreed to by the DWMRC and EFRI. The procedure for calculating 


nitrate capture zones is as follows: 


4. Calculate water level contours by gridding the water level data on approximately 50-foot 


centers using the ordinary linear kriging method in Surfer
TM


. Default kriging parameters 


are used that include a linear variogram, an isotropic data search, and all the available 


water level data for the quarter, including relevant seep and spring elevations. 


5. Calculate the capture zones by hand from the kriged water level contours following the 


rules for flow nets: 


a. From each pumping well, reverse track the stream tubes that bound the capture 


zone of each well, 


b. Maintain perpendicularity between each stream tube and the kriged water level 


contours. 


 


The eventual goal of pumping, as specified as per Phase II of the CAP, is to capture the entire 


nitrate plume upgradient of TW4-22 and TW4-24. Hydraulic capture within the nitrate plume is 


difficult to assess based on kriged quarterly water levels because of the divergent flow field 


resulting from the remaining perched groundwater mound to the northeast and the groundwater 


mound near TWN-2. Although TWN-2 has been pumping and removing nitrate mass for nearly 


5 years, a well- defined capture zone associated with TWN-2 is not evident based on the kriged 


water level data because of its location within the groundwater mound. Estimation of capture is 


also hampered by the relatively (and persistently) low water level at TWN-7. Figure 21 displays 


the total capture associated with nitrate and chloroform pumping systems in the vicinity of the 


nitrate plume during 2017. The average proportion of nitrate mass under capture during 2017 is 


approximately 24%. 
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However, due to low permeability conditions and transient groundwater flow conditions 


(resulting from reduced wildlife pond recharge), capture zones associated with nitrate pumping 


are likely continuing to develop. Furthermore, capture upgradient of TW4-22 and TW4-24 is 


likely adequate based on total nitrate plume pumping rates that are within or exceed the 


calculated range of ‘background’ flow through the plume. 


Pre-pumping ‘background’ flow through the nitrate plume near TW4-22 and TW4-24 was 


initially estimated using Darcy’s Law to lie within a range of approximately 1.31 gpm to 2.79 


gpm (EFRI, 2014a). Calculations were based on an average hydraulic conductivity range of 0.15 


feet per day (ft/day) to 0.32 ft/day (depending on the calculation method), a pre-pumping 


hydraulic gradient of 0.025 feet per foot (ft/ft), a plume width of 1,200 feet, and a saturated 


thickness (at TW4-22 and TW4-24) of 56 feet. The hydraulic conductivity range was estimated 


by averaging the results obtained from slug test data that were collected automatically by data 


loggers from wells within the plume and analyzed using the KGS unconfined slug test solution 


available in Aqtesolve
TM


 (HGC, 2005; HGC, 2009a; HGC, 2009b) These results are summarized 


in Table 3. Data from the fourth quarter, 2012 were used to estimate the pre-pumping hydraulic 


gradient, and saturated thickness. These data are summarized in Tables 4 and 5. 


The average hydraulic conductivity was estimated to lie within a range of 0.15 ft/day to 0.32 


ft/day. Averages were calculated four ways. As shown in Table 3, arithmetic and geometric 


averages for wells MW-30, MW-31, TW4-22, TW4-24, TW4-25, TWN-2, and TWN-3 were 


calculated as 0.22 and 0.15 ft/day, respectively. Arithmetic and geometric averages for a subset 


of these wells (MW-30, MW-31, TW4-22, and TW4-24) were calculated as 0.32 and 0.31 ft/day, 


respectively. The lowest value, 0.15 ft/day, represented the geometric average of the hydraulic 


conductivity estimates for all the plume wells. The highest value, 0.32 ft/day, represented the 


arithmetic average for the four plume wells having the highest hydraulic conductivity estimates 


(MW-30, MW-31, TW4-22, and TW4-24). Using the arithmetic average hydraulic conductivity 


of a subset of plume wells having the highest conductivities, although considered less 


representative of actual conditions than using the geometric average conductivity of all of the 


plume wells, ensured that the upper estimate of ‘background’ flow (2.79 gpm) was 


conservatively large. 


Pre-pumping hydraulic gradients (Table 5) were estimated at two locations; between TW4-25 


and MW-31 (estimated as 0.023 ft/ft), and between TWN-2 and MW-30 (estimated as 0.027 


ft/ft). These results were averaged to yield the value used in the calculation (0.025 ft/ft). The pre-


pumping saturated thickness of 56 feet was an average of pre-pumping saturated thicknesses at 


TW4-22 and TW4-24. 







 


23 
 


Nitrate Corrective Action Comprehensive Monitoring Evaluation (CACME) Report 


H:\718000\71807\NCACME\Report\NCACME2017 Final 12.11.17.Docx 


December 11, 2017 


 


The hydraulic gradient and saturated thickness used in the calculations are assumed to represent 


a steady state ‘background’ condition. However, assumption of a steady state ‘background’ is 


inconsistent with the March 2012 cessation of water delivery to the northern wildlife ponds, 


located upgradient of the nitrate plume. Hydraulic gradients and saturated thicknesses within the 


plume are declining as a result of two factors: reduced recharge from the ponds, and the effects 


of nitrate pumping. Separating the impacts of nitrate pumping from the impacts of reduced 


recharge from the ponds is problematic. Should pumping cease and ‘background’ conditions be 


allowed to re-establish, however, smaller hydraulic gradients and saturated thicknesses would be 


expected due to reduced wildlife pond recharge, which would lower estimates of ‘background’ 


flow.  


Changes related to reduced wildlife pond recharge have also resulted in reduced well 


productivity. Generally reduced productivities of nitrate pumping well TW4-24 and chloroform 


pumping well TW4-19 since the third quarter of 2014 are at least partly the result of reduced 


wildlife pond recharge as discussed in EFRI (2015d).  


‘Background’ flows through the nitrate plume since the initial estimates were made have 


continued to decline independent of pumping as a result of reduced hydraulic gradients and 


saturated thicknesses within upgradient portions of the plume due to reduced wildlife pond 


recharge. As a result, the initial ‘background’ flow range of 1.31 gpm to 2.79 gpm calculated 


using the hydraulic gradient of 0.025 ft/ft and saturated thickness of 56 feet became increasingly 


larger than the actual flow was likely to be and was recalculated in the third quarter of 2015, as 


presented in Attachment N (Tab N) of EFRI (2015d). The analysis of reduced productivity that 


was provided concluded that pumping from the nitrate plume was adequate even considering the 


reduced productivity of TW4-24. The recalculation of background flow and the well productivity 


analysis, as presented in Attachment N of EFRI (2015d) is provided in Appendix B.  


As presented in Appendix B, using the updated saturated thickness, hydraulic gradient, and 


hydraulic conductivity data, the original pre-pumping ‘background’ flow range of 1.31 gpm to 


2.79 gpm was recalculated to range from 0.79 gpm to 1.67 gpm. This calculation is still 


considered conservative because the high end of the range assumed an arithmetic average 


hydraulic conductivity of a subset of plume wells having the highest conductivities. As of the 


third quarter of 2017, pumping from TW4-21, TW4-22, TW4-24, TW4-25, TW4-37, and TWN-


2 of approximately 3.5 gpm exceeds the high end of the recalculated ‘background’ flow range by 


approximately 1.83 gpm, or a factor of approximately 2.1.  
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Overall, hydraulic capture in combination with natural attenuation appears adequate at the 


present time based on the relative stability of the nitrate plume area and average concentrations 


within the plume. Continued downgradient expansion of the chloride plume indicates that the 


southern and western portions are 1) outside hydraulic capture; 2) subject to hydrodynamic 


dispersion; 3) or both. Eastward migration of the eastern (generally cross-gradient) chloride 


plume boundary likely results from hydrodynamic dispersion, chloroform pumping to the east of 


the plume, and reduced dilution from wildlife pond seepage. 


4.4 Impacts of Perched Groundwater Flow, Pumping and Natural 
Attenuation on the Nitrate Plume 


Perched groundwater flow to the south-southwest within and in the vicinities of the nitrate and 


chloride plumes causes constituents within the plumes to migrate to the south-southwest. 


Pumping in upgradient areas of the plumes and reduced wildlife pond recharge (caused by 


cessation of water delivery to the ponds in March, 2012) act to reduce hydraulic gradients and 


slow downgradient migration of the plumes. 


In addition, nitrate and chloroform pumping both remove nitrate and chloride mass from the 


nitrate and chloride plumes and from areas east of the plumes, acting to reduce concentrations of 


these constituents in the groundwater. Natural attenuation also acts to reduce nitrate and chloride 


concentrations within the nitrate and chloride plumes and within areas east of the plumes. 


Natural attenuation mechanisms include dilution and hydrodynamic dispersion (which impacts 


both nitrate and chloride concentrations) and nitrate reduction by naturally occurring pyrite 


and/or organic matter in the perched groundwater zone (which impacts only nitrate 


concentrations). 


The combined impacts of perched groundwater flow, pumping and natural attenuation on the 


nitrate plume since the first quarter of 2013 include the following: 


1. Pumping and natural attenuation have maintained control of the nitrate plume. The plume 


area and the average nitrate concentrations within the plume (Table 1) have been 


relatively stable and are about the same in the third quarter of 2017 as in the second 


quarter of 2010 (the ‘baseline’ as defined in the CAP). 


2. The stability of the southern nitrate plume boundary, the stability of nitrate 


concentrations in the toe of the plume (at MW-30 and MW-31), and increasing chloride 


in the toe of the plume imply that: 


a. The commingled chloride plume is continuing to migrate downgradient which is 


expected because this portion of the plume is beyond the hydraulic capture of 


the pumping wells (as anticipated and as discussed in the CAP);  
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b. Nitrate is being degraded in the toe of the plume, otherwise concentrations 


would be increasing along with the chloride concentrations (the nitrate plume 


would be expanding to the south-southwest), and nitrate to chloride 


concentration ratios would be stable rather than decreasing; and 


c. The nitrate degradation is consistent with nitrate reduction by naturally 


occurring pyrite and/or organic matter in the perched zone. 


3. Increasing nitrate and chloride at TWN-7 and MW-28 (although nitrate concentrations at 


TWN-7 are less than 4 mg/L and at MW-28 are less than 2 mg/L) are consistent with the 


apparent slight expansion of the west side of the kriged nitrate plume boundary and 


continuing downgradient migration of nitrate and chloride. The position of the western 


plume boundary is not as precisely definable as the northern, southern, and eastern 


boundaries because there are relatively fewer and more widely spaced wells to define it. 


4. The decreasing nitrate concentrations at both TWN-2 and TWN-3 are attributable to mass 


removal by pumping and redistribution of nitrate within the plume. Redistribution (as 


anticipated in the CAP) appears to have caused the mass center to migrate from the area 


of TWN-2 to the area of TW4-22. It is likely that TWN-2 was located within the 


upgradient portion of this mass center in the second quarter of 2010 and that TW4-22 is 


now within the downgradient portion of this mass center. Redistribution is consistent 


with changes in saturated thickness and continuing downgradient migration of nitrate 


within the plume (to the south-southwest) enhanced by pumping. 


5. Decreasing saturated thicknesses within the northern 
2
/3 of the plume (where most of the 


nitrate mass resides) have resulted in a decreasing plume volume which contributes to a 


decreasing trend in the quarterly residual plume mass estimates. 


6. Mass removal by pumping and naturally occurring nitrate degradation, which would tend 


to reduce concentrations in wells within the plume and shrink the plume boundaries, is 


counteracted by reduced dilution from the wildlife ponds, which tends to increase 


concentrations in wells within the plume and expand the plume boundaries. 


7. The interaction of the above two mechanisms has resulted in a plume that appears to be in 


dynamic equilibrium with respect to area. 


4.5 Rate of Plume Remediation 


As discussed in Section 4.2, both pumping and nitrate reduction by naturally occurring pyrite 


and/or organic material in the perched zone act to reduce mass within the nitrate plume. Dilution 


and hydrodynamic dispersion act to reduce nitrate concentrations within the plume even in the 


absence of nitrate mass removal from the groundwater. 


As discussed in Section 4.4, the plume currently appears to be in a state of dynamic equilibrium. 


The relative stability of average nitrate concentrations within the nitrate plume and the relative 


stability of the plume area likely result from a combination of competing factors. Nitrate mass 
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removal by pumping and naturally occurring nitrate degradation, which tend to reduce 


concentrations within the plume and shrink the plume boundaries, are counteracted by reduced 


dilution from the wildlife ponds, which tends to increase concentrations within the plume and 


expand the plume boundaries. The interaction of these two mechanisms has resulted in a plume 


that appears to be in dynamic equilibrium with respect to area. 


Although average nitrate concentrations within the plume have been relatively stable, nitrate 


mass is removed via pumping and by reduction of nitrate by naturally occurring pyrite and/or 


organic material (as discussed in Section 4.2). The stability of the downgradient edge of the 


plume (at MW-30 and MW-31) is attributable in part to degradation of nitrate. As discussed in 


Section 4.4, nitrate is likely being degraded in the toe of the plume, otherwise concentrations 


would be increasing along with the chloride concentrations, and nitrate to chloride ratios would 


be stable rather than decreasing. 


Preliminary estimates of nitrate degradation rates were calculated using three methodologies. 


Methods focus on generally downgradient portions of the plume that are less likely to be 


impacted by pumping and changes in wildlife pond recharge. Each method assumes negligible 


dilution and dispersion, and a steady rate of flow through the plume.  


The first two methods are: 


1. Based on changes in nitrate concentrations between the center of the plume (at TW4-22 


and TW4-24), and the toe of the plume (at downgradient wells MW-30 and MW-31); and 


2. Based on changes in nitrate to chloride ratios in the toe of the plume at MW-30 and 


MW-31. 


 


The third method focuses on the margins of the nitrate plume, within areas between the nitrate 


and chloride plumes, and is based on the assumption that the plume boundaries would be more 


similar were it not for nitrate degradation. 


4.5.1 Method 1 


Nitrate concentrations decrease between the center of the plume (near TW4-22 and TW4-24) and 


the toe of the plume (near MW-30 and MW-31). Based on average nitrate concentrations since 


the first quarter of 2013 at TW4-22 (approximately 55 mg/L); TW4-24 (approximately 33 mg/L), 


MW-30 (approximately 18 mg/L); and MW-31 (approximately 20 mg/L), the change in average 


concentration between the center and toe of the plume is approximately 25 mg/L. Assuming that 


these changes primarily result from nitrate degradation (rather than dilution and dispersion), the 
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rate of nitrate degradation within the southern half of the plume can be estimated based on the 


following assumptions: 


1. The volume of water within the southern half of the nitrate plume is approximately 1.17 x 


10
7
 ft


3 
based on the third quarter 2017 plume boundary and saturated thicknesses;  


2. Flow though the southern half of the plume area is a steady 1.2 gpm or 84,321 cubic feet 


per year (ft
3
/yr) [the approximate midpoint of the recalculated 0.79 to 1.67 gpm 


‘background’ flow range]; 


3. Water enters the southern half of the plume at an average nitrate concentration of 44 


mg/L (average of concentrations at TW4-22 and TW4-24) and leaves at an average 


concentration of 19 mg/L (average of concentrations at MW-30 and MW-31), yielding a 


change in concentration of approximately 25 mg/L; 


4. The nitrate degradation rate is zero order.  


 


Based on these assumptions, the change in concentration of 25 mg/L implies a change in mass 


flow of approximately 132 lb/yr; and the nitrate degradation rate per unit volume of groundwater 


within the 1.17 x 10
7
 ft


3
 volume of the southern half of the plume is approximately 1.12 x 10


-5
 


pounds per cubic foot of groundwater per year (lb/ft
3
 yr). 


Assuming that this rate is applicable within the entire nitrate plume, which has a third quarter, 


2017 groundwater volume of approximately 2.54 x 10
7
 ft


3
, yields a total nitrate degradation rate 


within the plume of approximately 285 lb/yr. This estimate will be impacted to some extent by 


pumping at TW4-22 and TW4-24. 


Therefore, these same calculations were also performed based on the second quarter, 2010 


baseline data, which are unimpacted by pumping and reduced wildlife pond recharge. These 


calculations assumed a pre-pumping flow through the plume of 2.1 gpm (the approximate 


midpoint of the pre-pumping background flow range of 1.31 to 2.79 gpm). The average 


concentration at TW4-22 and TW4-24 was approximately 24.6 mg/L and at MW-30 and MW-


31, approximately 19.1 mg/L, implying a change in concentration from the middle to the toe of 


the plume of approximately 5.5 mg/L. The change in concentration of 5.5 mg/L implies a change 


in mass flow of approximately 49 lb/yr.  


Based on these assumptions, the nitrate degradation rate per unit volume of groundwater within 


the second quarter, 2010 volume of the southern half of the plume (1.0 x 10
7
 ft


3
) is 


approximately 4.9 x 10
-6


 lb/ft
3
 yr. 
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Assuming that this rate is applicable within the entire second quarter, 2010 nitrate plume, which 


had groundwater volume of approximately 3.16 x 10
7
 ft


3
, yields a total nitrate degradation rate 


within the plume of approximately 155 lb/yr. 


The average of the calculated second quarter, 2010 and third quarter, 2017 rates for the southern 


half of the plume is approximately 91 lb/yr, and for the entire plume, approximately 220 lb/yr. 


4.5.2 Method 2  


Nitrate to chloride concentration ratios have been declining at MW-30 and MW-31 as chloride 


concentrations increase and nitrate concentrations remain relatively stable. Between the second 


quarter of 2010 (baseline) and third quarter of 2017, chloride concentrations at MW-30 have 


increased from approximately 97 mg/L to 173 mg/L (a change of approximately 76 mg/L or 


78%) and chloride concentrations at MW-31 have increased from approximately 128 mg/L to 


310 mg/L (a change of approximately 182 mg/L or 142%). Therefore the average increase in 


chloride in the toe of the plume since the second quarter of 2010 is approximately 129 mg/L (the 


average of changes at MW-30 and MW-31) or 110%. 


Over this time period the nitrate to chloride concentration ratio has decreased from 


approximately 0.16 to 0.11 at MW-30 and from approximately 0.18 to 0.063 at MW-30. 


Presumably, if there were no degradation of nitrate, the nitrate to chloride ratios would not 


change, since both nitrate and chloride are expected to migrate at about the same rate as the 


groundwater (neither is significantly retarded by adsorption onto perched zone materials). 


Assuming that these changes result from a process that degrades nitrate but not chloride (such as 


nitrate reduction by naturally occurring pyrite/and or organic material in the perched zone), the 


rate of nitrate degradation can be estimated based on the following assumptions:  


1. The average rate of flow is approximately 1.7 gpm or 119,455 ft
3
/yr (the average of the 


midpoints of the pre-pumping background flow range of 1.31 to 2.79 gpm, and the 


recalculated range of 0.67 to 1.67 gpm); 


2. The degradation has occurred within the volume of water that has passed MW-30 and 


MW-31 since the second quarter of 2010 (approximately 8.66 x 10
5
 ft


3
); 


3. The nitrate concentration increases in the toe of the plume that would be expected if there 


were no degradation can be calculated from the nitrate to chloride concentration ratios; 


4. Variations in the nitrate to chloride concentration ratios are assumed to result only from 


degradation of nitrate; 
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5. The increases in nitrate concentrations that would be expected if there were no 


degradation can be used to calculate a nitrate degradation rate; and 


6. The nitrate degradation rate is zero order.  


 


To maintain a constant nitrate to chloride ratio at the toe of the plume since the second quarter of 


2010 would require the nitrate concentration (average of MW-30 and MW-31 concentrations) to 


increase by approximately 21 mg/L (110%), from approximately 19 mg/L to approximately 40 


mg/L. Because the change of approximately 21 mg/L is relatively linear, the average change over 


this time period is approximately 10 mg/L, implying a total additional mass of nitrate of 


approximately 566 lb within the volume of groundwater (approximately 8.66 x 10
5
 ft


3
) passing 


through the toe of the plume since the second quarter of 2010. The average rate of nitrate 


increase within that volume on a mass per unit volume basis would be approximately 9.02 x 10
-5


 


lb/ft
3
 yr. 


Because nitrate concentrations did not increase, the rate of 9.02 x 10
-5


 lb/ft
3
 yr is the approximate 


average rate of implied nitrate degradation within the volume passing through the toe of the 


plume, or 78 lb/yr. Assuming that this rate is applicable within the entire plume (having a 


groundwater volume of approximately 2.54 x 10
7
 ft


3
) yields a nitrate degradation rate of 


approximately 2,286 lb/yr. However, 2,286 lb/yr over the 7 ¼ years since the second quarter of 


2010 would exceed the total estimated mass reduction of between 5,000 lb and 10,760 lb as 


discussed in Section 3.3.  


A rate of this magnitude is theoretically possible because the Section 3.3 estimated mass 


reduction, which is based on the residual plume mass estimates, likely underestimates the actual 


mass reduction because it relies on concentrations that have been impacted by reduced wildlife 


pond dilution. This rate would imply that the entire plume mass of approximately 32,940 lb 


would be reduced to a negligible value within less than 15 years even in the absence of pumping. 


However, to be conservative, and because the rate of 2,286 lb/yr is substantially larger than the 


rate calculated by Method 1 (and Method 3, below), this rate will not be relied upon in 


discussing projected remediation times in Section 4.6 (below).  


4.5.3 Method 3 


Method 3 considers the area between the nitrate and chloride plumes within primarily the 


downgradient 
3
/4 of the nitrate plume and assumes that the boundaries of the nitrate and chloride 


plumes would be roughly coincident if not for the degradation of nitrate.  
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Currently (as of the third quarter of 2017), the chloride plume extends to the west, east, and south 


of the nitrate plume; Figure 22 shows the approximate areas between the two plume boundaries 


(the area ‘marginal’ to the nitrate plume). The groundwater volume within this marginal area is 


approximately 1.64 x 10
7
 ft


3
. 


The nitrate mass within the marginal area is approximately 4,945 lb. Presumably, if not for 


nitrate degradation, the mass within this marginal volume would be larger. The nitrate mass that 


would exist within this marginal volume in the absence of degradation can be estimated based on 


the average nitrate to chloride ratio within the nitrate plume.  


The average nitrate to chloride ratio was calculated from wells consistently within the plume 


using second quarter, 2010 (baseline) data and quarterly data collected between the fourth 


quarter of 2012 and the third quarter of 2017. TWN-2 and TWN-3 were excluded from the 


calculation because they are within the head of the plume and are presumably the most 


influenced by changes in wildlife pond seepage. Using data from wells MW-30, MW-31, 


TW4-22, TW4-24, and TW4-37, the average nitrate to chloride ratio within the plume is 


approximately 0.091. 


Calculating the nitrate mass within the marginal volume based on the third quarter, 2017 chloride 


concentrations and the nitrate to chloride ratio of 0.091 yields a nitrate mass of approximately 


14,311 lb, which is 9,366 lb larger than the calculated mass of approximately 4,945 lb based on 


third quarter 2017 nitrate data. The 9,366 lb difference is assumed to be the result of natural 


degradation since the historical pond (the presumed major source) became active circa 1925. The 


average rate of degradation within the marginal volume is approximately 104 lb/yr, or 6.35 x 10
-6


 


lb/ft
3
 yr. Assuming this rate is applicable within the nitrate plume, which has a third quarter, 


2017 volume of approximately 2.54 x 10
7
 ft


3
, yields a total average nitrate degradation rate 


within the plume of approximately 161 lb/yr.  


If this same methodology is applied to the second quarter, 2010 (baseline) data, an average 


degradation rate of approximately 69 lb/yr is calculated for the marginal area between the second 


quarter, 2010 nitrate and chloride plumes (having a volume of approximately 1.14 x 10
7
 ft


3
), 


yielding a rate per unit volume of approximately 6.1 x 10
-6


 lb/yr ft
3
. Assuming this rate is 


applicable within the nitrate plume (having a volume of approximately 3.15 x 10
7
 ft


3
), yields a 


rate within the plume of approximately 192 lb/yr.  


The average of the calculated second quarter, 2010 and third quarter, 2017 rates for the marginal 


areas of the plume is approximately 87 lb/yr, and within the entire plume, approximately 177 


lb/yr. 
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4.5.4 Summary 


As discussed above, methods 1 and 2 focus on downgradient areas within the nitrate plume, and 


method 3 on the primarily downgradient margins of the nitrate plume. Nitrate degradation rates 


calculated using methods 1 and 2 are therefore more representative of downgradient areas within 


the plume and rates calculated using method 3 representative of primarily downgradient areas at 


the plume margins.  


To estimate the total degradation rates implied by these calculations it is appropriate to add the 


rates calculated from methods 1 and 2 to the rates calculated from method 3. The total 


degradation rate based on method 1 and method 3 calculations would be 178 lb/yr (the sum of 91 


lb/yr and 87 lb/yr); and based on method 2 and method 3 calculations, 165 lb/yr (the sum of 78 


lb/yr and 87 lb/yr). The average of these total degradation rates is approximately 172 lb/yr. 


Rates calculated using the three methods were also divided by the volumes of water for which 


they were known to be representative, yielding rates per unit volume. Assuming that these rates 


were applicable within the entire plume, they were then multiplied by the entire plume volumes 


to yield a total rate within the plume. These rates were approximately 220 lb/yr (method 1); 


2,286 lb/yr (method 2); and 177 lb/yr (method 3). As discussed in Section 4.5.4, the rate of 2,286 


lb/yr is not considered reasonable. Excluding this value, the average of these rates is 


approximately 200 lb/yr. 


4.5.5 Comparison With Mass Removed by Pumping 


Table 2 shows the mass of nitrate removed by pumping wells during Phase II. A total of 


approximately 2,057 lbs has been removed by all (both chloroform and nitrate) pumping wells; a 


total of approximately 1,907 lbs has been removed pumping wells within and marginal to the 


nitrate plume; and a total of approximately 1,777 lbs has been removed by pumping wells only 


within the plume. 


Since the first quarter of 2013, the average nitrate mass removed only by pumping wells within 


the plume is approximately 374 lb/yr. and from pumping wells within and marginal to the plume 


approximately 401 lb/yr. The preliminary estimated rates of natural degradation average 


approximately 172 lb/yr assuming the calculated rate is applicable to only the area of the plume 


or plume margin from which the calculation was derived, and 200 lb/yr assuming the rates are 


applicable within the entire plume. Regardless of the estimation method, the rates removed by 


pumping are on the same order of and larger than the calculated natural degradation rates. 
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4.6 Projected Timeline to Return Groundwater Nitrate Concentrations to 
the Groundwater Quality Standards 


Because average nitrate concentrations within the plume have been relatively stable since the 


first quarter of 2013, projecting a timeline to return groundwater nitrate concentrations to 


groundwater quality standards is not possible based on concentration trends to date. As discussed 


above, the general stability of both the average nitrate concentrations within the plume and of the 


plume area is attributable to the competing mechanisms of reduced dilution from reduced 


wildlife pond seepage and mass removal by pumping and natural reduction of nitrate. However, 


as the impact of reduced dilution on nitrate concentrations diminishes, nitrate concentrations 


within the plume are expected to begin trending downward. 


One method to estimate remediation time without relying on concentration trends is to calculate 


nitrate mass removal rates, project the rates into the future, and thus estimate the time needed to 


reduce the current (third quarter, 2017) residual mass within the plume to a negligible value. 


Presumably, if the nitrate residual mass were reduced to a negligible value, concentrations would 


also be reduced to negligible values. The time to reduce plume mass to a negligible value could 


be estimated by projecting the trendline calculated from the quarterly residual mass estimates; 


however, the downward trend of this trendline appears to be due in large part to the reduction in 


saturated thicknesses within the plume. Because the rate of decline in saturated thicknesses is 


likely to diminish, projecting this trendline is unlikely to yield a reliable prediction of future 


mass reduction.  


Alternatively, the time to reduce the mass within the plume to a negligible value can be 


estimated by projecting a calculated nitrate mass removal rate that is based on an estimate of the 


natural nitrate mass reduction rate and the measured mass removal rate via pumping. As 


discussed in Section 4.5, since the first quarter of 2013, the average nitrate mass removed by 


pumping wells within and marginal to the plume is approximately 401 lb/yr. The averages of the 


estimated rates of natural nitrate reduction range from approximately 172 lb/yr to 200 lb/yr 


depending on the proportion of the plume to which the rate is assumed to be applicable. Thus the 


estimated total rate of mass reduction ranges from approximately 573 lb/yr to 601 lb/yr. 


Projecting these mass removal rates into the future, and assuming a zero order rate of natural 


reduction of nitrate and a current nitrate plume residual mass of approximately 32,940 lb, (as 


calculated for the third quarter of 2017), implies that between approximately 54 and 57 years 


would be required to reduce all the nitrate within the plume to a negligible value, and between 


approximately 164 and 192 years would be required via natural degradation alone. Because 


nitrate mass removal by pumping is likely to drop off in the future due to reduced nitrate 
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concentrations and reduced saturated thicknesses (which will limit achievable pumping rates), 


the actual time, assuming pumping continues, will be more than 54 and less than 192 years.  


However, because it is only necessary to reduce nitrate concentrations within the plume below 


10 mg/L, and it will not be necessary to essentially remove all the nitrate mass to achieve this 


condition, the actual time to remediate the plume will be smaller than as calculated above. In 


addition, natural attenuation processes that include dilution and hydrodynamic dispersion will 


reduce nitrate concentrations within the plume and contribute to an additional reduction of the 


remediation time. Furthermore, expected continuing reductions in plume volume will also reduce 


remediation times. 


Once average concentrations within the plume begin to decline, improved projections of the time 


required to reduce all concentrations to less than 10 mg/L will be possible. 


If projections are made using the calculations presented above, under worst-case conditions of no 


pumping, and using the smallest estimated natural degradation rate, natural degradation of nitrate 


will reduce mass within the plume to a negligible value within 192 years. Because thousands of 


years would be required for nitrate within the plume to migrate to a discharge point (either 


Westwater Seep or Ruin Spring) based on calculations presented in HGC (2014), there is more 


than sufficient time to reduce mass within the plume to a negligible value before a discharge 


point is reached.  


Specifically, the estimated travel time from MW-23, located on the western margin of the 


tailings management system (Figure 1B), to the nearest discharge point Westwater Seep, is 


approximately 3,230 years (HGC, 2014). As the nitrate plume (located upgradient of MW-23) is 


almost as distant from MW-23 as is MW-23 from Westwater Seep, the total travel time from the 


nitrate plume to Westwater Seep would be substantially greater than 3,230 years. 
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5. CONCLUSIONS AND RECOMMENDATIONS 


The following Sections detail the conclusions derived from data collected since the initiation of 


Phase II pumping and recommendations regarding the continuation of Phase II. As will be 


discussed in Section 5.2, no changes to Phase II are recommended, and the evaluation and 


initiation of Phase III (as discussed in the CAP) is considered premature. 


5.1 Conclusions 


Since the initiation of Phase II pumping during the first quarter of 2013, control of the nitrate 


plume has been maintained in accordance with the Phase II concentration criteria presented in 


the CAP. Phase II pumping not only removes nitrate mass from the nitrate plume, but removes 


chloride mass from the commingled chloride plume, thus contributing to the reduction of mass 


within both plumes.  


The nitrate plume has not expanded downgradient to MW-5 or MW-11. The plume area and 


average concentrations within the plume have been relatively stable and residual masses are 


trending downward. Comparing the second quarter, 2010 baseline mass estimate of 43,700 lb 


with the third quarter, 2017 mass estimate of approximately 32,940 lb (Table 1) suggests that the 


plume mass has decreased approximately 10,760 lb or nearly 25%. Based on the Figure 6 


trendline, the plume mass has decreased approximately 5,000 lb or 11%. 


The relative stability of average nitrate concentrations within the nitrate plume and the relative 


stability of the plume area likely result from a combination of competing factors. Nitrate mass 


removal by pumping and naturally occurring nitrate degradation, which tend to reduce 


concentrations within the plume and shrink the plume boundaries, are counteracted by reduced 


dilution from the wildlife ponds, which tends to increase concentrations within the plume and 


expand the plume boundaries. The interaction of these two mechanisms has resulted in a plume 


that appears to be in dynamic equilibrium with respect to area.  


Plume stability is thus attributable to pumping and natural attenuation. Nitrate and chloroform 


pumping remove both nitrate and chloride mass from the nitrate and chloride plumes and from 


areas east of the plumes, acting to reduce concentrations of these constituents in the groundwater. 


Natural attenuation also acts to reduce nitrate and chloride concentrations within the nitrate and 


chloride plumes and within areas east of the plumes. Natural attenuation mechanisms include 


dilution and hydrodynamic dispersion (which impact both nitrate and chloride concentrations) 


and nitrate mass removal via reduction by naturally occurring pyrite and/or organic material in 


the perched groundwater zone (which impacts only nitrate concentrations). Dilution, 
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hydrodynamic dispersion, and nitrate mass removal via reduction by pyrite and/or organic 


material all act to reduce nitrate concentrations.  


Specifically, the combined impacts of perched groundwater flow, pumping and natural 


attenuation on the nitrate plume since the first quarter of 2013 include the following: 


1. Pumping and natural attenuation have maintained control of the nitrate plume. The plume 


area and the average nitrate concentrations within the plume (Table 1) have been 


relatively stable and are about the same in the third quarter of 2017 as in the second 


quarter of 2010 (the ‘baseline’ as defined in the CAP). 


2. The stability of the southern nitrate plume boundary, the stability of nitrate 


concentrations in the toe of the plume (at MW-30 and MW-31), and increasing chloride 


in the toe of the plume imply that: 


a. The commingled chloride plume is continuing to migrate downgradient which is 


expected because this portion of the plume is beyond the hydraulic capture of 


the pumping wells (as anticipated and as discussed in the CAP);  


b. Nitrate is being degraded in the toe of the plume, otherwise concentrations 


would be increasing along with the chloride concentrations, and nitrate to 


chloride concentration ratios would be stable rather than decreasing; and 


c. The nitrate degradation is consistent with nitrate reduction by naturally 


occurring pyrite and/or organic matter in the perched zone. 


3. Increasing nitrate and chloride at TWN-7 and MW-28 (although nitrate concentrations at 


TWN-7 are less than 4 mg/L and at MW-28 are less than 2 mg/L) are consistent with the 


apparent slight expansion of the west side of the kriged nitrate plume boundary and 


continuing downgradient migration of nitrate and chloride. The position of the western 


plume boundary is not as precisely definable as the northern, southern, and eastern 


boundaries because there are relatively fewer and more widely spaced wells to define it. 


4. The decreasing nitrate concentrations at both TWN-2 and TWN-3 are attributable to mass 


removal by pumping and redistribution of nitrate within the plume. Redistribution (as 


anticipated in the CAP) appears to have caused the mass center to migrate from the area 


of TWN-2 to the area of TW4-22. It is likely that TWN-2 was located within the 


upgradient portion of this mass center in the second quarter of 2010 and that TW4-22 is 


now within the downgradient portion of this mass center. Redistribution is consistent 


with changes in saturated thickness and continuing downgradient migration of nitrate 


within the plume (to the south-southwest) enhanced by pumping. 


5. Decreasing saturated thicknesses within the northern 
2
/3 of the plume (where most of the 


nitrate mass resides) have resulted in a decreasing plume volume which contributes to a 


decreasing trend in the quarterly residual plume mass estimates. 


6. Mass removal by pumping and naturally occurring nitrate degradation, which would tend 


to reduce concentrations in wells within the plume and shrink the plume boundaries, is 







 


37 
 


Nitrate Corrective Action Comprehensive Monitoring Evaluation (CACME) Report 


H:\718000\71807\NCACME\Report\NCACME2017 Final 12.11.17.Docx 


December 11, 2017 


 


counteracted by reduced dilution from the wildlife ponds, which tends to increase 


concentrations in wells within the plume and expand the plume boundaries. 


7. The interaction of the above two mechanisms has resulted in a plume that appears to be in 


dynamic equilibrium with respect to area. 


 


Although average nitrate concentrations within the plume have been relatively stable, the 


diminishing impacts of reduced dilution by wildlife pond seepage, and continuing mass removal 


by pumping and reduction by naturally occurring pyrite and/or organic matter in the perched 


zone, are expected to reduce nitrate concentrations. Under current conditions, nitrate 


concentration trends cannot be used to estimate a remediation time (at which all nitrate 


concentrations within the plume were reduced below 10 mg/L); however the time to reduce the 


plume mass to a negligible value can be estimated by projecting a calculated nitrate mass 


removal rate. Presumably, if the nitrate residual mass were reduced to a negligible value, 


concentrations would also be reduced to negligible values. The calculated mass removal rate 


would be based on an estimate of the nitrate mass removal via natural reduction and the 


measured mass removal via pumping.  


As discussed in Section 4.4, since the first quarter of 2013, the average nitrate mass removed 


only by pumping wells within and marginal to the plume is approximately 401 lb/yr. Averages of 


the estimated nitrate reduction rates resulting from preliminary calculations of natural nitrate 


reduction range from approximately 172 lb/yr to 200 lb/yr depending on the proportion of the 


plume to which the rate is assumed to be applicable. Thus the estimated total rate of mass 


reduction ranges from approximately 573 lb/yr to 601 lb/yr assuming pumping continues. 


Projecting these mass removal rates into the future, and assuming a zero order rate of natural 


reduction and a current nitrate plume residual mass of approximately 32,940 lb, (as calculated for 


the third quarter of 2017), implies that between 54 and 57 years would be required to reduce the 


mass within the plume to a negligible value, and between approximately 164 and 192 years 


would be required via natural reduction alone. Because nitrate mass removal by pumping is 


likely to drop off in the future due to reduced nitrate concentrations and reduced saturated 


thicknesses (which will limit achievable pumping rates), the actual time, assuming pumping 


continues, will be more than 54 and less than 192 years.  


However, because it is only necessary to reduce nitrate concentrations within the plume below 


10 mg/L, and it will not be necessary to essentially remove all the nitrate mass to achieve this 


condition, the actual time to remediate the plume will be smaller than as calculated above. In 


addition, natural attenuation processes that include dilution and hydrodynamic dispersion will 
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reduce nitrate concentrations within the plume and contribute to an additional reduction of the 


remediation time. Furthermore, expected continuing reductions in plume volume will also reduce 


remediation times. 


In the event that pumping was substantially reduced or should cease, even in the near term, the 


nitrate plume would continue to diminish through natural attenuation processes that include 


nitrate mass removal via reduction by pyrite. As discussed in HGC (2014), the mass of naturally 


occurring pyrite in the perched zone within the anticipated downgradient path of the nitrate 


plume is two to three orders of magnitude larger than needed to degrade all of the nitrate to non-


detectable levels before reaching a site property boundary or a discharge point. 


The estimated times to reduce the nitrate plume mass to a negligible value indicate that even 


under worst-case conditions of no pumping, natural degradation of nitrate is likely to reduce 


mass within the plume to a negligible value within less than 200 years. Because thousands of 


years would be required for nitrate within the plume to migrate to a discharge point (either 


Westwater Seep or Ruin Spring) based on calculations presented in HGC (2014), there is more 


than sufficient time to reduce mass within the plume to a negligible value before a discharge 


point is reached.  


5.2 Recommended Changes to Phase II 


Phase II pumping is considered effective in maintaining the relative stability of the nitrate plume. 


Pumping appears adequate at the present time based on estimates of background flow through 


the plume as discussed in Section 4.3. Estimates of nitrate mass removal by naturally occurring 


pyrite and/or organic matter in the perched zone suggest that nitrate mass removal by pumping is 


of the same order as but larger than these estimates and that pumping should continue. The 


addition of chloroform pumping wells TW4-21 and TW4-37, which are typically and 


consistently within the nitrate plume, respectively, constitutes an enhancement to the nitrate 


pumping system even though these wells are pumped primarily to reduce chloroform mass. At 


the present time, no changes to the pumping system are recommended.  


Changes that have occurred during Phase II pumping emphasize the importance of not expanding 


the pumping system to more downgradient locations, in particular to MW-30 and MW-31, 


located in the toe of the plume. First, it is not necessary because the plume is not expanding 


downgradient at this location. Second, as discussed in the CAP, such pumping would likely 


result in undesirable downgradient expansion of the chloroform plume 
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Nitrate pumping at TW4-22 and TW4-24 caused chloroform from the vicinity of TW4-20 to 


migrate to the west, thus expanding the chloroform plume. This measured expansion supports the 


likelihood that pumping in the toe of the nitrate plume would induce undesirable downgradient 


migration of chloroform. 


Presumably, if the nitrate residual mass were reduced to a negligible value, concentrations would 


also be reduced to negligible values. Assuming that mass removal by pumping continues at the 


same average rate since initiation of Phase II, and using preliminary estimates of natural nitrate 


degradation, between 54 and 57 years would be required to reduce the plume mass to a 


negligible value. In the absence of pumping, relying entirely on preliminary estimates of natural 


degradation alone, between approximately 164 and 192 years are estimated to be required. 


Because nitrate mass removal by pumping is likely to drop off in the future due to reduced 


nitrate concentrations and reduced saturated thicknesses (which will limit achievable pumping 


rates), the actual time, assuming pumping continues, will be more than 54 and less than 192 


years.  


However, because it is only necessary to reduce nitrate concentrations within the plume below 


10 mg/L, and it will not be necessary to essentially remove all the nitrate mass to achieve this 


condition, the actual time to remediate the plume will be smaller than as calculated above. In 


addition, natural attenuation processes that include dilution and hydrodynamic dispersion will 


reduce nitrate concentrations within the plume and contribute to an additional reduction of the 


remediation time. Furthermore, expected continuing reductions in plume volume will also reduce 


remediation times. 


Although (as discussed in HGC, 2014) there is more than sufficient pyrite in the perched zone to 


degrade all of the nitrate mass before reaching a property boundary or discharge point, 


essentially eliminating the risk of exposure, continuation of Phase II pumping is recommended 


for now, as it significantly contributes to nitrate mass reduction and to the reduction in the 


volume of the plume. In addition, pumping helps to reduce hydraulic gradients, thereby slowing 


the rate of downgradient plume migration. Therefore, at the present time, evaluation of Phase III 


is considered premature.  


5.3 Evaluation of Phase II  


A evaluation of Phase II that relies on information presented in foregoing Sections 1 through 5.2 


and that is based on specific requirements of the SCO is detailed in the following Sections.  
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5.3.1 Phase II is to Meet the Criteria Specified in the CAP 


Section D.1 of the SCO requires that EFRI “[f]ully implement all elements of the May 7, 2012 


White Mesa Uranium Mill Nitrate CAP according to, but not limited to, Phases and activities, 


timelines, monitoring frequencies and protocols, reporting requirements, and objectives outlined 


therein.” Through activities carried out since the effective date of the SCO, that include (but are 


not limited to) timely initiation and maintenance of the nitrate pumping system; quarterly 


groundwater monitoring, sampling and analysis activities; timely submission of all Quarterly 


Nitrate Monitoring reports; and control of the nitrate plume, EFRI has fully implemented all such 


elements.  


5.3.2 Phase II is to Continue unless Continuation of Phase II is not Considered 
Adequate or Appropriate or EFRI otherwise Determines to Implement Phase III 


Section 1, page 1, of the CAP provides that “[p]hase II will involve near term active remediation 


of the nitrate contamination by pumping contaminated water into the Mill’s tailings cells for 


disposal, combined with monitored natural attenuation. Phase III, if necessary, will be at the 


discretion of EFRI and would involve a long term solution for the nitrate contamination, in the 


event that the continuation of Phase II is not considered adequate or appropriate.” Section 3.2.3, 


page 12, of the CAP further states that “[t]his CAP does not specify the details of Phase III, at 


this time” and that “[a] Phase III preliminary plan and schedule for the evaluation of alternatives, 


for the completion of any further studies, analyses, applications and petitions, and for the 


ultimate definition of Phase III, may be proposed by EFRI at a later date, after completion of 


such studies and evaluation, followed by submittal of a proposed CAP revision to the Executive 


Secretary, Until such time, the activities of the Phase I and Phase II remediation will continue as 


stipulated in the approved CAP.” 


Furthermore, Section 7.3, page 45, of the CAP provides that “[p]hase III may be implemented at 


the discretion of EFRI at any time (including prior to five years) if EFRI determines that 


continuation of Phase II is not necessary or appropriate. If EFRI decides to implement Phase III, 


EFRIwill submit a revised CAP to the Executive Secretary for approval, which incorporates 


Phase III. Phase II will continue until Phase III is approved by the Executive Secretary.” 


Phase II is ongoing and, as discussed in Section 5.2 (and other preceding Sections), has been 


effective in maintaining control of the nitrate plume. Because of its effectiveness, continuation of 


Phase II is recommended without any changes at the present time. Specific criteria regarding the 


effectiveness of Phase II are presented below. 
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5.3.3 Evaluation of Criteria for Evaluation of Continued Effectiveness of Phase II 


Section 8 of the CAP states that the effectiveness of the corrective action will be assessed based 


on the following criteria: 


1. Stability of plume boundaries 


2. Concentration and nitrate mass trends within the plume 


3. Nitrate mass removal rates resulting from pumping, and 


4. Stability of capture zones. 


Stability of Plume Boundaries. In determining whether or not continuation of Phase II is 


appropriate, Section 8.1 states that “[u]nder conditions where the plume boundaries remain stable 


or contract, no additional pumping wells will be needed, and no reevaluation of Phase II will be 


needed. . . . If the plume continues to migrate, or suitable additional pumping well locations are 


not available, then Phase II will be reevaluated, which may include commencement of Phase 


III.” 


As discussed in Sections 3 and 4.1 above, the plume boundaries are not expanding. As a result, 


Phase II is considered successful at this time, with respect to this criterion. 


Concentration and Nitrate Mass Trends within the Plume. Section 8.2 of the CAP states that 


“[c]hanges in nitrate mass within the plume based on concentrations and saturated thicknesses 


will be used to determine any need for reevaluation of Phase II. . . . If the mass trend line after 


eight quarters is flat or decreasing (and the plume boundaries are not expanding), then Phase II 


will be considered successful at that time. Ongoing quarterly trend analysis will then indicate 


whether or not Phase II continues to be successful. . . . If the trend in nitrate mass calculations 


indicates a need to reevaluate the effectiveness of Phase II . . . [a]nticipated responses to this 


condition would likely include adding existing or new wells to the pumping network. . . . If 


suitable well locations are not available, then Phase III will be considered.” 


As discussed in Sections 3.3 and 4.1 above, the nitrate mass trend line has demonstrated a 


decreasing trend over time. As a result, Phase II is considered successful at this time, with 


respect to this criterion. 


Concentration and Nitrate Mass Trends within the Plume. With respect to nitrate mass removal 


rates, Section 8.3 of the CAP provides that [u]nder conditions where nitrate mass removal rates 
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by pumping drop substantially as a result of reduced concentrations within the plume, no action 


will be taken. Under conditions where nitrate mass removal rates by pumping drop substantially 


as a result of lost well productivities then an evaluation of the lost productivity will be 


undertaken. . . . These factors will be considered in any reevaluation that may be performed.” 


As discussed in Section 4.1 above, nitrate mass removal rates have fluctuated but have not 


dropped substantially over the last five years. As a result, Phase II is considered successful at this 


time, with respect to this criterion. 


Stability of Capture Zones. With respect to stability of the capture zones, section 8.4 of the CAP 


provides that “[u]nder conditions where concentrations of nitrate in excess of the 10 mg/L 


standard migrate beyond the current boundaries of the plume, . . . an evaluation of the factors 


resulting in this condition will be undertaken. . . . If the condition is determined to result from 


lost productivity of the pumping wells due to well efficiency problems, the inefficient wells will 


be re-developed or replaced . . . . Should the loss in capture be determined to result from other 


conditions, then Phase II will be reevaluated, which may include commencement of Phase III. . . 


. . Anticipated responses to this condition would likely include adding existing or new wells to 


the pumping network . . . . If suitable well locations are not available, then Phase III will be 


considered.” 


As discussed in Section 4.3 above, due to low permeability conditions and transient groundwater 


flow conditions (resulting from reduced wildlife pond recharge), capture zones associated with 


nitrate pumping are likely continuing to develop. However, capture is considered adequate based 


on total nitrate plume pumping rates that are within or exceed the calculated range of 


‘background’ flow through the plume. In addition, (as discussed in Section 2.3) chloroform 


pumping wells TW4-21 and TW4-37, which became operational in 2015, are typically and 


consistently within the nitrate plume, respectively, and consistently remove relatively large 


masses of nitrate from the plume. In practice these wells represent an enhancement to and 


expansion of the nitrate pumping system, and are effective in maintaining nitrate mass removal 


rates.  


As a result, Phase II is considered successful at this time, with respect to this criterion. 


5.3.4 Continuation of Phase II is Considered Adequate and Appropriate at this time  


As all of the criteria specified in Section 8 of the CAP are satisfied at this time, Phase II is 


considered adequate and appropriate at this time, and there is no need to proceed to Phase III 


(i.e., Phase III would merely be a continuation of Phase II). 
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In addition, as discussed in Sections 3.3 and 4 above, between the second quarter of 2010 and the 


third quarter of 2017, the mass of nitrate contained within the plume has been reduced by 


approximately 11% to 25%. Furthermore, there is enough pyrite in the perched zone within the 


path of the plume to completely attenuate the plume through natural reduction of nitrate alone. 


Based on pumping and estimated natural attenuation rates determined to date, the mass of the 


plume will be reduced by approximately 573 to 601 lbs per year, and nitrate concentrations 


within the plume are expected to be reduced to negligible values (less than 10 mg/L) within 


approximately 54 to 57 years. In the absence of pumping, between approximately 164 and 192 


years would be required. Because nitrate mass removal by pumping is likely to drop off in the 


future due to reduced nitrate concentrations and reduced saturated thicknesses (which will limit 


achievable pumping rates), the expected time to reduce nitrate concentrations to negligible 


values (less than 10 mg/L), assuming pumping continues, will be more than 54 and less than 192 


years. As the estimated time for impacted water to reach the nearest discharge point (Westwater 


seep or Ruin Spring) is greater than 3,230 years, there is no concern at this time that the 


continuation of Phase II will not result in remediation of the plume well before it can reach any 


exposure to the public or wildlife.  
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6. PHASE III PLANNING DOCUMENT  


Section D.2.c) of the SCO requires that “[u]nless it has been demonstrated to the satisfaction of 


the DIRECTOR that Phase II has returned or will return groundwater nitrate concentration to 


the Utah Groundwater Quality Standard within five (5) years then [this Report shall include] 


preparation of a Phase III planning document including a transport assessment, a hazard 


assessment, and an exposure assessment along with a corrective action assessment including an 


evaluation of best available remedial technologies as described in the May 7, 2012 CAP Section 


7.3.” 


As the foregoing analysis demonstrates that, although Phase II actions are expected to return 


groundwater nitrate concentrations to the Utah Groundwater Quality Standard of 10 mg/L, based 


on data collected to date, it is currently not expected that this will be accomplished within the 


next five years. The following analysis is therefore provided as the Phase III planning document 


contemplated by Section D.2 c) of the SCO. 


6.1.1 Transport Assessment 


As discussed in section 4 and summarized in Section 5 above, since the first quarter of 2013, the 


average nitrate mass removed only by pumping wells within and marginal to the plume is 


approximately 401 lb/yr. Averages of the estimated nitrate reduction rates resulting from 


preliminary calculations of natural nitrate reduction range from approximately 172 lb/yr to 200 


lb/yr depending on the proportion of the plume to which the rate is assumed to be applicable. 


Thus the estimated total rate of mass reduction ranges from approximately 573 lb/yr to 601 lb/yr 


assuming pumping continues. Projecting these mass removal rates into the future, and assuming 


a zero order rate of natural reduction and a current nitrate plume residual mass of approximately 


32,940 lb, (as calculated for the third quarter of 2017), implies that between 54 and 57 years 


would be required to reduce the mass within the plume to a negligible value, and between 


approximately 164 and 192 years would be required via natural reduction alone. Because nitrate 


mass removal by pumping is likely to drop off in the future due to reduced nitrate concentrations 


and reduced saturated thicknesses (which will limit achievable pumping rates), the actual time, 


assuming pumping continues, will be more than 54 and less than 192 years. 


As discussed in Section 4.6 above, if projections are made using these calculations, under worst-


case conditions of no pumping, natural degradation of nitrate will reduce mass within the plume 


to a negligible value within 192 years. Because thousands of years would be required for nitrate 


within the plume to migrate to a discharge point (either Westwater Seep or Ruin Spring) based 
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on calculations presented in HGC (2014), there is more than sufficient time to reduce mass 


within the plume to a negligible value before a discharge point is reached.  


Specifically, the estimated travel time from MW-23, located on the western margin of the 


tailings management system (Figure 1B), to the nearest discharge point Westwater Seep, is 


approximately 3,230 years (HGC, 2014). As the nitrate plume (located upgradient of MW-23) is 


almost as distant from MW-23 as is MW-23 from Westwater Seep, the total travel time from the 


nitrate plume to Westwater Seep would be substantially greater than 3,230 years. 


As a result, based on data collected to date, the nitrate plume is expected to naturally degrade to 


the State drinking water standard (or lower) thousands of years before the impacted water could 


reach the nearest discharge point. 


As the recommended action is continuation of Phase II, as discussed in Section 6.1.6 below, no 


further transport evaluation is required at this time. If and when Phase II is discontinued and 


Phase III commences, an updated and if necessary, expanded transport assessment will be 


performed in connection with the approval of Phase III. 


6.1.2 Hazard Assessment  


As discussed in Section 6.1.1 above, based on data collected to date, the nitrate plume is 


expected to naturally degrade to the state drinking water standard (or lower) thousands of years 


before the impacted water could reach the nearest discharge point. 


As a result, there would be no expected hazard to public health, safety or the environment, even 


if Phase II were to be discontinued at this time and the plume were left to degrade naturally over 


time. 


As the recommended action is continuation of Phase II, as discussed in Section 6.1.6 below, no 


further hazard assessment is required at this time. If and when Phase II is discontinued and Phase 


III commences, an updated and if necessary, expanded hazard assessment will be performed in 


connection with the approval of Phase III. 


6.1.3 Exposure Assessment  


As the nitrate plume is expected to naturally degrade to the state drinking water standard (or 


lower) thousands of years before the impacted water could reach the nearest discharge point, 
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there would be no expected exposure to the public, wildlife or the environment, even if Phase II 


were to be discontinued at this time and the plume were left to degrade naturally over time. 


As the recommended action is continuation of Phase II, as discussed in Section 6.1.6 below, no 


further exposure assessment is required at this time. If and when Phase II is discontinued and 


Phase III commences, an updated and if necessary, expanded exposure assessment will be 


performed in connection with the approval of Phase III. 


6.1.4 Corrective Action Assessment  


As discussed in Section 5.3 above, as all of the criteria specified in section 8 of the CAP are 


satisfied at this time, Phase II is considered adequate and appropriate at this time, and there is no 


need to discontinue Phase II or proceed to Phase III (other than a mere continuation of Phase II) 


at this time. 


6.1.5 Evaluation of Best Available Remedial Technologies  


As discussed in Sections 3.3 and 4 above, between the second quarter of 2010 and the third 


quarter of 2017, the mass of nitrate contained within the plume has been reduced by 


approximately 11% to 25%. Furthermore, there is enough pyrite in the perched zone within the 


path of the plume to completely attenuate the plume through natural reduction of nitrate alone. 


Based on pumping and estimated natural attenuation rates determined to date, the mass of the 


plume will be reduced by approximately 573 to 601 lbs per year, and nitrate concentrations 


within the plume are expected to be reduced to negligible values (less than 10 mg/L) within 


approximately 54 to 57 years. In the absence of pumping, between approximately 164 and 192 


years would be required. Because nitrate mass removal by pumping is likely to drop off in the 


future due to reduced nitrate concentrations and reduced saturated thicknesses (which will limit 


achievable pumping rates), the expected time to reduce nitrate concentrations to negligible 


values (less than 10 mg/L), assuming pumping continues, will be more than 54 and less than 192 


years. As the estimated time for impacted water to reach the nearest discharge point (Westwater 


seep or Ruin Spring) is greater than 3,230 years, there is no concern at this time that the 


continuation of Phase II will not result in remediation of the plume well before it can reach any 


exposure to the public or wildlife.  


Although, as discussed above, there would be no expected hazard to public health, safety or the 


environment or exposure to the public or wildlife, even if Phase II were to be discontinued at this 


time and the plume were left to degrade naturally over time, continuation of Phase II is 


recommended as the best available remedial technology at this time. Continuation of pumping 
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under Phase II, rather than merely relying on natural attenuation, will have the impact of 


accelerating remediation of the plume from an estimated 164 to 192 years relying on natural 


attenuation alone, to as little as approximately 54 to 57 years with continued pumping under 


Phase II. 


6.1.6 Recommendation 


Based on the foregoing analyses, the following is recommended: 


1. Phase II continue until the earlier of: 


a. EFRI decides to implement Phase III in accordance with Section 7.3 of the CAP, 


in which case EFRI will submit a revised CAP to the Director for approval, which 


will incorporate Phase III. Phase II will continue until Phase III is approved by the 


Director; or 


b. It is determined, based on an assessment of the effectiveness of the Phase II 


corrective action performed in accordance with paragraph 2. below, that Phase II 


no longer meets the criteria specified in Section 8 of the CAP and commencement 


of Phase III is necessary. 


2. EFRI shall submit a Corrective Action Comprehensive Monitoring Evaluation (CACME) 


Report every five years, each CACME to be filed on or before the 5
th


 anniversary of 


Director approval of the previously filed CACME, that will include: 


a. An estimate of the rate of nitrate plume remediation (percent mass reduction and 


concentration reduction per year) and projected timeline to return groundwater nitrate 


concentrations to the Groundwater Quality Standards using Phase II alone, including 


any adjustments to the reclamation surety estimate; 


b. Identification of any changes to Phase II to improve effectiveness and accelerate the 


remediation timeline, and 


c. An assessment of the effectiveness of the Phase II corrective action performed in 


accordance with Section 8 of the CAP, and if such assessment determines that Phase 


II no longer meets the criteria specified in Section 8 of the CAP and commencement 


of Phase III is necessary, preparation of a Phase III planning document including a 


transport assessment, a hazard assessment, and an exposure assessment along with a 


corrective action assessment including an evaluation of best available remedial 


technologies as described in Section 7.3 of the CAP. 


The CACME will be certified by a Utah licensed Professional Engineer or Geologist. 
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3. All provisions of the CAP, including quarterly monitoring and reporting, will continue as 


required under the CAP for Phase II. 


6.1.7 Surety Estimate  


As the recommended action is continuation of Phase II in the same manner as currently being 


implemented, no changes to the Mill surety are required at this time. Any changes to the Mill 


surety that may be required as a result of any future adjustments to the implementation of Phase 


II will be addressed in the annual Mill surety review. 
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TABLE 1


Quarterly Nitrate Plume Area, Mass Pumped, Residual Mass, and Average Concentrations During Phase II


 (and including Q2 2010 and Q4 2012 data) 


Number Plume 1
Total Mass Residual  2


Average
3
Average


of Plume Area Pumped/Quarter Plume Mass Nitrate Nitrate


Quarter Wells (m2) (lb) (lb) Concentration (mg/L) Concentration (mg/L)


Q2 2010 8 2.77E+05 NA 43700 26.3 21.2


Q4 2012 9 2.60E+05 NA 33845 18.6 18.4


Q1 2013 7 2.74E+05 89.2 41350 32.3 22.2


Q2 2013 7 2.67E+05 85.3 34140 30.7 19.8


Q3 2013 8 2.80E+05 169.3 36930 28.1 20


Q4 2013 6 2.89E+05 154.8 41150 43 23.1


Q1 2014 7 2.64E+05 96.4 31410 28.4 19.3


Q2 2014 7 2.57E+05 96.2 30620 29 19.6


Q3 2014 6 2.29E+05 87.5 24140 27.3 17.6


Q4 2014 7 2.77E+05 102.0 34370 32.5 21


Q1 2015 7 2.87E+05 72.8 38740 30.9 21.7


Q2 2015 8 2.73E+05 61.4 33042 29.2 19.9


Q3 2015 10 2.92E+05 109.1 34880 26.8 19.6


Q4 2015 9 2.65E+05 116.1 30980 26.8 19.6


Q1 2016 10 2.76E+05 124.0 33083 27.1 19.8


Q2 2016 9 2.56E+05 91.3 28465 25.5 18.5


Q3 2016 10 2.79E+05 93.1 32230 25.7 20.4


Q4 2016 13 2.90E+05 98.7 31798 22 18.7


Q1 2017 12 3.15E+05 104.3 43787 24.6 23.3


Q2 2017 8 2.68E+05 71.6 32145 28.7 20.4


Q3 2017 10 2.74E+05 84.1 32939 25.4 20.6


Notes:
1
 =  from wells within and along plume margin


2
 = average of concentrations in wells within plume


3
 = average concentrations based on gridded data (weighted average)


lb = pounds


mg/L = milligrams per liter


m2 = square meters


NA = not applicable


H:\718000\71807\NCACME\NandWL_data_since 1Q2013.xlsx:  Table 1 (mass and C)







TABLE 2


Nitrate Mass Pumped During Phase II


Quarter all wells (lb)
plume wells only 


(lb)


plume and plume 


margin wells (lb)


Q1 2013 96 66 89


Q2 2013 92 72 85


Q3 2013 177 161 169


Q4 2013 162 131 155


Q1 2014 103 89 96


Q2 2014 102 91 96


Q3 2014 93 81 87


Q4 2014 109 92 102


Q1 2015 83 59 73


Q2 2015 69 59 61


Q3 2015 119 106 109


Q4 2015 125 114 116


Q1 2016 133 123 124


Q2 2016 100 89 91


Q3 2016 101 91 93


Q4 2016 106 98 99


Q1 2017 116 104 104


Q2 2017 80 70 72


Q3 2017 93 82 84


 Totals (lb) 2057 1777 1907


Note: lb = pounds


H:\718000\71807\NCACME\NandWL_data_since 1Q2013.xlsx:  Table2 (mass pumped)







TABLE 3


 Slug Test Results


(Using KGS Solution and Automatically Logged Data)


Well
K 


(cm/s)


K


(ft/day)


MW-30 1.0E-04 0.28


MW-31 7.1E-05 0.20


TW4-22 1.3E-04 0.36


TW4-24 1.6E-04 0.45


TW4-25 5.8E-05 0.16


TWN-2 1.5E-05 0.042


TWN-3 8.6E-06 0.024


Average 1 0.22


Average 2 0.15


Average 3 0.32


Average 4 0.31


Notes:


Average 1 = arithemetic average of all wells


Average 2 = geometric average of all wells


Average 3 = arithemetic average of MW-30, MW-31, TW4-22, and TW4-24


Average 4 = geometric average of MW-30, MW-31, TW4-22, and TW4-24


cm/s = centimeters per second


ft/day = feet per day


K = hydraulic conductivity


KGS = KGS Unconfined Slug Test Solution in Aqtesolve
TM


.
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TABLE 4


Pre-Pumping Saturated Thicknesses


Depth to Depth to Water Saturated Thickness


Well Brushy Basin Fourth Quarter, 2012 Above Brushy Basin


(ft) (ft) (ft)


TW4-22 112 53 58


TW4-24 110 55 55


Notes:


ft = feet


H:\718000\71807\NCACME\T3T4T5.xls:  Table 4







TABLE 5


  Pre-Pumping Hydraulic Gradients and Flow Calculations


Path Length Head Change Hydraulic Gradient


(ft) (ft) (ft/ft)


TW4-25 to MW-31 2060 48 0.023


TWN-2 to MW-30 2450 67 0.027


average 0.025


1 
min flow (gpm) 1.31


2
max flow (gpm) 2.79


Notes:


ft = feet


ft/ft = feet per foot


gpm = gallons per minute
1 


assumes width = 1,200 ft; saturated thickness = 56 ft; K = 0.15 ft/day; and gradient = 0.025 ft/ft
2 


assumes width = 1,200 ft; saturated thickness = 56 ft; K = 0.32 ft/day; and gradient = 0.025 ft/ft


Pathline Boundaries


H:\718000\71807\NCACME\T3T4T5.xls:  Table 5
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ATTACHMENT N 


EVALATION OF REDUCED PRODUCTIVITY AT TW4-19 AND TW4-24 AND 
CALCULATION OF NEW 'BACKGROUND' FLOW THROUGH THE NITRATE 
PLUME 


1.0 INTRODUCTION AND OVERVIEW 


This analysis considers nitrate and chloroform program data up through the second 
quarter of 2015. As shown in Figures N.1 and N.2, the productivities of chloroform 
pumping well TW4-19 and nitrate pumping well TW4-24 have dropped since the third 
quarter of 2014. The decreases in average pumping rates at these wells have caused 
reductions in pumped chloroform and nitrate masses at each well. 


As per the nitrate and chloroform CAPs, reductions in productivity of nitrate and 
chloroform pumping wells requires an evaluation to determine the likely causes and, 
depending on the results of the evaluation, a decision to either take no additional action, 
or to take action that may include rehabilitation or replacement of the affected wells, or 
installation of additional wells. Although under the chloroform CAP such an evaluation is 
only required as part of the 2-year review process (two-year Corrective Action 
Comprehensive Monitoring Evaluation ["CACME"]), to be proactive, and because the 
chloroform and nitrate pumping systems overlap, the evaluation of both systems is 
commencing at the present time. 


Lost productivity may result from several causes. Likely causes at the Mill include: 
interference between relatively large numbers of closely spaced extraction wells; 
reductions in hydraulic gradients resulting from reduced wildlife pond recharge; reduced 
transmissivities as saturated thicknesses decline due to reduced wildlife pond recharge 
and increases in the number of pumping wells; potentially lower average hydraulic 
conductivity related to saturated thickness declines (that presumably have resulted in 
dewatering of relatively shallow zones of higher permeability); and losses in well 
efficiency. 


Reduced productivity at TW4-24 doesn't significantly affect chloroform mass removal 
because TW4-24 is primarily a nitrate pumping well and because of low chloroform 
concentrations. Reduced productivity at TW4-24 is mainly of concern to the nitrate 
program because of moderately high nitrate concentrations and potentially reduced 
capture effectiveness. However, potential reductions in capture effectiveness will be 
mitigated by decreases in saturated thicknesses, decreases in hydraulic gradients, and 
potentially lower average hydraulic conductivities that in combination will significantly 
reduce non-pumping 'background' flow through the nitrate plume. Reduced 
'background' flow reduces the amount of pumping needed to maintain effective capture. 
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The impact of reduced productivity at TW 4-19 on chloroform mass removal will be 
mitigated by factors that include: 1) chloroform concentrations at TW 4-19 are on average 
lower than concentrations at nearby chloroform pumping wells; and 2) the recent addition 
of five wells to the chloroform pumping system: four existing wells (TW4-1, TW4-2, 
TW4-ll, and TW4-21), and one new well (TW4-37). The addition of these wells 
increases chloroform mass removal rates and reduces the relative importance of TW 4-19. 


At the present time, because nitrate pumping is likely to be adequate even with reduced 
pumping at TW4-24, and because of the beneficial impact of adding five wells to the 
chloroform pumping system (which reduces the relative importance of TW4-19), it is 
considered too early to commit to any particular course of action other than continuing 
evaluation of the pumping system. 


2.0 CALCULATION OF NEW 'BACKGROUND' FLOW THROUGH THE 
NITRATE PLUME 


Reduced productivity at TW4-24 is likely the result of four factors other than potential 
losses in well efficiency: 1) smaller saturated thickness (by approx 11 % ) related to 
reduced wildlife pond recharge; 2) smaller hydraulic gradients (by approx 26%) also 
related to reduced wildlife pond recharge; 3) smaller average hydraulic conductivities (by 
approx 9%, presumably as a result of dewatering relatively shallow zones of higher 
permeability); and interference between pumping wells. 'Background' flow through the 
nitrate plume will be affected by the first three factors because it is meant to represent the 
condition that would arise in the absence of pumping. 


The pre-nitrate pumping hydraulic gradient within the nitrate plume was calculated based 
on water levels at wells TW4-25 and MW-31 and wells TWN-2 and MW-30. These 
calculations yielded an average hydraulic gradient of 0.025 ft/ft. This is essentially 
identical to the pre- nitrate pumping hydraulic gradient calculated immediately east of the 
plume based on pre-nitrate pumping water levels at wells TWN-1 and MW-32. 


The hydraulic gradient within the nitrate plume has been reduced by decay of the 
groundwater mound resulting from cessation of water delivery to the northern wildlife 
ponds and by pumping. To assess the magnitude of the decrease in hydraulic gradient due 
only to the decay of the groundwater mound, two methods were employed. 


The first used the average decrease in water levels since Q4 2012 (approximately 10 ft) at 
non-pumping wells TWN-1, TWN-3, TWN-4, MW-19, MW-27, Piez-2 and Piez-3. Q4 
2012 was the quarter just prior to the start of nitrate pumping. Water levels at these wells 
are assumed to have responded primarily to cessation of water delivery to the northern 
wildlife ponds (Figures N.3 through N.9). The average decrease (approximately 10 ft) 
was then assumed to represent the decrease in water level that would have occurred at 
pumping well TW4-25 under non-pumping conditions. The new 'background gradient' 
for Q2 2015 was then calculated as 0.019 ft/ft based on the water level calculated for 
TW4-25 (5597 ft amsl -10 ft= 5587 ft amsl) and the water level at MW-31 (5548 ft 
amsl). 







The second assumed that the new 'background' gradient through the nitrate plume is 
equal to the Q2 2015 gradient between non-pumping wells TWN-1 and MW-25 (0.018 
ft/ft). This is nearly identical to the gradient calculated by the first method. The new 
'background' gradient is therefore assumed to be the average of the two methods (0.0185 
ft/ft), a 26% reduction from the original (0.025 ft/ft). 


An assessment of the change in transmissivity (product of saturated thickness and 
conductivity) was performed based on changes in water levels in non-pumping wells 
TW4-5, TW4-9, TW4-10, TW4-16, and TW4-18 that resulted from reduced pumping at 
TW4-19 and TW4-24. Water levels at these wells clearly responded to the reduction in 
pumping at TW4-19 and TW4-24. As shown in Figures N.10 through N.14, the 
downward trends in water levels in these wells were halted or reversed once pumping 
was reduced. These same wells responded to pumping of TW4-19 during the long-term 
pumping test conducted in year 2003. By superposition, the reduced pumping at TW4-19 
and TW4-24 can be simulated as injection of water at these locations at rates equivalent 
to the decreases in rates of pumping at these locations. 


Water level changes (displacements) at non-pumping observation wells in response to 
reduced pumping were calculated by subtracting out the average downward water level 
trends at wells TW4-5, TW4-9, TW4-10, TW4-16, and TW4-18. This eliminated the 
impact of water level reductions resulting from reduced wildlife pond recharge. The data 
were then analyzed as an equivalent injection test using the well hydraulics interpretation 
software WHlP (HOC, 1998). The previous use of WHlP at the Mill is described in HOC 
(2002). WHlP was chosen for the analysis because it is designed to interpret both 
pumping and injection tests. 


Figures N.15 through N.19 provide the results and the fits between measured and 
simulated displacements at TW4-5, TW4-9, TW4-10, TW4-16, and TW4-18. 
Transmissivity estimates are similar, but lower, than estimates derived from the long­
term pumping test (HOC, 2004). The reduction in transmissivity is primarily related to 
reduced saturated thickness; however, as shown in Table N.1, compared to the year 2003 
analysis, the average reduction in transmissivity is approximately 27% whereas the 
average reduction in saturated thickness is only 20%. This implies a reduction in average 
conductivity of approximately 9%. 


The reduction in average saturated thickness within the pumped portion of the nitrate 
plume based on water levels at wells TWN-2, TWN-3, TW4-22, TW4-24, and TW4-25 is 
approximately 11 % as of Q2 2015. This calculation is affected by pumping at the 
majority of these wells; however the calculated 11 % reduction is about the same as the 
10% reduction calculated above based on non-pumping wells impacted by reduced 
wildlife pond recharge. 


Assuming that the 9% reduction in conductivity is representative of the nitrate plume 
area, the reduced hydraulic gradient (-26%), reduced saturated thickness (-11 %), and 
reduced conductivity (-9%) in combination yield a new 'background' flow through the 







nitrate plume that is approximately 40% lower than the original calculated range of 1.31 
to 2.79 gpm. The new 'background' flow is estimated to range from 0.79 gpm to 1.67 
gpm. The current total pumping from the nitrate plume (2.03 gpm) exceeds the high end 
of this range indicating that pumping is likely adequate even with reduced productivity at 
TW4-24. 


3.0 EVALUATION OF INTERFERENCE BETWEEN PUMPING WELLS 


Closely spaced pumping wells will 'interfere' with one another as they 'compete' for 
groundwater. This 'interference' reduces the productivities of the individual wells. While 
adding wells will likely increase total pumping, a point will be reached where the gains 
are negligible. 


Reduced productivity at individual wells results in part from reduced saturated 
thicknesses as overall pumping increases with the addition of wells. Addition of wells 
also creates stagnation points between wells; by superposition, an effective no-flow 
boundary is created between pumping wells. Because of the effective creation of a no­
flow boundary between pumping wells, it is important to avoid the generation of 
rectangular grids of wells or triangular patterns of wells. The creation of effective no­
flow boundaries increases the rates of drawdowns at individual wells as well as the rates 
of reductions in saturated thicknesses within pumped areas; both reduce individual well 
productivities. 


A quantitative analysis of interference within the chloroform and nitrate pumping 
systems is considered premature at this time; nitrate pumping appears adequate even with 
reduced productivity at TW4-24, and chloroform mass removal rates remain adequate 
due to the recent addition of five chloroform pumping wells. Additional data collection is 
considered necessary to evaluate the impacts of these additional wells on long-term 
pumping well productivities. 


4.0 POTENTIAL FUTURE EVALUATION OF TW4-19 AND TW4-24 WELL 
EFFICIENCIES 


Should continued monitoring indicate that the reduced productivities at TW4-19 and 
TW4-24 need to be addressed, the wells will be tested for reduced efficiency. Reduced 
efficiency would likely be related to paitial clogging of well screens. Step-rate pumping 
tests would be conducted as part of this evaluation. 
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Table N.1


comparison of transmissivity and saturated thickness estimates


observation average 2003 average 2015 % 2003 T 2015 T % 


well saturated saturated  difference estimate estimate difference


thickness (ft) thickness (ft) (ft
2
/day) (ft


2
/day)


TW4-5 62 48 -23 87 46 -47


TW4-9 63 49 -22 71 51 -28


TW4-10 64 51 -20 46 47 2


TW4-16 79 67 -15 18 9 -50


TW4-18 80 65 -19 74 66 -11


average 70 56 -20 59 44 -27


Notes:


 average saturated thickness = average of  TW4--19 and observation well saturated thicknesses


 T = transmissivity in feet squared per day (assuming confined analysis)
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