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Executive Summary 
 
Ground water at the Tuba City, Arizona, Uranium Mill Tailings Remedial Action (UMTRA) 
Project site is contaminated as a result of uranium ore-milling activities that took place between 
1956 and 1966. A pump-and-treat system that includes extraction wells and a distillation unit is 
being used to treat the contaminated water. Analyses of weekly composite and monthly grab 
samples of ground water from extraction wells, established that contaminant concentrations in 
extraction well samples are relatively low when the wells have been in service for extended 
periods of time, but the contaminant concentrations are higher immediately after the wells are 
restarted following shut down for several days. This tendency is referred to as the “rebound” 
effect. 
 
The extraction and treatment systems were shut down for two periods in January 2004. For this 
study, extraction wells were intensively sampled after pumping resumed to help quantify the 
effects of rebound on individual wells. Water samples were collected from 23 extraction wells 
currently in use at Tuba City. Samples were analyzed for chloride, conductivity, nitrate, sulfate, 
and uranium. These data are particularly useful in developing plans to increase the efficiency of 
ground water remediation, such as the use of pulsed pumping.  
 
Nearly all the extraction well samples show some rebound effect. In contrast, samples from two 
wells had trends that were reversed. Increasing or decreasing concentration trends for chloride, 
conductivity, nitrate, sulfate, and uranium are similar for a given well. 
 
On the basis of several lines of evidence, desorption is likely not the dominant process causing 
rebound at the Tuba City site. A more probable explanation for the rebound effect is a change in 
the source of ground water delivered to the extraction wells during pumping. As the wells are 
pumped, the ground water elevation near the well decreases. Flow of ground water from the 
upper portion of the strata may decrease because the lower water table causes a higher proportion 
of ground water from deeper and less contaminated horizons to enter the well as pumping 
progresses. 
 
More removal of contaminants from the subsurface occurs if concentrations are high in the 
extracted water. If concentrations increase in a well during resting periods, it may be efficient to 
pump the well for a period of time and then let it rest. This type of cyclic pumping is referred to 
as “pulsed pumping,” but this technique will be ineffective if concentrations decrease rapidly 
during pumping. In many of the wells, concentrations decreased fairly rapidly in ground water 
samples during the rebound study. Pulsed pumping may be impractical for these wells. Pulsed 
pumping may be effective for some of the wells that have relatively low rebound rate parameters. 
Some wells can probably maintain relatively high concentrations of contaminants with 
continuous pumping and would not need to be pulsed. The two wells with reverse rebound could 
be pumped continuously because mass removal increases as these wells are pumped.  
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1.0  Introduction 

Ground water at the Tuba City, Arizona, Uranium Mill Tailings Remedial Action (UMTRA) 
Project site is contaminated as a result of uranium ore-milling activities between 1956 and 1966. 
The Tuba City site is located on Navajo Nation land in northeast Arizona.  
 
The aquifer underlying the site is referred to as the N-aquifer and consists of, in descending 
order, the Navajo Sandstone, the Kayenta Formation, and the Moenave Formation. Under natural 
conditions, depth to the top of the saturated zone at the site (in the Navajo Sandstone) is 
approximately 35 to 50 feet (ft). Millsite-related ground water contaminants at the Tuba City site 
include cadmium, molybdenum, nitrate, selenium, strontium, sulfate, and uranium. As part of the 
effort to restore local ground water quality, a remedial system consisting of extraction wells, a 
distillation unit (for water treatment), and an infiltration trench is in operation.  
 
Analyses of Tuba City weekly composite and monthly grab samples of ground water from 
extraction wells established that contaminant concentrations in the extraction wells are stable and 
relatively low when the wells have been in service for extended periods of time, but 
concentrations in the samples are higher immediately after the wells are restarted following shut 
down of the wells for several days. This tendency is referred to as the “rebound” effect. Analyses 
of daily influent samples suggest that rebound is of short duration and that contaminant 
concentrations in the wells stabilize within about 3 days. Analytical results of well samples 
collected on a monthly basis show that the rebound effect is more pronounced in some wells than 
in others.  
 
The extraction and treatment systems were shut down from January 19, 2004, until 9:07 p.m. on 
January 28, 2004. The system was shut down a second time from 6:28 a.m. on January 30, 2004, 
through 12:07 a.m. January 31, 2004. Baseline samples were collected on January 15, 2004, 
several days before shutdown. Prior to baseline sampling, the wells had been pumping for 
approximately 4 months without interruption. For this study, extraction wells were intensively 
sampled from January 28 through February 3, 2004. The goal of the sampling was to evaluate the 
extent and duration of rebound for individual wells. These data are particularly useful in 
developing plans to increase the efficiency of ground water remediation with pulsed pumping.  
 
This work was funded by ESL and Tuba City subtasks of the LM task order. Field and laboratory 
work were conducted collaboratively with ESL and Tuba City site personnel. Appendix A 
contains a complete set of tabulated data and graphical portrayals of key data. Appendix B 
contains field and laboratory notes. 
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2.0  Methods 

Water samples were collected from 23 extraction wells currently in use at Tuba City. The 
treatment system was restarted January 28, 2004, and the pumps were turned on at 9:07 p.m. 
Samples were collected immediately (within 30 minutes of restart) and every 4 hours until the 
morning of January 30, 2004, for a total of nine sampling events. At that time, a system failure 
occurred necessitating shutdown for repairs. Sampling (round 10) resumed at approximately 
12:30 a.m. January 31, 2004, 30 minutes after the pumps were restarted after about 18 hours (h) 
when the pumps did not operate. Additional samples were collected 4 hours later (round 11). At 
that time, the decision was made to reduce sampling frequency. Samples (round 12) were 
collected at 1 p.m. (7-hour interval) January 31, 2004, and then daily for the next 3 days. 
 
All extraction wells were sampled using the same sampling method and in the same order during 
each sampling event. A ladder was lowered into the well vault for safe access. The well sampling 
port was opened and allowed to run for approximately 15 seconds before a 125-milliter (mL) 
Nalgene bottle was filled with ground water. The ladder was removed and moved to the next 
well vault. The normal time between vaults was 2 to 3 minutes. Each bottle was labeled with the 
well number, the date, and the time the bottle was filled. The pumps were off in two or three 
wells (regular cycling) and a return trip was necessary to collect a sample about 20 minutes after 
the other samples were obtained.  
 
After all the wells were sampled, the bottles were taken to the site laboratory where pH and 
conductivity values of unfiltered samples were measured. The pH and conductivity sensors were 
calibrated before each round of measurements. The pH and conductance values were recorded on 
worksheets that were used to track the measurements of each sample.  
 
Upon completion of pH and conductivity measurements, a 30-mL syringe was used to extract 
two 30 mL splits of water from the sample container. These splits were filtered through a 
0.45-micron filter and discarded. A third split, using the same filter, was filtered into a centrifuge 
tube that was marked with the well number, the date, and the time the filtered sample was 
collected. Filtered samples were refrigerated until analyses were performed. 
 
All samples were analyzed for uranium content by kinetic phosphorescence on a Chemchek KPA 
uranium analyzer following Environmental Sciences Laboratory (ESL) analytical procedure 
AP(U-2). Chloride, nitrate, and sulfate were analyzed by ion chromatography following ESL 
analytical procedures AP(Cl-2), AP(NO3-4), and AP(SO4-4).  
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3.0  Results and Discussion 

3.1 Rebound Concentration Trends 
 
Nearly all the extraction wells indicated some rebound effect. For example, the uranium 
concentration in samples from well 1120 increased from a baseline value of 437 micrograms per 
liter (µg/L) to 1,264 µg/L during the first shutdown period (Figure 1). After pumping was 
initiated, the concentration decreased rapidly to 506 µg/L. During the second shutdown period, 
the uranium concentration in the samples increased to 1,057 µg/L. Shortly after pumping 
resumed, it fell to 301 µg/L, slightly less than the baseline value. Concentration trends showing 
well-defined rebound for chloride, conductivity, nitrate, and sulfate in samples from well 1120 
were similar to uranium concentration trends (Appendix A). Most of the well samples had 
concentration trends similar to those of well 1120 samples, although some deviations exist.  
 
In contrast to the typical rebound trend as exemplified by well 1120, samples from two wells 
(wells 1103 and 1119) had reversed trends. In these two wells, the uranium concentrations 
increased during pumping and decreased when the wells were at rest (Figure 1). Conductivity, 
chloride, nitrate, and sulfate concentrations followed the reversed uranium trend in samples from 
wells 1103 and 1119 (Appendix A). These two wells are adjacent to each other, suggesting that 
the reversed trend is a localized phenomena. The wells are located adjacent to the disposal cell 
boundary near its southeast corner (Figure 1). 
 
The rebound effect does not appear to depend on the magnitude of the constituent 
concentrations, as exemplified by comparing the uranium concentration trend in samples from 
well 1120 to those in samples from well 1113 (Figure 1). The baseline uranium concentrations in 
samples from wells 1120 and 1113 are 437 and 3.3 µg/L, respectively, but samples from both 
wells have concentration trends consistent with rebound. Concentration trends for chloride, 
conductivity, nitrate, sulfate, and uranium are similar in samples from an individual well. 
 
3.2 Rebound Rates 
 
The initial baseline concentration (baseline), peak concentration following the second shutdown 
period (peak), and the concentration in the first sample following peak (first) were used to 
compare rebound rates among individual wells. Concentrations in peak and first were normalized 
to baseline and the difference (in percent) was divided by the time between peak and first (3.8 h). 
Normalization is needed to avoid overemphasizing rebound effects in well samples that have 
high concentrations of constituents. This approach is useful in comparing relative concentration 
trends among wells, but it does not differentiate among wells with variable absolute 
concentrations. Thus, a well that has only 20 µg/L uranium could have the same rate parameter 
as a well with 1,000 µg/L uranium if the concentrations decrease at the same rate relative to their 
respective baseline concentrations. 
 
The following example describes the calculation of a rate parameter and its significance. At 
well 1102, baseline, peak, and first concentrations are 366, 594, and 399 µg/L, respectively 
(Appendix A). The normalized peak and first concentrations are 1.623 and 1.090, respectively. 
The difference in the normalized concentrations is 0.533, or 53.3 percent. Dividing the percent 
difference by the time period (3.8 h) produces a rate parameter of 14.02 percent per hour (%/h) 
(Table 1), i.e., the uranium concentration decreases by 14.02 percent of the baseline 
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concentration 1 h after pumping resumes. Higher values of the rate parameter indicate a faster 
rebound. Negative rate parameters indicate that concentrations increase during pumping. 
 
For samples from a specific well, the parameters for all five constituents are similar (Table 1). 
For example, the rate parameters for all five constituents in samples from well 1108 are between 
10 and 15 %/h; whereas, all rate parameters from samples from well 1107 are more than 50 %/h. 
The rate parameters are negative for most of the constituents in samples from wells 1103 and 
1119, indicating that concentrations increase during pumping in these two wells. The rebound 
effects in samples from three of the wells (wells 1101, 1124, and 1125) are relatively minor as 
indicated by the low, and sometimes negative, rate parameters. These three wells are located east 
of the disposal cell (Figure 1) near the evaporation pond. 
 

Table 1. Calculated Rebound Rate Parameters 
(percent per hour; see text for discussion) 

 
Well Conductivity Uranium Chloride Nitrate Sulfate 

1101 -0.77 0.00 0.00 0.27 0.91 

1102 1.75 14.02 4.98 7.82 3.29 

1103 -8.18 -2.98 -6.66 -8.80 -9.34 

1104 15.61 14.77 18.45 26.61 26.50 

1105 2.23 9.89 3.45 4.29 5.73 

1106 49.47 112.53 51.13 77.14 93.14 

1107 59.62 97.65 58.58 110.18 106.92 

1108 13.01 14.31 10.60 14.14 10.17 

1109 24.82 37.74 16.12 23.95 40.91 

1110 52.89 105.44 48.73 70.04 87.94 

1111 20.78 38.86 21.99 26.36 27.63 

1112 18.67 34.60 13.94 27.63 26.10 

1113 29.71 73.37 20.84 68.39 86.78 

1114 5.35 10.81 4.42 5.70 6.97 

1115 27.02 90.93 15.42 24.21 57.65 

1118 1.17 2.97 1.36 2.11 1.10 

1119 -3.01 5.96 1.91 -7.43 -3.75 

1120 28.88 41.73 36.12 36.13 37.88 

1121 2.17 8.37 1.27 1.49 2.05 

1122 5.73 14.51 3.78 6.38 6.90 

1123 12.53 19.72 11.06 19.22 39.05 

1124 -0.43 1.74 -1.15 -1.20 -0.97 

1125 0.28 -3.49 1.69 2.60 -0.83 

 
 
3.3 Causes of Rebound 
 
A possible cause of the rebound effect is the slow release of sorbed contamination during 
nonpumping. Some contaminants desorb from sediments slowly, and periods of ground water 
stagnation allow the desorption process to proceed further than it can in ground water flowing 
under a forced gradient. However, several lines of evidence indicate that desorption is not likely 
the dominant process causing rebound at the Tuba City site. Chloride, nitrate, and sulfate 
partition strongly into the aqueous phase and would not be sorbed on host grains of the aquifer
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Figure 1. Locations of extraction wells showing uranium concentrations in relation to time, during the rebound study. 
(The y axis on each coordinate grid represents uranium concentrations in micrograms per liter. The grids differ in uranium concentrations. 

The disposal cell outline is shown for reference. Shaded portions of the graphs indicate times the wells were pumping.
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Thus, these constituents would not be available for desorption. Additional evidence is provided 
by the low nitric acid-leachable concentrations of uranium in cores of Navajo Sandstone 
collected within the plume area at Tuba City (DOE 2004). The concentrations in the four cores, 
collected within the concentrated portion of the uranium plume, were less than average crustal 
abundance for sandstone, indicating that only a small amount of uranium is sorbed to the aquifer 
substrate at the site.  
 
A more probable explanation for the rebound effect is a change in the source of ground water 
delivered to the extraction wells during pumping. As the wells are pumped, the ground water 
elevation near the well decreases. Flow of ground water from the upper portion of the strata may 
decrease because of the lower water table, causing a higher proportion of ground water from 
deeper horizons to enter the well as pumping progresses. Previous investigations suggest that 
contaminant concentrations decrease with depth; thus, pumping may cause decreasing 
concentrations. The reverse rebound, observed in wells 1003 and 1119, is inconsistent with this 
hypothesis. Perhaps during pumping, ground water is brought into these wells from contaminated 
strata beneath the southeast corner of the disposal cell.  
 
Another explanation for rebound is that water is withdrawn from a different portion of the 
sandstone matrix during pumping than it is during nonpumping. For example, pumping may 
enhance the migration of ground water through preferential channels and macropores. Diffusion-
controlled release of contamination from smaller pores and hydraulically isolated areas to 
macropores or fractures may contribute to the rebound effect. Similar to desorption, contaminant 
diffusion to macropores or fractures under pumping conditions would not maintain 
concentrations as high as would occur under the natural flow gradient. 
 
3.4 Implications 
 
The relatively rapid decreases in contaminant concentrations has implications for remediation. 
Efficient removal of contaminants from the subsurface is enhanced if concentrations are high in 
the extracted water. If concentrations increase in a well during resting periods, it may be efficient 
to pump the well for a period of time and then let it rest. Cyclic pumping such as this is referred 
to as “pulsed pumping.” Pulsed pumping will be ineffective if concentrations decrease rapidly 
during pumping. In many of the wells, concentrations decreased fairly rapidly during the 
rebound study. For example, in well 1106, nearly 5 times the mass of uranium can be removed 
for a given volume of ground water if the extracted water contains the peak concentration 
(1,914 µg/L) instead of the typical pumping concentration of about 400 µg/L. Wells with high 
rate parameters are likely to be the least effective in a pulsed pumping operation. Wells 1102, 
1106, 1110, and 1115 have rate parameters for uranium of more than 50 %/h; these wells may 
not respond efficiently to pulsed pumping (Table 1). For pulsed pumping to be effective, the 
pumping would need to be pulsed rapidly, causing maintenance and operational costs to be high.  
 
Some of the wells have relatively low rate parameters and pulsed pumping may be more 
effective for these. For example, well 1121 has a relatively low uranium rate parameter of 
8.37 %/h. Uranium concentrations in samples from well 1121 decreased from a peak of about 
950 µg/L to about 400 µg/L following pumping (Figure 1). Pulsing the pumping on a daily basis 
may significantly enhance uranium removal from this well. The magnitude of the concentration 
in a well needs to be considered, as well as the rebound rate, when designing a pumping 
program. For example, the uranium rate parameter of 10.81 %/h for well 1114 is low, suggesting 
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that it might be a candidate for pulsed pumping. However, uranium removal will be minimal 
regardless of the efficiency in maintaining the peak concentration because the uranium 
concentration is only about 25 µg/L. 
 
Some wells can probably maintain relatively high concentrations of contaminants with 
continuous pumping and would not need to be pulsed. For example, well 1101 has a uranium rate 
parameter of 0.00 %/h and the concentration is about 300 µg/L; it appears that the uranium 
concentration would be near 300 µg/L even with continuous pumping (Figure 1). Similarly, 
samples from well 1102 maintained a concentration of about 400 µg/L throughout the rebound 
test (Figure 1) except for a single high uranium concentration of 852 µg/L. 
 
The two wells with reverse rebound (wells 1103 and 1119) could be pumped continuously 
because mass removal increases as these wells are pumped. With continuous pumping, 
wells 1003 and 1119 appear to be able to sustain uranium concentrations in samples of about 425 
and 250 µg/L, respectively (Figure 1). 
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Environmental Sciences Laboratory (ESL) Workplan 
 
Project Title: Analysis of Ground Water Rebound in Extraction Wells; Rev. 1 
Site: Tuba City, Arizona 
Date: December 31, 2003. 
Desired Completion Date: Field work by January 31, 2004. Report by February 2004. 
Work Requested By: Carl Jacobson, Tuba City Site Manager 
Work Approved By: Clay Carpenter, ESL Task Order Manager 
ESL Lead: Stan Morrison 
Tuba City Project Lead: Randy Richardson 
 
Objectives:   
 
Analyses of Tuba City weekly composite samples and monthly well grab samples have 
established that contaminant concentrations in the extraction wells are stable and relatively low 
when the wells have been in service for extended periods of time, but that these concentrations 
are much higher immediately after the wells are restarted after being down for several days.  This 
tendency has become known as the “rebound” effect.  Daily influent samples suggest that the 
“rebound” is of short duration and that well concentrations have stabilized within about three 
days.  Monthly well samples suggest that “rebound” is much more pronounced among some 
wells than others.   
 
A shutdown of the treatment system, of approximately one week’s duration, is scheduled for the 
end of  January, 2004.  This test program proposes an intensive sampling of the extraction wells 
for the first six days after the wells are restarted, coupled with a single grab sample from each 
well immediately prior to the shutdown. The goal is to evaluate the extent and duration of 
“rebound” for each individual well.   
 
Description of Work: 
 
Task 1. Field Sampling.  The shutdown is presently scheduled to begin on the morning of 
January 19, 2004.  A set of baseline samples will be collected the day before the shutdown and 
additional sets of “rebound” samples will be collected at regular intervals upon startup.  One set 
consists of 25 samples including 1 sample from each of 24 extraction wells and 1 raw feed 
sample. The collection time for each sample will be logged (preferably using “atomic” watches 
which will be synchronized with the PLC computer clock).  Collecting the set of 25 samples 
typically takes 2 persons about 1-1/2 to two hours.   
 
The rebound samples will be collected after the treatment system is restored to boil and begins to 
draw water from the wells.  Sets of well samples will be taken every 4 hours for the first 2 days 
of the test.  For the duration of the test (total of about four to six days based on experience to 
date) sets of samples will be collected every 12 hours; probably one round of sampling first thing 
in the morning and the other round at the end of the day.   The duration of the test will be 
determined by the conductivity of the raw feed, which will be sampled at the same time as the 
wells.  The conductivity of the raw feed determines the gross composition trend.  As long as the 
raw feed conductivity is decreasing from one sample to the next, at least some of the wells are 
still in rebound and the sampling should continue.  Once the raw feed conductivity has leveled 
off, the rebound effect is effectively concluded and the test can be terminated. 
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Individual well samples will be checked for conductivity before additional analysis is done.  The 
conductivity will be used to determine the rebound extent for individual wells in the same 
fashion as with the overall system, i.e., once the conductivity of the water from an individual 
well has stabilized, additional samples from that well may not be taken.   
 
Although time-consuming, the sampling work will not be a full-time job, and can be performed 
by the site operators on an overtime basis with minimal interference with their regular duties.  
Given the fact that the sampling calls for traveling to outer areas of the site and for the sampler to 
physically enter the well vaults, in the interests of safety, the sampling must be performed by a 2 
person team.  Therefore, the sampling would require the operators to work an overtime shift of 
probably about thirteen hours per day.  Operators will not be able to collect samples during the 
night shift, so ESL is providing funds for additional sampling support.  Samplers will probably 
be Brandon Danforth and Dave Traub. 
 
Task 2. Analysis. All analytical work will be conducted at the Tuba City site laboratory.  An ion 
chromatograph will be used for analysis of chloride, nitrate, and sulfate, and a KPA uranium 
analyzer for uranium.  Analysts will filter each samples prior to analysis and measure the pH and 
conductivity of each sample.  Analytical work will continue for about three days after the 
completion of all sampling.   
 
Task 3. Data Entry.  Data from the test will be entered into Excel spread sheet.  The data will not 
be entered into See_Pro. 
 
Task 4. Interpretation and Report.  An ESL report will be prepared that describes the methods, 
presents the results, and discusses interpretations of the data. 
 
ESL Budget and Project Cost Sharing: 
 
Costs will be shared between the ESL and the Tuba City Project.  Tuba City will provide 
oversight (Randy Richardson), samplers for the 12 hour daytime shift, one analyst (Teri 
Richardson), laboratory equipment, and most of the laboratory and sampling consumable items 
(sample bottles, chemicals, etc).  ESL will provide collaboration (Stan Morrison), one full time 
analyst (Sarah Morris), 2 night-shift samplers (probably Brandon Danforth and Dave Traub), and 
sampling equipment.  
 
Table 1 lists the personnel required, including those provided by the Tuba City project.  Total 
cost to the ESL is approximately $26, 184 (Table 2). 
 
 
 
Schedule:   
 
The plant is currently scheduled to shutdown on January 19, 2004 and startup is anticipated on 
January 26.  The schedule for the rebound study will need to be modified to accommodate 
changes to the shutdown/startup schedule. Baseline samples will be collected January 18 by 
Tuba City site personnel.  ESL personnel will mobilize to the site on January 25 to prepare for 
startup.  Four-hour samples will be collected January 26 and 27.  Twelve-hour samples will be 
collected January 28 through 31.  A report will be prepared in February. 
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Table 1. Labor (nc = no charge to ESL) 
 

Person Hrs Activities 
Task 1. Field Sampling 

Sarah M. 4 Coordination 

Tim B. 32 On site collaboration (2 days at site) 

Dave T. 48 Travel and night shift sampling for 2 nights 

Brandon D. 48 Travel and night shift sampling for 2 nights 

Operators 40 (nc) Day shift sampling for 6 days. 

Randy R. 20 (nc) Oversight 

Tasks 2 and 3. Analysis and Data Entry 

Sarah M. 106 Travel to site.  Analysis. 

Terry R. 60 (nc) Analysis. 

Task 4. Interpretation and Report 

Stan M. 40 Data interpretation. Report preparation. 

Tim B. 20 Data interpretation. Report preparation. 

Randy R. 40 (nc) Data interpretation. Report preparation. 

Sarah M. 10 Prepare data for report 

Dennis D. 30 Report preparation. 

Wyatt S. 10 Figure preparation 

Clay C. 4 Review Report 

 
Table 2.  ESL Budget (Fully Burdened Costs) 

 
 Task 1 Tasks 2 and 3 Task 4 

Labor $8258 $5150 $8213 

Travel $1883 $2079 0 

Supplies $280 $140 0 

Subtotal $10,421 $7369 $8213 

TOTAL ESL $26,003 
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