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1.0 Introduction 

The former New Rifle processing site is located approximately 2.3 miles west of the town of 
Rifle, Colorado, as shown in Figure 1-1. Former vanadium and uranium processing activities at 
the site have contaminated the alluvial ground water system directly beneath and downgradient 
of the site. Processing wastes were disposed into holding ponds on the site and mill tailings were 
stored in piles that covered 33 acres. The holding ponds and other surface contamination 
associated with the processing activities were removed and the site remediated in 1996 in 
accordance with 40 Code of Federal Regulations (CFR) Part 192. Ground water modeling has 
demonstrated that most contaminants of concern (COCs) at the site will flush to applicable 
standards in the 100 years permitted by natural flushing (DOE 1999). However, vanadium will 
probably not reach its risk-based concentration of 0.33 milligrams per liter (mg/L) (EPA 2001) in 
100 years because of its low mobility in the subsurface. Additionally, some soils at the site 
contain highly elevated concentrations of vanadium and may serve as a continuing source of 
ground water contamination (DOE 2000a). For this reason, a pilot ground water treatment plant 
was designed, constructed and operated at the New Rifle site to investigate the feasibility of 
using an active ex-situ method to reduce vanadium concentration.
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Figure 1-1. Location of the New Rifle Site
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2.0 Background 

A pilot study conducted at the former uranium and vanadium-processing site located west of 

Rifle, Colorado, investigated the feasibility of using an ex-situ zero valent iron (ZVI) through

medium process to reduce vanadium concentrations in the ground water to levels that will 

naturally flush within the 100-year period allowable by the UMTRA 40 CFR Part 192 standards.  

Prototype testing, consisting of laboratory treatability studies followed by bench scale field

studies provided performance data and design parameters required to scale up to higher flow 

rates for ground water remediation.  

2.1 Prototype Testing 

Laboratory treatability studies were performed at 0.005 gallons per minute (gpm) to test the 
feasibility of treating ground water using ZVI in a through-medium process (DOE 2000b).  
Results of the treatability test were encouraging and demonstrated that ZVI was able to 
effectively remove uranium, vanadium, and several other constituents from the ground water.  

Follow-up benchscale testing was then conducted at 0.5 gpm under field conditions to (1) 

evaluate treatment column and settling tank configurations, (2) optimize ZVI mesh size and 

residence times, (3) address issues expected in a larger scale such as permitting and "clean" 

water disposal, and (4) mimic conditions as close as possible to those expected for a full-scale 

cleanup (DOE 2000b). Prototype testing results indicated -60/+100 mesh ZVI was the most 

effective size to reduce vanadium concentrations; it was also effective in removing arsenic and 

uranium. Some design parameters for the 20 gpm pilot system determined from prototype tests: 

Column sizing based on 4 minute residence time: 
15-in dia x 3-ft high (4-columns at 5 gpm each) 
1,008 lbs -60/+100 mesh ZVI (485 lbs/c.f, 50% porosity) 

Sludge tank based on 4.3 gallons sludge/1,000 gallons: 
20 gpm total inflow 
124 gallons sludge/day 
1,240 gallon tank (10-day capacity) 

These results provided the basis for the design of the pilot system.  

DOE/Grand Junction Office Performance Report-Vanadium Pilot Plant, New Rifle 

April 2002 Page 2-1

Background



Background Document Number U0149200

End of current text 

Performance Report-Vanadium Pilot Plant, New Rifle DOE/Grand Junction Office 
Page 2-2 April 2002

- . 1 11



3.0 Pilot System Components 

The pilot system consists of three components, (1) extraction system, (2) treatment system, and 

(3) infiltration system. Computer flow modeling was used to design the extraction and 
infiltration system. Results of the prototype testing were used to determine the design parameters 

for the treatment system. As built design drawings of the pilot system are presented in Plate 1.  

The three components of the pilot system are shown in Figure 3-1 and discussed in the following 
sections.  

3.1 Extraction and Infiltration System 

Results of a detailed characterization of vanadium contamination in the subsurface conducted in 

March and April 2000 indicate concentrations in the ground water are highest in the middle of 

the aquifer and are offset approximately 400-ft from the highest soil concentrations in a generally 
downgradient direction (DOE 2000a). This relationship is graphically illustrated in the block 
diagram shown in Figure 3-2. Ground water flow and optimization modeling was performed to 

determine the optimal number, locations, and pumping rates for the wells that are required to 
capture the vanadium plume.  

Results of the ground water flow and optimization modeling determined the best configuration to 

meet the extraction design objectives consist of three extraction wells (862, 863, and 864) to 
remove contaminated ground water and an infiltration gallery to return the treated effluent to the 
aquifer at a downgradient location. Locations for the extraction wells are shown in Figure 3-3.  

Construction and operating information for the extraction system and the location of the 
infiltration gallery is presented in the Operating Manual for the Vanadium Pilot Study 

(DOE 2001). The objective of the extraction and infiltration system are as follows: 

"* Pumping wells to deliver up to 20 gpm continuously to the treatment system 
"* Extract a total of 2 million gallons of ground water in 8-months from plume 

3.2 ZVI Treatment System 

Contaminated ground water from the 6-inch extraction well 864 shown in Figure 3-3 was piped 
to an above ground ZVI system for treatment. Effluent from the treatment unit(s) was then piped 

to a series of 1,550 gallon settling tanks for iron filtration followed by neutralization in a 
100-gallon tank before the treated water was returned to the aquifer via the infiltration gallery.  
The treatment configuration is shown in Figure 3-1. Engineering design drawings of the 
treatment system is provided in Plate 1. Operating information for the treatment system is 
presented in the Operating Manual for the Vanadium Pilot Study (DOE 2001).  

The treatment system was operated to meet the following goals in the effluent water before 
discharge to the aquifer: 

"* pH >6<9 

"• Iron <11 mg/L 

"* Vanadium <0.33 mg/L 
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4.0 Pilot System Performance Results 

Treatment operations were initiated on January 29, 2001 and continued until November 19, 

2001. During the treatment operations, a total of 2,942,350 gallons of contaminated ground water 

was treated. For details regarding the operation of the plant the reader is referred to the Operating 

Manual (DOE 2001). A compilation of operating conditions, parameters and results obtained 

during the course of the treatment operations is provided in Appendix A. Summary results for 

selected parameters are presented in Table 4-1.  

Table 4-1. Results of Selected Operating Parameters 

Parameter Result 

Volume treated >2.9 million gallons 

Average treatment rate 9.6 gpm 

Average flow rate per column 2.3 gpm 

Optimized column longevity (ZVI changeout) 30 days 

Average vanadium influent concentration from plume 8.9 mg/L 

Average vanadium concentration from column effluent 1.4 mgiL (6 fold raduction from 8.9 mg/L inluent) 

Average vanadium concentration from settling tanks effluent 0.08 mgKL (17 fold reduction from 1.4 mglL influent) 

Optimized gallons of water treated per pound of ZVI >120 gallons per pound 

Optimized sludge generated per gallon treated 4 to 5 gallons sludge per 1,000 gallon water treated 

4.1 Influent Concentrations 

A total of 2.9 million gallons of contaminated ground water was extracted from pumping well 

864 located near the center of the vanadium plume as shown in Figure 3-3. Changes in 

vanadium concentration as a function of volume of water treated is presented in Figure 4-1.  

Vanadium Pilot Test 
Treatment Influent (extraction well 864) 

12 x 3,000,000 

10 x _2,500,0011 

2,000,0o0 .  
S o "/L 1,5ooog0 

1 62 
500,000(1

-- 

0 

J F M A M J J A S 0 N 

Date (2001) 

Figure 4-1. Influent Vanadium Concentrations from Extraction Well 864 
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It is apparent from Figure 4-1 that vanadium concentrations in the aquifer were not significantly 

reduced after removing over 2.9 million gallons of contaminated ground water. The apparent 

lack of vanadium reduction is most likely due to the relatively low mobility of vanadium in the 

subsurface because of its affinity to adsorb to subsurface materias.  

4.2 Treatment Columns and Settling Tanks 

Vanadium and iron concentrations for ground water treated by column 2 (C-2) are presented in 

Figures 4-2, and 4-3, respectively. Similar results were obtained for the other treatment columns 

(Appendix A). Detailed in each of the referenced figures for C-2 are the concentrations and 

operational flow rates that correspond with the start of a new batch of ZVI on June 7, 2001 and 

ending on July 18, 2001 when the media was spent. The operational duration of this particular 

run was 38-days, 109,840 gallons of ground water treated, 625 pounds of ZVI, and an average 

flow through the column of 2.1 gallons per minute.  

Vanadium Pilot Test 
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Figure 4-2. Vanadium Concentrations in Treated Ground Water From C-2. C-00 
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Figure 4-3. Iron Concentrations in Treated Ground Water From C-2.  

As shown in Figures 4-2 and 4-3, the flow rates were decreased from an initial rate of 3 gpm, to 

2 gpm at day 19, and finally to 1 gpm at day 32. The other columns were operated in a similar 

manner to extend the longevity of the ZVI.  

Examination of the data presented in Table 4-2 indicates the amount of water treated per pound 

of ZVI during the first two months of operation ranged from 28 to 91 gl/Ib. As operational 

experience was gained the treatment efficiencies improved significantly. This is graphically 

illustrated in Figure 4-4. Other examples of improved efficiencies include flow rate adjustments 

as shown in Figure 4-2 and 4-3, modifications to the columns to minimize preferential flow 

paths, coordinating the operation of fresh ZVI with columns having nearly spent ZVI, increasing 

the residence time in the iron removal settling tanks, etc.  
cOG 
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Table 4-2. ZVI Usage, Flow Rate and Operational Duration for Columns 1 through 5 

End Date of Days Column Treated (gls) ZVI (Ibs) g'lb Average gpm 
Run Operated 1 

02/05/2001 7 C-2 15,170 550 28 1.5 
02/05/2001 7 C-4 34,119 550 62 3.4 
02/22/2001 17 C-4 22,118 550 40 0.9 
03/19/2001 16 C-4 49,776 550 91 2.2 
03/24/2001 7 C-1 21,490 625 34 2.1 

03/24/2001 7 C-2 44,630 625 71 4.4 

03/24/2001 31 C-3 135,655 600 226 3.0 
04/19/2001 22 C-3 61,400 625 98 1.9 
04/19/2001 22 C-4 62,770 625 100 2.0 

05/09/2001 29 C-1 71,150 612 116 1.7 
05/09/2001 30 C-2 85,000 587 145 2.0 
05/30/2001 30 C-3 105,115 625 168 2.4 

05/30/2001 30 C-4 101,045 625 162 2.3 
06/06/2001 21 C-1 74,180 612 121 2.5 

06/07/2001 22 C-2 74,050 612 121 2.3 
06/25/2001 21 C-3 89,260 625 143 3.0 

07/11/2001 31 C-1 108,170 625 173 2.4 
07/17/2001 18 C-3 52,440 625 84 2.0 
07/18/2001 36 C-2 109,840 625 176 2.1 
07/19/2001 27 C-4 92,450 725 128 2.4 
08/14/2001 76 C-5 263,390 1,275 207 2.4 
09(10f2001 49 C-4 168,530 750 225 2.4 
09/13/2001 29 C-5 133,160 1,250 107 3.2 
10/01/2001 67 C-2 97,060 575 169 1.0 
10/01/2001 68 C-3 84,820 600 141 0.9 
10/29/2001 42 C-4 166,430 700 238 2.8 
11/16/2001 60 C-5 220,740 1,250 177 2.6 
11/19/2001 23 C-1 78,760 700 1138 2.4 
11/19/2001 26 C-2 52,370 700 75a 1.4 
11/19/2001 26 C-3 75,500 700 108a 2.0 
11/19/2001 18 C-4 63,300 700 90a 2.4 

Mean 30 90,771 715 127 2.3 

ZVI was not completely spent when this run was terminated
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Figure 4-4. Gallons of Water Treated per Pound of ZVI Over Time 
Efficiencies were also realized in the amount of sludge generated in the iron removal settling 
tanks. This was accomplished by pumping the sludge collected in the settling tanks to an above ground holding tank so the sludge could be consolidated, thus reducing the volume. The amount of sludge generated per 1,000 gallons of water treated over time is illustrated in Figure 4-5.
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Figure 4-5. Sludge Generated in the Settling Tanks Over Time 
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5 4.3 Effluent Concentrations 

The iron removal process also provided additional vanadium reductions. Increasing the residence 
time for the treated water in the iron removal settling tanks resulted in greater iron and vanadium 
reductions. However, as the sludge volume increased in the settling tanks, the residence time for 
the treated water decreases. This relationship was used to maximize the efficiency of the 
treatment and to stabilize the effluent concentrations. For example, as the ZVI in the columns 
decreased in efficiency, the sludge from the settling tanks was pumped to an above ground 
holding tank. This allowed maximum consolidate of the sludge while also maximizing the 3 residence time for the treated water. The clean settling tanks and increased residence time 
decreased both iron and vanadium concentrations. As a result, the effluent concentrations were 
for the most part relatively stable and maintained within the treatment goals, as evident from IFigure 4-6.  

I Vanadium Pilot Test 
Treatment Effluent (out tank) If 

14 0IPon (rngtL) 
14 

I- 12 

1 10 00 

U 0 

0 

J F M A M J S A S 0 N 

Date (2001) 

Figure 4-6. Effluent Vanadium, pH, and Iron Concentrations 

4.4 Infiltration Gallery 

An infiltration gallery was constructed down gradient from the extraction well field to return 
treated ground water to the aquifer. Construction details and the location of the gallery are 
provided in Plate 1. Regulatory approval to use the gallery was received on March 8, 2001.  
Before regulatory approval was received, the treated water was reinjected into an on-site monitor 
well (219) to accelerate startup of the system. Reinjection of treated water into monitor well 219 
occurred during the period January 29, 2001 through March 8, 2001. During this time, numerous 
operational problems resulted because the well was not originally designed for reinjection. Most 
of the problems encountered were associated with screen clogging due to calcium carbonate 
precipitation and limitations from the relatively small casing diameter and short screen length of 
the monitor well. Low reinjection rates (I to 2 gpm) combined with extensive screen 
maintenance was required to keep the pilot system operational.
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Treated ground water was returned to the aquifer via the infiltration gallery during the period 
March 8 through November 19, 2001. The performance of the gallery was monitored by 
collecting water elevation measurements with data loggers installed in two monitor wells (PT 
680 and PT-682) located 50-ft down gradient of the gallery and monitor well PT-681 located 
250-ft down gradient of the gallery. Water elevation measurements were collected with a hand 
held instrument at the infiltration gallery manhole that provides access to the center of the drain 
pipe. Results of the water elevation measurements collected at the man-hole, PT-680 and PT
681 are presented in Figure 4-7. None of the problems experienced with reinjecting treated water 
into monitor well 219 was observed with the infiltration gallery during the performance period, 
even when the pilot plant was operated at relatively high flow rates.  

I Rifle Infiltration Gallery and Monitor Wells
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Figure 4-7 Water Elevation Measurements at the Infiltration Gallery

COCo
DOE/Grand Junction Office 
ApTil 2002

Performance Report-Vmxadiurn Pilot Plant, New Rifle 
Page 4-I I

Document Number U0149200



5.0 Conclusions 

Evaluation of the pilot pump and treat system considers both aquifer performance (pump) and 
treatment performance (treat). Aquifer performance relates to hydrogeologic characteristics that 
can effect the quantities and rates that ground water can be extracted or injected and geochemical 
characteristics such as mobility of contaminants in the subsurface that may limit extraction of the 
contaminant from the aquifer matrix (i.e. aquifer cleanup goals). Treatment performance relates to 
the adequacy and operation of the technology (e.g. chemical precipitation, ion exchange, etc.) to 
meet the chemical cleanup goals for the extracted ground water (i.e. treatment goals). Conclusions 
regarding aquifer and treatment performance of the pilot system are summarized in the following 
sections.  

5.1 Aquifer Performance 

Restoration potential for the aquifer (i.e. aquifer cleanup goals) using conventional extraction 
wells appears to be limited by the geochemical characteristics of vanadium. Relatively high 
adsorption of vanadium to the aquifer matrix is evidenced by the apparent lack of significant 
decreases in vanadium concentrations observed in ground water samples collected from extraction 
well 864 (Figure 4-1). This limitation is consistent with the relatively high distribution 
coefficients observed for vanadium at the site (DOE 1999 and 2000a).  

Hydraulic parameters of the aquifer, such as permeability and conductivity, did not limit the 
amount of water or rate that water was extracted from the aquifer for the pilot study; extraction 
well 864 performed as designed. Similarly, the hydraulic parameters did not limit the amount or 
rate of water that was infiltrated back into the aquifer via the infiltration gallery. Both extraction 
goals, 1) deliver 20 gpm to the treatment system and 2) extract 2 million gallons of plume water, 
were achieved.  

5.2 Treatment Performance 

The treatment process consisted of flowing extracted ground water through a reactor column 
containing ZVI then removing the iron from the effluent in a series of downstream settling tanks.  
The ZVI column resulted in an average 6-fold reduction in vanadium concentrations (Table 4-1).  
The vanadium removal efficiency improved by the oxidation and precipitation of iron oxides in 
the downstream iron settling tanks. The settling tanks provided an additional 17-fold reduction in 
vanadium concentrations (Table 4-1) through coprecipitation with the iron oxides. All the 
chemical cleanup goals for the extracted ground water (i.e. pH, iron, and vanadium) were met, 
demonstrating the effectiveness of the treatment process.  

The ZVI through-medium process and the iron removal system was relatively simple to design, 
construct, and operate. The system could potentially be simplified further by using only the iron 
removal portion of the treatment to coprecipitate vanadium with the iron oxides. Iron could be 
introduced to the treatment stream by injection of ferric chloride.  

Actual variable costs to operate the pilot system at an average rate of 10 gpm are summarized in 
Table 5-1. Variable costs include ZVI, chemicals, sludge disposal, labor, and utilities.  
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Total costs to operate the pilot treatment system at 10 gpm are presented in Table 5-2 as a 
function of the volume of water treated. The fixed cost includes research and development, 
engineering design, and construction. The estimated cost to treat 5 million gallons of ground 
water is approximately $0.10 per gallon as shown in Table 5-2 and graphically illustrated in 
Figure 5-1.  

Table 5-1. Actual Variable Costs Operating at 10 gpm

0.0077 lbs ZVI/gl 
1E-05 drums/gl 
1E-05 drums/gl 

0.0045 gI sludge/gi 
0.0077 lbs ZVI/gl 

0.0077 lbs ZVI/gl 
2500 $/month 

500 $/month 
178 $/month 
100 $/month 
172 $/month 
40 $/month

Actual Amoun 
x 0.35 $/lb 
x 150 $/drum 
x 70 $/drum 

x 0.21 $/gl sludge 
x 0.045 $/lb 

x 0.6 $/Ib 
x 432000gls/month

Treatment 
Zvi 
NaOH 
H2S0 4 

Disposal 
sludge 
ZVI 

Labor 
column 
operations 

Utilities 
electricity 
sewer 
phone 
trailer rent 
trash

432000 gls/month 
432000 gls/month 
432000 gls/month 
432000 gls/month 
432000 gls/month

= 0.0027 $/gl 
= 0.0015 $/gl 

= 0.0007 $/gi 

= 9.5E-.04 $/gl 
= 3.5E-04 $/gl

x 
x 
x 

x 
x

= 0.005 $/gl x 
= 0.006 $/gl x

0.0012 $/gl 
0.0004 $/gl 
0.0002 $/gi 
0.0004 $/gl 
0.0001 $/gl

x 
x 
x 
x 
x

1000 gl = 
1000 gl = 
1000 gl = 

subtotal

1000 gl = 
1000 gl = 

subtotal

1000 gl = 
1000 gl = 

subtotal

1000 gi = 

1000 gl = 
1000 gl = 
1000 gl = 
1000 gl = 

subtotal

Total Cost 
2.7 $/1000 gls 
1.5 $/1000 gls 
0.7 $/1000 gls 
4.9 $/1000 gls

0.95 $/1000 gis 
0.35 $/1000 gls 
1.30 $/1000 gls

4.6 $/1000 gls 
5.8 $/1000 gls 

10.4 $/1000 gls

1.16 $/1000 gls 
0.41 $/1000 gls 
0.23 $/1000 gls 
0.40 $/1000 gls 
0.09 $/1000 gls 
2.29 $/1000 gls

Total Variable Cost 18.9 $/1000 gis

Table 5-2. Total Costs Operating at 10 gpm
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Total cost ($) operating at 10 gpm Volume (gal) 

Variable Cost Fixed Cost Total Cost Total Cost 
(1,000 gal) 

1,000,000 18,885 400,000 418,885 419 
2,000,000 37,770 400,000 437,770 219 
3,000,000 56,656 400,000 456,656 152 
4,000,000 75,541 400,000 475,541 119 
5,000,000 94,426 400,000 494,426 99
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ZVI Treatment at 10 gpm 
Total Unit Cost
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Figure 5-1. Total Unit Cost as a Function of Volume Treated
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6.0 Discussion and Implications 

Sections 4.0 and 5.0 provide decision makers with cost, performance, and operating information 
that is useful if the pilot system is expanded to a full-scale remediation effort. This section 
provides additional information for decision makers to consider regarding the feasibility and 
practicality of expanding the pilot system to a full-scale operation.  

The first discussion includes: (a) calculation of the mass of vanadium removed versus the mass 
remaining at the site, and (b) review of vanadium concentrations in other nearby monitor wells.  
In addition, (c) the hydraulic performance of the system is discussed, which includes a review of 
drawdown data, evaluation of the capture zone and (d) a comparison of the results of the 
extraction system with numerical model predictions.  

(a) Mass of vanadium sorbed on the aquifer matrix is estimated at 31,766 kg, based on the 
amount of contaminated subpile soils in the saturated zone that could be providing a 
continuing source of ground water contamination. This estimate is based on the following 
assumptions from the Work Plan for Vanadium Pilot Study (DOE 2000a).  

"* Areal dimension of the subpile soil contamination is approximately 500-ft (W) x 
500 ft (L).  

"* Thickness of contaminated subpile soil appears to be limited to the upper third of 
the saturated zone. The total saturated thickness is approximately 17.25-ft based 
on November 2000 water level measurements. The thickness of the upper third of 
the saturated thickness is therefore 5.75-ft (17.25/3).  

"* Mean concentration sorbed on the upper third of the saturated subpile soils is 
553 mg/kg.  

Mass of vanadium available in the soluble plume is estimated at 271 kg. The vertical and 
horizontal extent of the soluble plume is based on the Work Plan for Vanadium Pilot Study 
(DOE 2000a) and the mean concentration in the plume is based on the results presented in 
Table 4-1. The following assumptions apply: 

"* Areal dimension of the soluble plume is approximately 500-ft (W) x 500-ft (L).  
"* Vanadium contamination in the soluble plume appears to extend throughout the 

saturated zone. The total saturated thickness is approximately 17.25-ft based on 
November 2000 water level measurements.  

"* The average vanadium concentration in the soluble plume is 8.9 mg/L. This 
estimate is based on the average concentration from extraction well 864 observed 
during the pilot test (Table 4-1).  

Mass of vanadium removed is estimated at 99 kg, based on the following assumptions: 

"* Average vanadium concentration extracted is 8.9 mg/L (Table 4-1).  
"* Volume extracted is 2,942,350 gallons (Section 4.0).  

Using the above assumptions, the mass of vanadium remaining at the site is estimated at 
31,938 kg. A removal rate of about 10 kg/month (99 kg/10 months) is estimated given that 
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99 kg was extracted during the 10 months that the pilot plant was operated. At this rate, it 
would require 266 years to remediate all of the vanadium remaining at the site. However, 
optimization modeling suggests that the maximum extraction rate that can be sustained is[ 
approximately 100 gpm. Therefore, assuming that the operating capacity of the system can 
be increased from the current average rate of 9.6 gpm (Table 4-1) to 100 gpm, it would 
require about 26 years to remediate all the vanadium (266 x [9.6/100]).  

(b) A review of vanadium concentrations in nearby monitor wells is provided in Table 6-1.  
Analytical results of ground water samples collected between December 2000 and 
January 2001 before the treatment system was started, during the treatment operations in 
June 2001, and from the most recent sampling in December 2001, approximately 1 month 
after treatment operation was discontinued, are provided in the table for comparison.  

Table 6-1. Results of Vanadium Sampling Before, During, and After Treatment Operations 
were Discontinued

Vanadium (mglL) 
Well Description of sample 

IDBefore treatment One-month after 
operations During treatment treatment 

(12100 -1101) operations (6101) operations 
ceased (12/01) 

864 Pumping well near center of 8.8 7.9 8.53 soluble plume 
New monitor well adjacent to 

855 well point 658 near center of 20.0 17.3 23.1 
subpile soil contamination 
Well point near center of subpile 6.9 15.4 
soil contamination 

(c) Drawdown at pumping well 864 could not be measured directly because of turbulence in 
the casing created from the pump and return flow to the well. The submersible pump 
installed in well 864 was designed to operate at or near full capacity around 25 gpm. Feed 
for the treatment system was diverted from the above ground discharge line from pumping 
well 864 and then all excess flow returned to the well, thus creating turbulence in the 
casing.  

However, an estimate of drawdown in pumping well 864 can be obtained from aquifer test 
data collected after the well was installed (Calculation No. UO 125100). Step-test results 
indicate that approximately 1.3-ft of drawdown can be expected in well 864 when the pump 
is operated at 10 gpm, the nominal operating rate during treatment. Extraction wells 862 
and 863 are the nearest wells to pumping well 864, also located near the center of the 
soluble plume. Measured drawdown in these wells during the treatment operations are both 
about 5-inches. Wells 862 and 863 are located approximately 200 and 178-ft, respectively 
from the pumping well, a distance approximating the radius of influence.  
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Another first approximation of the radius of influence can be obtained by the equation: 

r = [v/(Hl)(b)(n)]°'5 

where; 

r = radius (ft) 
v = volume of water extracted (ft3) during the treatment operations, 
H=3.14, 
b = total saturated thickness (ft), and 
n = porosity 

Using 393,392 ft3 (2,942,350 gallons) as the volume of water extracted, and assuming a 
saturated thickness of 17.25-ft and an effective porosity of 0.25, results in a radius of 
influence of 170-ft. This value is in reasonable agreement with the 200 and 178-ft radius 
based on the drawdown observed in wells 862 and 863, respectively. Both first 
approximations underestimate the actual radius of influence.  

(d) The numerical model MT3DMS (Zheng and Wang 1999) was used to evaluate the amount of 
vanadium in the ground water plume that could be expected to be recovered during the pilot 
test as a function of the linear distribution coefficient (Kd) and the volume extracted. The Kd 
(L/Kg) is equal to the first-order, sorption constant that describes the linear partitioning 
between the soil (mg/Kg) and ground water (mg/L). A relatively high Kd value favors 
partitioning to the soil (i.e. immobile phase) while a relatively low Kd favors partitioning to 
the ground water (i.e. mobile phase). The linear Kd retardation model assumes the system is 
in equilibrium between the solid and aqueous phases and does not account for the rate of 
mass-transfer between the soil and ground water. Characterization results of vanadium 
contamination from soil and ground water samples suggest a disequilibrium condition 
currently exists at the site (DOE 2000). However, for a first approximation, the bulk Kd 
parameter is used to describe the retardation of contaminant transport. For this modeling 
exercise, the actual Kd values obtained for the maximum (10.5), average (4.9), and minimum 
(1.2) measured at the New Rifle site (DOE 1999) were used as input parameters. Simulations 
were performed at a nominal extraction rate of 10 gpm at pumping well 864. A continuing 
source of ground water contamination in the subpile soil area was not modeled. Modeling 
results after extracting 3 million gallons of the soluble plume are shown in Figure 6-1. The 
simulations reveal that using the maximum Kd (10.5) the vanadium concentrations in the 
soluble plume at the pumping well can be expected to increase from the initial 8.80 mg/L to 
8.82 mg/L, reflecting a rather stable concentration. Only a slight decrease to 8.61 mg/L is 
predicted using the average Kd (4.9). A significant decrease to 7.43 mg/L is predicted using 
the lowest Kd (1.2). The concentration increase observed for the lowest Kd that peaks after 
approximately 150,000 gallons of volume has been extracted reflects capture of the highest 
vanadium concentration located in the core of the soluble plume. This concentration "peak" 
is delayed and flatter for the higher Kds due to the greater partitioning to the solid phase. The 
greater partitioning to the solid phase results in relatively slower contaminant transport and 
explains the more stable vanadium concentrations.  
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Figure 6-1. Results of MT3D model predictions using the maximum, average, and minimum 
Kd values measured for the site 

A comparison of analytical results obtained for vanadium from grab-samples collected at 
extraction well 864 during operation of the treatment system (Appendix A) with the 
numerical model predictions is shown in Figure 6-2. The actual vanadium concentrations 
measured after extracting almost 3 million gallons of ground water are slightly higher (on 
average greater than 9 mg/L) than the initial 8.80 mg/L concentration. These measured 
results are more consistent with the predicted trend using the maximum and average Kd 
values than for the minimum Kd.
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Figure 6-2. Comparison of Laboratory Analytical Results for Vanadium with the MT3D model 
predictions using the maximum, average, and minimum Kd values measured for the site.  

An additional discussion regarding the geochemical conditions at the New Rifle site is provided 
to help decision makers answer questions such as; (f) What was the reason influent 
concentrations (9 mg/L) were well below plume concentrations (15 to 30 mg/L) shown in Figure 
3-3? (g) Is it because the vanadium was being immobile? If so, would varying the pumping rates 
give us info to verify the hypothesis (if immobile, concentrations should decrease with increased 
flow rates)? (h) Would adding a lixivient verify the hypothesis by showing greatly increased 
concentrations at all pumping rates? (i) What are other explanations for stable influent 
concentrations over 3 million gallons? Is it just that this was a small fraction of the plume mass 
and there is still plenty there? Is the hot spot source just bleeding more offt? 

(f) The higher concentrations (15 to 30 mg/L) were measured during the vanadium 
characterization study from discrete 1-ft grab samples used to determine the vertical 
concentration profile of the plume (DOE 2000a). The highest concentration of 32 mg/L 
was found in the middle of the saturated zone of the aquifer. Concentrations ranged from 7 
to 10 mg/L in the lower saturated zone arid from 10 to 13 mg/L in the upper saturated zone.  
Excluding the highest concentration of 32 mg/L observed in the middle saturated zone, all 
the vanadium concentrations in grab samples collected from the soluble plume ranged from 
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6 to 13 mg/L. The average concentration (8.9 mg/L) obtained from extraction well 864 is 
consistent with the range in concentrations (6 to 13 mg/L) observed for most of the plume.  
Current concentrations from well 864 cannot be directly compared with the 1-ft grab 
samples. This is because the grab samples were collected from temporary boreholes in 
slightly different locations than well 864 and water collected from well 864 represents 
more of an integrated sample over the screen interval rather than a discrete sample, 
explaining the difference in concentrations.  

(g) Even though the ptump rates were not varied during the pilot test to specifically test the 
hypothesis that if vanadium is immobile then reduced concentrations should be correlated 
with increased flow rates, examining the pump rates plotted in Figure 4-7 can provide somef 
insight. It is apparent from Figure 4-7 that the pump rates varied considerably during the 
pilot test. Considering one example, the pump rates were maintained constant at 
approximately 8 gpmn from April 25 through May 14. The pump rates then increased to 
approximately 12 gpm and were maintained constant at this rate from May 21 through May 
29. Vanadium concentrations versus the two different pumping rates are shown in Figure 6
3. No correlation between vanadium concentration and pump rate is apparent. In addition, 
the vanadium concentration during the 8 gpm period (April 25 through May 14) averaged 
8.4 mg/L and during the 12 gpm period (May 21 through May 29) the concentrations also 
averaged 8.4 mg/L, indicating no significant difference in concentrations due to varying the 

Vanadium Concentration vs Pump RateL 

~8.86 

Eh 8.4 
- 8.2 

S8.2 

7.8 
7.6 

4 8 12 16 

Pump Rate (gpm) 

Figure 6-3. Vanadium Concentrations Versus Two Different Pump Rates 

(h) The hypothesis that adding a lixiviant should result in greatly increased concentrations 
thereby verifying that vanadium is immobile was tested at the DOE ESL by a column 
experiment using contaminated subpile soil collected from 8 to 10 ft below ground surface adjacent to monitor well 658. The vanadium concentration measured in the subpile soil 
sample was 857 mg/Kg (DOE 2000a). Background ground water collected from up 
gradient monitor well 215 was used as influent to the column filled with subpile soil. Three 
column tests were conducted; no lixiviant, 0.5M citric acid, and 0.5M Na citrate. Results of 
the column experiment are presented in Figure 6-4.j 
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Figure 6-4. Vanadium Concentrations in Effluent from Column Experiment.  

Evident from the data presented in Figure 6-4 are greatly increased vanadium concentrations 
at the beginning of the experiment using the two test lixiviants. Vanadium concentrations 
decreased by a factor of 4 using 0.5M Na citrate and by a factor of 8 using 0.5M citric acid 
after approximately 6 to 7 pore volumes, respectively. Concentrations decreased by 
approximately a factor of 5 using no lixiviant after a similar pore volume exchange.  

It is also of interest to note that the rate of decrease in vanadium concentration observed 
using no lixiviant was greatly reduced after 5 to 6 pore volumes (Figure 6-4). This "tailing 
effect" suggests the partitioning between the solid and aqueous phase is not at equilibrium 
and that the linear Kd sorption model may not apply. The decrease in the rate of mass
transfer between the soil and ground water phase observed in the column experiment may 
help explain the relatively stable concentrations (i.e. "tailing effect") observed at extraction 
well 864.  

Clement (1998) describes that in a rate-limited sorption reaction... "the exchange of 
contaminants between the soil and ground water is dictated by the value of the mass
transfer coefficient. When the mass-transfer rate is high (relative to the overall transport), 
the rate-limited model relaxes to the retardation model (i.e. Kd). On the contrary, very low 
mass-transfer coefficients would mimic fully sequestered conditions where the 
contaminants in the soil phase are assumed to be irreversibly adsorbed and trapped into the 
soil pores. Under this extreme condition, it might be possible to simply clean the ground 
water plume and leave the sequestered soil contaminants in the aquifer because the sorbed 
contaminants may not pose any potential risk to the environment. In either of the extreme
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sorbed contaminants may not pose any potential risk to the environment. In either of the 
extreme conditions, pump-and-treat is the best option to remediate the ground water / 
plume. Unfortunately, in most instances, the mass-transfer coefficient is expected to lie in I 
an intermediate range, causing the well-known limitations to the pump-and-treat system".  

This is the geochemical condition that exists for vanadium at the New Rifle site. Evidence | 
that the soluble plume has migrated very slowly (approximately 400-ft in 40 years, 
DOE 2000a) in a cobble-gravel alluvial aquifer with high hydraulic conductivity and 
recharge from the Colorado River suggests a low mass-transfer coefficient relative to the 
more mobile constituents (i.e. uranium) that have migrated much further (DOE 1999). Site
specific distribution coefficients (Kds) are also consistent with a relatively low 
geochemical mobility for vanadium (DOE 1999). The presence of a continuing source of [ 
relatively immobile vanadium on the aquifer matrix is suggested by the "tailing effect" 
observed from the column experiment (Figure 6-4) and evidenced by the stable vanadium 
concentrations during the removal of a mass representing 37 percent of the soluble plume.  
It is apparent that the low geochemical mobility for vanadium is limiting the restoration 
potential of the aquifer.  I 

(i) Another possible explanation for stable influent concentrations observed after recovering 
over 3 million gallons is the amount extracted is just a small fraction of the plume mass and 
there is still plenty there or the hot spot source is just bleeding more off. However, in 
actuality, a relatively large fraction of the soluble plume was removed during the pilot test.  
The mass of vanadium available in the soluble plume is estimated at 271 kg (see a above).  
The mass extracted is estimated at 99 kg. This represents 37 percent of the soluble plume.  
However, because removal of this mass did not result in a decrease in plume I 
concentrations, a relatively immobile form of vanadium is present in the aquifer matrix that 
is providing a continuing source that is "bleeding off'.  

(/) Optimization modeling using a flow and particle-tracking algorithm was performed to 
evaluate the location of the pumping wells, the number of pumping wells, and the pumping 
rates to best design the extraction field. The modeling also considered reintroducing the 
treated water both up gradient and down gradient of the extraction field. Because the 
quality of the treated effluent required the water to be returned to the aquifer at a location 
within the plume boundary, the up gradient location for an infiltration gallery was 
relatively close to the extraction field. Modeling results indicated that several more 
extraction wells and 25 percent higher flow rates would be required to capture the plume by 
reintroducing the treated effluent to the aquifer at a nearby up gradient location rather than 
at a down gradient location. In addition, locating the infiltration galley in the down gradient 
McCauley pit area provided a source of higher water quality to the mitigation wetland, I 
which will help dilute ammonia and nitrate concentrations and accelerate plume migration 
through the wetland.  

[ 
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Compilation of Operating Conditions, Parameters, and Results
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Datam 

25001 2P/01 

2PWi 

2PWm 

2V7101 
2,7/01 2V7101 
201011 
217W1 
VIVO0 
2./8/0 

-n,1

4 suggests blown fler it top of column. Wasl 219 4t cp"y. KM to keep flows low.  

lab sltysin. Not Irn saveils from iol 4 back down. Varittum lower thin i1 stotlp.  

Slob -a"•I 

System offnwheno iisd. Pressure decoesstansd flow Increased overnight System shut off 
swosril ltbes un Itie problem wia Identifld as b bt toot w eits it Sre add tonk Replaced 

Wet 219 ovsrkltwlg. Shut system down for w@i4 maitenance or ipprovsl foe go"sry. Did not 
nolset siamples so system wus oft most of the olgMind dsy.  
Remnoud top trom CoiJmt 4. Noticed fow paths t sdge of ZVmroowll and tow ftero, po t 
ioeoonto for changes In pressurso & flows on M101. Added retine to top.

On1 : 
Offn , I_.

Gelos Ietted nc lst chongs out

ZVl-rmeuob2. ts

Time 

1412 143S 

1441 
1545 
1040 

756 
840 
1426 
1520 
15t5 
1020 
1207 
1230 
1235 
1050 
1130 
1534 
1610 

11400 
1146 
1155 
1200 
1205 
1210 
1230 
1240 
tots 
1641 
1005 
1035 
1069 
1120 
1135 
1415 
1425 
1435 
1460 
1452 
1455 
1525' 

1600 

747 
804 
8O8 

817 
820 
022 

821 
858 

930 

943 945 

043 

95 

953 
1535 
1542 
1545 
loot 
1612 
1612 

1707 

&010

3/1101 
3/1101 
3/1101 
3/1/0 

3/1101 
3/1101 
3M101 

3MI/0

rtoedfl ow rit" - ikj rit 210 pmobtem 
reduced Now rit•a - W4 wall 210 p s 
Slot down - htjron risk ovioflawkg 
System nit wrnmng 
added ai relieve wv - stautet up low flow rat" 
lob analysis 

increased flow rate - usig injwal 218 only 
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