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ACRONYMS AND ABBREVIATIONS 
 
DP-25  = Panoche Drainage District Drainage Point Location Number 25 
oF  = Degrees Fahrenheit 
GPM   =  Gallons per Minute 
gal/min  = Gallons per Minute 
hr  = Hour 
mg/l  = milligrams per liter 
μg/l  = micrograms per liter 
ND  = Non-detect 
R1  = Bioreactor # 1 
R2  = Bioreactor # 2 
R3  = Bioreactor # 3 
R4  = Bioreactor # 4 
Rctr  = Reactor 
RT   =  Retention Time 
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INTRODUCTION 
 
Panoche Water and Drainage District located in the San Joaquin Valley near Firebaugh, 
California currently has drainage effluents containing elevated levels of selenium and 
nitrate. At present the U.S. Bureau of Reclamation is reviewing options for selenium and 
nitrate removal from these drainage waters. 
 
Applied Biosciences conducted treatability studies on the drainage water which led to 
pilot scale studies. The studies were funded by the Bureau of Reclamation.  After the 
completion of a successful treatability study, Applied Biosciences initiated a pilot-scale 
study to test the removal of selenium and nitrate from the District’s drainage water. 
Results from the pilot scale testing will be used in the design and costing of a full scale 
system. The initial testing commenced on June 9, 2003 and stopped on October 13, 
2003.  This report serves as a summary of the results and conclusions of the pilot study 
during this period. 
 
A secondary set of experiments were conducted during the pilot scale tests. The 
objective was to compare system performance using activated carbon to other microbial 
support materials. The results of these tests are presented in an appendix attached to 
this report. 

Site Water Characteristics 
The reactor influent originates from a well site designated as DP-25.  Regular and 
frequent measurements found that selenium concentrations in DP-25 ranged between 
160 µg/L and 1100µg/L and the nitrate concentrations (as NO3) ranged between 250 
mg/L and 420 mg/L, during the pilot study.  Several other water quality constituents were 
measured infrequently in DP-25 and most likely did not cover the range of variation 
during the study period.  The average values of these measurements are presented in 
Table 1; however, it is not known whether the measured values reflect the average 
values of these constituents.  Standard plate count tests determined that native selenium 
reducers were not present.   
 
Table 1 –  Selected Water Quality Parameters Measured at Well DP-251  
Selenium 160 µg/L to 1100 µg/L (Avg. 430 mg/L) 
Nitrate (as NO3) 250 mg/L to 420 mg/L (Avg. 290 mg/L) 
Bacteria (plate count) 1.4 x 106 CFU/mL 
pH 7.7 
Temperature 73 º F 
Dissolved oxygen 4.5 mg/L 
Reduction potential -14 mV 
1 Selenium and nitrate concentrations were measured frequently throughout the study; all other constituents show the 
average value of only a few measurements and do not accurately reflect the actual average values during the test period. 
 
MATERIALS AND METHOD 

Bioreactor Configuration 
The equipment used in the pilot-scale testing consisted of four bioreactors in series, an 
automated nutrient delivery system, a surge tank, and a pump (Figure 1). The DP-25 
well water flowed to a surge tank stored in a support trailer. A float valve allowed the 
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surge tank to stay full at all times. Water was pumped from the surge tank into the first 
bioreactor. Flow rate was controlled by a diaphragm valve and flow meter.  
 
The bioreactors consisted of four 1000 gallon tanks with lids fitted with a 1” PVC 
distribution system and 1/2” nozzles. The third reactor in series contained a second, 
larger distribution system designed to flush the reduced selenium from the system. A 
layer of washed gravel was added to each reactor to keep the distribution systems in 
place. To each reactor, 2750 pounds of granular activated carbon was added as a 
support material for the microbes. The bioreactor overflow was collected into an outlet 
header and then gravity fed into the distribution system of the next reactor. The final 
reactor discharged to a drainage ditch. All four reactors were positioned on an earthen 
berm to facilitate gravity flow (Figure 2).  A nutrient feed line connected directly to the 
influent of each reactor allowed each reactor to be fed individually by an automated 
nutrient delivery system. The nutrient delivery system consisted of a 200 gallon nutrient 
tank, gear pump, flow meter, automated control valves and PLC control panel (pumps 
and instrumentation in trailer, Figure 3).  
 
Figure 1 – Biotreatment Pilot Schematic 

 

 

Microbial Inocula 
Applied Biosciences arrived on site on June 3 with 300 gallons of selenium culture and 
300 gallons of nitrate culture. Applied Biosciences personnel scaled each culture up to 
800 gallons to inoculate the four bioreactors. After the reactors were inoculated, the 
influent flow was adjusted to approximately 0.3 gallons per minute, for a retention time of 
19 hours per reactor. This flow rate was maintained to allow sufficient biomass to grow. 
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     Figure 2 - Bioreactors on Earthen Berm 

 
 

       
      Figure 3 – 200 Gallon Nutrient Tank and Trailer 
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Sampling and Analysis 
All samples were collected by Panoche Water District personnel. Each reactor was 
sampled three times per week and analyzed for total selenium and nitrate (as NO3).  The 
DP-25 sump was sampled once per week and analyzed for total selenium, nitrate (as 
NO3), iron, magnesium, pH, phosphorus, and total organic carbon. Each sample was 
preserved in the appropriate acid preservative and stored on ice until pick-up and 
delivery to BSK Laboratories in Fresno, California. 
 
RESULTS 
 
Nitrate and selenium concentrations for the influent and the effluent for all reactors for 
the entire pilot study are presented in Table 2.  The laboratory detection limit was given 
as 0.5 mg/L for nitrate and 5 μg/L for selenium.  Some concentrations were measured 
below the detection limit but they are not reliable.  Plots of nitrate and selenium 
concentrations for the influent and reactor effluent are presented in Figures 4 and 5 
respectively.  The retention time (RT) in the bioreactors was optimized by varying the 
flow rate of the water to the system.  Three different flow rates were tested:  one 
gallon/minute from June 20-July 2, two gallons/minute from July 16-July 30, and three 
gallons/minute from August 6 to October 17.  The retention times for one, two and three 
gallons per minute were determined to be 6, 3 and 2 hours per reactor respectively.  A 
discussion on bioreactor performance at the three flow rates is discussed in subsequent 
sections of this report.  
 
Figures 4 and 5 show how a system change can have an impact on bioreactor 
performance.  On August 19, Reactor 1 was taken offline when the earthen berm it 
rested on became unstable.  Table 2 and Figure 4 show that prior to the removal of 
Reactor 1 on August 19, nitrate reduction to non-detect levels was possible with just the 
first two reactors  (about 4 to 6 hour total retention time).  When the system was 
restarted on August 26, Reactor 2 became the lead reactor, however effluent nitrate 
concentrations from this reactor spiked to 300 mg/l.   Similarly, effluent nitrate 
concentrations in Reactors 3 and 4 also spiked.  Applied Biosciences has speculated 
that the removal of Reactor 1 may have caused a system imbalance which required a 
few weeks for the system to reach equilibrium again.  By late September, nitrate 
concentrations are seen to fall in both Reactors 2 and 3.    
 
The impact of removing Reactor 1 on selenium reduction is presented in Figure 5.      
Prior to the removal of Reactor 1 on August 19, selenium reduction to non-detect levels 
was possible with two or three reactors (about 6+ hour total retention time).   When 
Reactor 1 is taken offline on August 19, selenium concentration spikes are seen to occur 
in the effluent of Reactors 2, 3 and 4.  By late September selenium concentrations in the 
reactors decrease as the system moves toward equilibrium.  When the pilot was 
terminated on October 17, the effluent selenium concentration from the final reactor was 
found to be about 14 to 21 μg/l.   Also shown in Figures 4 and 5 is the removal of 
Reactor 4 on September 19 due to plugging of its internal distribution system.  Unlike 
Reactor 1, the removal of the final reactor in series has no impact on the performance of 
the bioreactors preceding it.  Had Reactor 4 remained operational to the end of the pilot, 
the effluent selenium concentration from the biotreatment system would have been 
lower.       
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Table 2 – Selenium Biotreatment Pilot Data 
DP-25 Influent Reactor 1 Reactor 2 Reactor 3 Reactor 4 

Flow Date 
Nitrate 
(mg/L)  

Selenium 
(ug/L) 

Nitrate 
(mg/L) 

Selenium 
(ug/L) 

Nitrate 
(mg/L) 

Selenium 
(ug/L) 

Nitrate 
(mg/L) 

Selenium 
(ug/L) 

Nitrate 
(mg/L) 

Selenium 
(ug/L) 

6/20/03   ND 15 ND ND ND ND ND ND 
6/23/03   2  ND ND ND  ND ND 
6/25/03 300 400 27 5.0 ND ND ND ND ND ND 
6/27/03   ND ND ND ND ND ND ND ND 
6/30/03   98 10 ND ND ND ND ND ND 

1 GPM       
(RT = 6 

Hr/Reactor) 

7/2/03 310 480 94 23 ND 24 ND ND 1.0 ND 
7/16/03 300 480         
7/21/03   150 170 ND 7.0 ND 4.0 ND ND 
7/23/03 270 470 120 130 ND 4.0 ND ND ND ND 
7/25/03   120 170 ND 2.0 ND ND ND ND 
7/28/03   67 170 ND 4.0 ND 14 ND ND 

2 GPM       
(RT = 3 

Hr/Reactor) 

7/30/03 310 530 100 190 ND 4.0 ND ND ND ND 
8/6/03 280 440 130 210 ND 23 ND 4.0 ND ND 
8/7/03   96 140 ND 14 ND ND ND ND 
8/8/03   85 170 ND 11 1.0 4.0 ND ND 
8/11/03   94 240 ND 8.0 ND 7.0 ND ND 
8/25/03   Reactor 1 Offline 1.0 430 2.0 ND ND ND 
9/12/03     310 560 110 30 3.0 7.0 
9/15/03     300 730 91 250 ND 45 
9/17/03 280 160   290 760 120 400 2.0 34 
9/19/03     350 760 220 530 120 100 
9/26/03     89 420 11 200 Reactor 4 Offline 
9/29/03     180 470 2.0 100   
10/1/03 420 1100   200 600 ND 52   
10/3/03     240 500 ND 44   
10/6/03     200 460 ND 21   
10/8/03     180 480 ND 14   
10/10/03 340 860   130 330 ND 16   

3 GPM (RT 
= 2 

Hr/Reactor) 

10/17/03     68 370 1 21   
Notes:  ND - Non Detect, GPM - Gallons Per Minute, RT - Retention Time, Nitrate given as (NO3)       
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Figure 4 – Nitrate Data for duration 6/20 to 10/17/2003 
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Figure 5 – Selenium Data for duration 6/20 to 10/17/2003  
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1 Gallon/min Flow rate 
The reactors were started at 1 gallon/min flow rate, or 6 hour retention time in each 
reactor or 24 hours for the 4 reactor system. At this flow rate selenium and nitrate were 
reduced to levels below detection.  In most cases, non-detectable concentrations were 
achieved by the second reactor at this flow rate.  The entire system was fed about 2 
gallons of nutrient per day. The bioreactors were operated at this level for about 30 days. 
Table 3 presents the influent and effluent concentrations of nitrate and selenium for a 
1GPM flow rate. 
 
Table 3 - System Effluent at 1GPM 
Date Sampled Reactor #1 

Influent Nitrate 
(mg/L as NO3) 

Reactor #4 
Effluent Nitrate 
(mg/L as NO3) 

Reactor  #1 
Influent 

Selenium 
(µg/L) 

Reactor #4 
Effluent 

Selenium 
(µg/L) 

6/18/03 300  390  
6/20/03  Non Detect  Non Detect 
6/23/03  Non Detect  Non Detect 
6/25/03 300 Non Detect 400 Non Detect 
6/27/03  Non Detect  Non Detect 
6/30/03  Non Detect  Non Detect 
7/2/03 310 1.0 480 Non Detect 

 
Figures 6 and 7 show the nitrate and selenium concentration from each reactor for the 
one gallon per minute run.  
 
After the first run, the reactors were shut down for repairs due to biomass plugging up 
the internal distribution system. In an effort to correct this problem, Applied Biosciences 
personnel enlarged the slots of the outlet headers for improved flow.  The reactors were 
restarted on July 21. 
 
2 Gallon/min Flow Rate 
The reactors were restarted at 2 gallon/min flow rate. At this flow rate the retention time 
per reactor was 3 hours or 12 hours for the system. Nutrient was increased to 3 gallons 
per day to the system to account for the increased flow rate. The system again showed 
selenium removal to levels below detection by the third reactor. Results of the 2 gpm run 
are summarized in Table 4 and Figures 8 and 9. 
 
Table 4 - System Effluent at 2 GPM 
Date Sampled Reactor #1 

Influent Nitrate 
(mg/L as NO3) 

Reactor #4 
Effluent Nitrate 
(mg/L as NO3) 

Reactor # 1 
System Influent 

Selenium 
(µg/L) 

Reactor #4 
Effluent 

Selenium 
(µg/L) 

7/16/03 300  480  
7/21/03  Non Detect  Non Detect 
7/23/03 270 Non Detect 470 Non Detect 
7/25/03  Non Detect  Non Detect 
7/28/03  Non Detect  Non Detect 
7/30/03 310 Non Detect 530 Non Detect 
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Figure 6 – Nitrate Concentration at 1 gallon per minute  

Bioreactor Nitrate Data
Flow = 1 gallon/min

0

50

100

150

200

250

300

350

6/18 6/19 6/20 6/21 6/22 6/23 6/24 6/25 6/26 6/27 6/28 6/29 6/30 7/1 7/2 7/3

N
itr

at
e 

C
on

ce
nt

ra
tio

n 
(m

g/
l)

Influent R1, Tot RT=6 Hr R2, Tot RT = 12 Hr
R3, Tot RT = 18 Hr R4, Tot RT = 24 Hr

 
 
 
Figure 7 – Selenium Concentration at 1 gallon per minute  
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Figure 8 – Nitrate Concentration at 2 gallons per minute  
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Figure 9 – Selenium Concentration at 2 gallons per minute  
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3 Gallon/min Flow Rate   
On August 6, the reactors were started at 3 gallons per minute. At this flow rate the 
retention time was 2 hours per reactor or 8 hours for the entire system. Nutrient supplied 
to the system was adjusted to three feeding cycles per day at 1 gallon per feeding cycle. 
Results of the 3 gpm run are summarized in Table 5 and Figures 10 and 11. 
 
Table 5 - System Effluent at 3 GPM 
Date Sampled Reactor # 1 

Influent Nitrate 
(mg/L as NO3) 

Reactor #4 
Effluent Nitrate 
(mg/L as NO3) 

Reactor #1 
Influent 

Selenium 
(µg/L) 

Reactor #4 
Effluent 

Selenium 
(µg/L) 

8/6/03 280 Non Detect 440 Non Detect 
8/7/03  Non Detect  Non Detect 
8/8/03  Non Detect  Non Detect 

8/11/03  Non Detect  Non Detect 
8/25/03  Non Detect  Non Detect 

 
On August 14th all the reactors were shut down due to plugging problems.  On August 
19th Applied Biosciences personnel returned to the site to modify the system by adding a 
weir and sump pump at the top of each reactor for the purpose of forcing water into the 
next reactor in the series. Additionally, the first reactor in the series was drained and 
disconnected from the system because the reactor was starting to lean to one side due 
to erosion of the earthen berm. 
 
The reactors were restarted on August 24. The modifications helped alleviate the 
plugging problems for about three weeks. On September 19 reactor 4 was shut down 
due to additional plugging problems.   Figures 12 and 13 show the performance of the 
reactors for the period September 12 to the end of the pilot on October 17. 
 
Around this same time the results of the DP-25 influent samples showed an increase in 
selenium values from 434 µg/L to levels as high as 1100 µg/L. Despite the increase in 
the selenium, the reactors were still able to remove 98% of the selenium in 4 hours 
retention time (see Figure 13).  
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Figure 10 – Nitrate Concentration at 3 gallons per minute  
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Figure 11 – Selenium Concentration at 3 gallons per minute  
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Figure 12 – Nitrate Concentration for 9/12 – 10/17/2003, Flow = 3 gallons per 
minute 
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Figure 13 – Selenium Concentration for 9/12 – 10/17/2003, Flow = 3 gallons per 
minute 

Bioreactor Selenium Data
Duration 9/12 - 10/17/2003, Flow = 3 gallon/min
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ORGANIC AND INORGANIC ANALYSIS OF SELENIUM 
 
On August 21, two samples each of the feedwater and effluent from bioreactors 2, 3, 
and 4 were collected and sent to Frontier Geosciences Inc. of Seattle, WA for analysis of 
organic and inorganic selenium.  The results of the sampling and analysis are given in 
Table 6.              
 

Table 6 – Organic and Inorganic Selenium Analysis 
Sample 
Location 

Total Se 
(ug/l) 

Inorganic Se 
(ug/l) 

Organic Se 
(ug/l) 

Feed 469 457 12.0 
Feed 478 473 5.0 

Reactor 2 6.83 4.33 2.5 
Reactor 2 7.05 4.55 2.5 
Reactor 3 1.61 1.16 0.45 
Reactor 3 1.54 1.24 0.30 
Reactor 4 0.932 0.405 0.527 
Reactor 4 0.839 0.372 0.467 

 
 
IMPACT OF RESIDENCE TIME ON BIOREACTOR PERFORMANCE 
 
One of the primary factors influencing bioreactor performance is residence time.  Figure 
14 gives a plot of effluent nitrate concentration versus residence time.  The plot was 
generated using data from all active nitrate reducing reactors (see Table 7).  The period 
of record for the plot was June 20 to August 11, prior to Reactor 1 being taken offline.  
Nitrate readings collected after the decommissioning of Reactor 1 was not deemed 
applicable due to the disruption of equilibrium in the bioreactor system.  Data points 
were obtained for total residence times of 12 hours, 8 hours, 6 hours, 4 hours, 3 hours 
and 2 hours.   Influent nitrate concentrations were assigned a residence time of 0 hours.  
A best fit curve was drawn through the data points as shown in Figure 14.  Several high 
nitrate values were found at the 6 hour retention time, however these points were 
deemed anomalous since the majority of the readings at this retention time were 
recorded as non-detect.   The plot clearly shows that effluent nitrate concentration 
decreases as residence time increases.  Effluent nitrate concentrations can be reduced 
to non-detect levels within a 6 hour retention time and perhaps as low as 4 hours.  
 
The impact of residence time on effluent selenium concentration is provided in Table 8 
and Figure 15.  Similar to the nitrate analysis, the period of record for the selenium plot 
is from June 20 to August 11.   Effluent selenium concentrations for all active selenium 
reducing reactors were included in this plot.  Data points were obtained for total 
residence times of 12 hours, 8 hours, 6 hours, 4 hours, 3 hours, 2 hours and 0 hours 
(the influent).  Figure 15 shows that effluent selenium concentrations can be reduced to 
non-detect levels within a 6 to 8 hour retention time. 
            
The plots given in Figures 14 and 15 can be applied to the operation and also the design 
of full scale nitrate and selenium reducing biotreatment plants.  In full scale plants,  the 
number and volume of reactors will be invariable and residence time can be adjusted by 
varying the flow rate through the system.   By decreasing the flow residence time will be 
increased, and increasing the flow will decrease the residence time.  Residence time can 
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also be adjusted during the plant design process when an established and invariable 
design flow is given.  Designing larger volume reactors or increasing the number of 
reactors will increase the residence time of the system.                   
 
IMPACT OF NUTRIENT DOSAGE ON BIOREACTOR PERFORMANCE 
 
Nutrient dosage is based off empirical data. After reactor inoculation the system is fed a 
greater concentration of nutrient to insure formation of the desired biomass. This dosage 
is between 2.5 and 4 gallons of nutrient per 1000 gallons of water treated. Once 
formation of the biomass is achieved, nutrient dosage is reduced to 0.1 to 0.5 gallons 
per 1000 gallons of water treated during normal operations. Nutrient dosage is modified 
based on the following factors: 
 
 • Minimizing operating costs. 
 • Maintaining biofilm. 
 • Maximizing contaminant removal. 
 • Optimizing reducing conditions. 
 
These factors are site specific, and are changed based on operating data. 
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Figure 14 – Impact of Residence Time on Nitrate Removal 
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Figure 15 – Impact of Residence Time on Nitrate Removal 
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  Table 7 – Residence Time and Nitrate Concentration  

Residence 
Time (hr) Date 

Flow 
Rate 

(gpm) 
Tank 

Number 

Nitrate 
(mg/L as 

NO3) 
0 6/25/03   Influent 300 
          
0 7/2/03   Influent 310 
0 7/16/03   Influent 300 
0 7/23/03   Influent 270 
0 7/30/03   Influent 310 
0 8/6/03   Influent 280 
2 8/6/03 3 1 130 
2 8/7/03 3 1 96 
2 8/8/03 3 1 85 
2 8/11/03 3 1 94 
3 7/16/03 2 1   
3 7/21/03 2 1 150 
3 7/23/03 2 1 120 
3 7/25/03 2 1 120 
3 7/28/03 2 1 67 
3 7/30/03 2 1 100 
4 8/6/03 3 2 ND 
4 8/7/03 3 2 ND 
4 8/8/03 3 2 ND 
4 8/11/03 3 2 ND 
6 6/20/03 1 1 ND 
6 6/23/03 1 1 2 
6 6/25/03 1 1 27.0 
6 6/27/03 1 1 ND 
6 6/30/03 1 1 98 
6 7/2/03 1 1 94 
6 7/16/03 2 2   
6 7/21/03 2 2 ND 
6 7/23/03 2 2 ND 
6 7/25/03 2 2 ND 
6 7/28/03 2 2 ND 
6 7/30/03 2 2 ND 
6 8/6/03 3 3 ND 
6 8/7/03 3 3 ND 
6 8/8/03 3 3 1.0 
6 8/11/03 3 3 ND 
8 8/6/03 3 4 ND 
8 8/7/03 3 4 ND 
8 8/8/03 3 4 ND 
8 8/11/03 3 4 ND 
12 6/20/03 1 2 ND 
12 6/23/03 1 2 ND 
12 6/25/03 1 2 ND 
12 6/27/03 1 2 ND 
12 6/30/03 1 2 ND 
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  Table 8 – Residence Time and Selenium Concentration 

Residence 
Time (hr) Date 

Flow 
Rate 

(gpm) 
Tank 

Number 
Selenium 

(ug/L) 
0 6/25/03   Influent 400 
          
0 7/2/03   Influent 480 
0 7/16/03   Influent 480 
0 7/23/03   Influent 470 
0 7/30/03   Influent 530 
0 8/6/03   Influent 440 
2 8/6/03 3 1 210 
2 8/7/03 3 1 140 
2 8/8/03 3 1 170 
2 8/11/03 3 1 240 
3 7/16/03 2 1   
3 7/21/03 2 1 170 
3 7/23/03 2 1 130 
3 7/25/03 2 1 170 
3 7/28/03 2 1 170 
3 7/30/03 2 1 190 
4 8/6/03 3 2 23 
4 8/7/03 3 2 14 
4 8/8/03 3 2 11 
4 8/11/03 3 2 8.0 
6 6/20/03 1 1 15 
6 6/23/03 1 1   
6 6/25/03 1 1 5.0 
6 6/27/03 1 1 ND 
6 6/30/03 1 1 10 
6 7/2/03 1 1 23 
6 7/16/03 2 2   
6 7/21/03 2 2 7.0 
6 7/23/03 2 2 4.0 
6 7/25/03 2 2 2.0 
6 7/28/03 2 2 4.0 
6 7/30/03 2 2 4.0 
6 8/6/03 3 3 4.0 
6 8/7/03 3 3 ND 
6 8/8/03 3 3 4.0 
6 8/11/03 3 3 7.0 
8 8/6/03 3 4 ND 
8 8/7/03 3 4 ND 
8 8/8/03 3 4 ND 
8 8/11/03 3 4 ND 
12 6/20/03 1 2 ND 
12 6/23/03 1 2 ND 
12 6/25/03 1 2 ND 
12 6/27/03 1 2 ND 
12 6/30/03 1 2 ND 
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CONCLUSION 
 
The pilot scale testing showed that Applied Biosciences ABMet® technology can 
successfully remove selenium and nitrate to below 5 µg/L and 5 mg/L, respectively, from 
the DP-25 drainage water.  Effluent nitrate and selenium concentrations decrease as 
residence time increases.   According to data collected during the pilot prior to the 
disconnection of Reactor 1, nitrate can be reduced to non-detect levels within a 4 to 6 
hour retention time, and selenium can be reduced to non-detect levels within a 6 to 8 
hour retention time.  Changes in system configuration can have an impact on bioreactor 
performance.  The removal of Reactor 1 from the system resulted in nitrate and 
selenium spikes in the effluent of the subsequent reactors.  The data suggest that it may 
take several weeks for the treatment system to recover and reach equilibrium after a 
major system upset (e.g. the removal of Reactor 1). 
     
Plugging encountered during the pilot scale test was likely caused by a combination of 
floating biomass and floating carbon that entered into the slotted effluent collection 
pipes.  These pipes rested directly on top of the carbon media where they were 
susceptible to particle transport.  It is believed that plugging can be avoided through an 
improved design of the hydraulic system to include suspending the effluent collection 
pipe above the media and utilizing a false-bottom plenum with nozzles below the media. 
 
ACKNOWLEDGEMENT 
 
Field assistance for the operation of the pilot study was provided by staff from the 
Bureau of Reclamation, Applied Biosciences, Boyle Engineering, and Panoche Drainage 
District.    



 

 20    

APPENDIX 
 
MICROBIAL SUPPORT MEDIA EVALUATION 

Introduction. 
 
The purpose of this study is to evaluate selenium and nitrate removal with Applied 
Biosciences ABMet® microbes using various support media. The media types tested are; 
activated carbon, reactivated carbon, gravel, pumice, and a commercially available 
plastic bio-rings. The results of this test show that activated carbon media or reactivated 
carbon is the best choice for full scale implementation of Applied Biosciences ABMet® 
technologies. 

Material and Method 
 
For this study Applied Biosciences personnel constructed five 30 gallon pilot scale 
reactors. Each reactor was plumbed with a water distribution system and automated 
nutrient delivery system. The reactors were filled to the same level with one of the five 
media types and inoculated with Applied Biosciences ABMet® microbes. The reactors 
were brought on site to Panoche Water and Drainage District’s drainage well and 
connected to the well water.  
 
The system was tested at four flow rates over a period of six weeks. The reactor effluent 
was sampled three times per week and the supply was sampled once per week. All 
samples were collected by Panoche Water and Drainage District personnel and 
analyzed by BSK laboratories in Fresno California for nitrate and selenium.  

Results 
 
Results of the study show that activated carbon and reactivated carbon worked 
significantly better that gravel, pumice and bio-rings. The average reactor nitrate influent 
was 293 mg/L and the average selenium influent was 429 µg/L. Results from the 
bioreactors were used to determine the percent removals, and loading rates for each 
support media at the four flow rates. The data is summarized in the following graphs. 
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Comparison of Media Types for Nitrate Removal
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Comparison of Media Types for Selenium Removal
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Selenium Loading Rates
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Conclusion 
 
Results of the media support study indicate that activated carbon and reactivated carbon 
are the best choices for full scale implementation of Applied Biosciences ABMet® 
technology. Activated carbon is normally used as the support media for Applied 
Biosciences’ ABMet® process, because of its high ratio of surface area to volume. Since 
biological selenium reduction is a surface phenomenon, the high ratio enhances 
treatment efficiency.  History of use must also consider of reactivated carbon because of 
the possibility of metals leaching from the matrix due to prior use. Any carbon that is 
used for Applied Biosciences ABMet® process must meet hardness and other 
specifications to ensure operational longevity of the system. Cost comparisons and 
specifications of both activated and reactivated carbon will be provided in the Feasibility 
Level Design Report for a full scale water treatment plant. 
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EXECUTIVE SUMMARY 
 
In 2003, Reclamation became aware of a new biotreatment technology (ABMet® ) 
that was patented and commercialized by Applied Biosciences, Inc. of Salt Lake 
City, Utah. Applied Biosciences Corporation participated in the original startup of 
four bioreactors located at Panoche Drainage District (Panoche) near Firebaugh, 
CA in the summer of 2003.  The Phase I pilot demonstrated that Applied 
Biosciences’ patented ABMet® technology could reduce selenium and nitrate in 
San Joaquin agricultural drainwater to below 10 μg/L, however, it also 
experienced various design and operational problems and operated intermittently 
for only 5 months.  In November 2003, a Phase II pilot was initiated and the 
bioreactors were rebuilt with a new pressure-fed distribution system.  In addition, 
two of the bioreactors were relocated about sixty miles away at Red Rock Ranch 
near Five Points, CA to start a second pilot.  The Panoche bioreactors were fed 
raw drainwater from DP-25 until August 31, 2004.  Starting on September 1, the 
selenium biotreatment pilot was combined with a reverse osmosis pilot and the 
bioreactors were fed RO concentrate reject until December 13, 2004.   The 
bioreactors at Red Rock Ranch were continuously fed raw drainwater from Sump-
D until December 13.  The percent removal of selenium and nitrate at the pilot 
sites is summarized below.   
 
Summary of Percent Removal of Selenium and Nitrate 
Pilot Site Duration 

of Pilot 
% Removal 
Selenium 

% Removal 
Nitrate 

Panoche 
(DP-25 influent) 

11/17/03 – 
8/31/04 

91.2 - 95 92.2 – 99.9 

Panoche 
(RO Reject influent) 

9/1/04 – 
12/13/04 

85.8 – 92.5 92.3 – 99.9 

Red Rock Ranch 
Sump-D Influent 

11/17/03 – 
   12/13/04 

76.9 – 93.1 83.8 – 99.9 
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1. INTRODUCTION 
 
 

1.1 Treatment Process Selection 
 
During the past 15 years, numerous researchers have performed field studies of 
various technologies that remove selenium from drainwater in the San Joaquin 
Valley. In 2003, Reclamation became aware of a new biotreatment technology 
(ABMet® ) that was patented and commercialized by Applied Biosciences, Inc., 
Salt Lake City, Utah. Reclamation contracted with Applied Biosciences to 
conduct a pilot study at Panoche and Red Rock Ranch to determine the cost and 
performance of this technology to remove selenium and nitrate from agricultural 
drainwater.  Applied Biosciences has implemented their ABMet® technology at 
several different industrial sites (Table 1).  Treatment results at full-scale plants 
and pilot studies indicate greater Se removal and potentially lower cost than the 
previously considered treatment technologies. 
 
Table 1-1: Applied Biosciences ABMet™ Treatment Applications 

Site Contaminant Phase Status 
S. Dakota Mine Se, NO3 Full scale Ongoing 
MT Mine Se, NO3,CN Pilot scale  Complete 
MT Mine Se, NO3,CN Full scale Ongoing 
UT Mine Se Pilot scale in situ Complete 
UT Mine Se Pilot scale  Complete 
TX Mine Se Pilot scale Complete 
TX Mine Se Full scale in situ Complete 
CO Petroleum Site Se Pilot scale Complete 
Canada Mine Site As Full scale  Ongoing 

 
 
 

1.2 Phase I Pilot Description  
 
In February of 2003, Applied Biosciences Corporation was awarded a contract 
from Reclamation for a selenium biotreatment pilot at Panoche near Firebaugh, 
CA.  The pilot officially started in June 2003 and consisted of four 1,000 gallon 
bioreactors. The bioreactors were positioned in a stair-step array to induce gravity 
flow from one reactor to the next.  To each reactor, 2750 pounds (~700 gallons) 
of granular activated carbon (GAC) was added as a support material for the 
ABMet® microbes.  Applied Biosciences arrived on site on June 3 with 300 
gallons of selenium culture and 300 gallons of nitrate culture. Applied 
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Biosciences personnel scaled each culture up to 800 gallons to inoculate the four 
bioreactors.  The GAC media provided a surface area for developing a biological 
film that reduced the dissolved Se to a solid form that was captured within the 
biomass. The treatment process was divided into two stages:  nitrate reduction 
primarily occurred in the first reactor followed by Se reduction in the subsequent 
reactors. The reducing bacteria were sustained through daily additions of a 
molasses based nutrient.   A schematic and photo of the Phase I pilot is given in 
Figures 1-1 and 1-2. 
 
The Phase 1 pilot demonstrated that Applied Biosciences’ patented ABMet® 
technology could reduce selenium in San Joaquin agricultural drainwater to non-
detect concentration levels (< 5 μg/l) within a 6 to 8 hour retention time.  The 
pilot showed tremendous potential for the ABMet® technology, however, it also 
experienced various design and operational problems.    A bio-growth had 
accumulated in the inlet header at the bottom of the reactor tanks.  The hydraulic 
head in the bioreactor tanks could not produce sufficient pressure to move water 
through the fouled distribution headers and the carbon media.  The bio-growth 
caused several shutdowns of the reactors and as a result, the pilot operated 
intermittently for only 5 months.  A description of the Phase 1 pilot can be found 
in Applied Biosciences (2004). 
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Figure 1-1: Schematic of the Phase I Pilot 

 
 

Figure 1-2: Phase I Pilot at Panoche 
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1.3 Phase II Pilot Description 
 
In November 2003, a new selenium biotreatment pilot commenced.  The 
bioreactors had the media removed and were rebuilt with a new pump-fed 
distribution system.  Flow through the reactors would be provided by ½-
horsepower positive displacement gear pumps.  A more detailed description of the 
pilot equipment is provided in Section 2.  Two of the original four bioreactors 
remained at Panoche.  The other two bioreactors were relocated south about sixty 
miles away at Red Rock Ranch near Five Points, CA to start a second pilot.  One 
modification to the pilot at Panoche included the coupling of the selenium 
biotreatment pilot to a reverse osmosis (RO) pilot project which started in 
September 2004.  Documentation on the RO pilot will be provided in a separate 
report.  The pilot study at Red Rock Ranch treated raw drainage water having 
salinity and selenium concentrations higher than the raw drainage water found at 
Panoche.   
 
To initiate the Phase II, the GAC media was vacuumed out of the 4 tanks at 
Panoche and placed into nylon “supersacks” in early November 2003.  Two of the 
reactor tanks and their media were then moved to Red Rock Ranch.   The reactors 
had the internal and external distribution system rebuilt by Boyle Engineering at 
both pilot sites.  Applied Biosciences reinoculated all of the bioreactors in mid-
November.  In late November, a startup procedure commenced which involved a 
gradual increase of the feedwater flowrate to the bioreactors.  After the 
completion of the startup phase, the flow rate through the system and nutrient 
addition was varied to optimize system operations.   The Panoche bioreactors 
were fed raw drainwater from DP-25 until August 31, 2004.  Starting on 
September 1, the selenium biotreatment pilot was combined with a reverse 
osmosis pilot and the bioreactors were fed RO concentrate reject until December 
13, 2004.   The bioreactors at Red Rock Ranch were continuously fed raw 
drainwater from Sump-D until December 13.  The results and findings of the 
Phase II pilot are presented in Sections 4 to 6.  
  
 

1.4 Selenium Pilot Location  
 
The selenium biotreatment pilot at Panoche was located on the west side of the 
San Joaquin River near the town of Dos Palos.  The pilot site is located northeast 
of the Russell Avenue - Nees Avenue intersection, east of US Interstate 5.  The 
pilot site at is located at Drainage Point 25 (DP-25) about 1.5 miles east of Russell 
Avenue (Figures 1-3 to 1-5).   
 
The pilot site at Red Rock Ranch is located near the town of Five Points in 
Westlands Water District.  A dirt road to the pilot site is located on the west side 
of Colusa Road about 2 miles north of the Highway 145 - Colusa Road 
intersection, east of US Interstate 5.   A residence on the right side of Colusa Road 
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(property with a cluster of large trees) marks a dirt road turnoff to the pilot site.   
The site is reached by traveling west about 2 miles until arriving at the fenced 
property of Red Rock Ranch on the left side of the dirt road (Figures 1-6 to 1-8).   
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Figure 1-3: Location Map, Panoche Pilot Site 
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Figure 1-4: Dirt Access Road to Panoche Pilot Site 

     
 

Figure 1-5: Nutrient Tank and Bioreactors at Panoche Pilot Site 
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Figure 1-6: Location Map, Red Rock Ranch Pilot Site 
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Figure 1-7: Red Rock Ranch Pilot Site 

 
 

 
Figure 1-8: Red Rock Ranch Bioreactors and Nutrient Tank 
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1.5 Water Quality Data 
 
A water quality analysis was conducted on the raw drainage at Panoche. Table 1-2 
presents an analysis of drainwater from 8 samples collected from Panoche sump 
DP-25 from July 11, 2001 – September 28, 2004.   The sampling was conducted 
by Panoche and Reclamation.  Average total selenium concentration was 0.540 
mg/L, with minimum and maximum concentrations of 0.180 and 0.909 mg/L, 
respectively.  The average dissolved selenium concentration was 0.657 mg/L, 
with minimum and maximum concentrations of 0.531and 0.891 mg/L, 
respectively.  The average dissolved selenium concentration was higher than the 
average total selenium concentration due to the lack of samples and analyses for 
dissolved selenium during July 2001 and January 2003.  Average dissolved nitrate 
concentration (total NO3) for this period was 308 mg/L, with minimum and 
maximum concentrations of 239 and 367 mg/L, respectively.  Nitrate 
concentrations were high in this drainage water compared to other water sources 
most likely due to fertilizers introduced to the soils.  The average total dissolved 
solids (TDS) and electrical conductivity (EC) values for the period were 8,455 
mg/L and 10,559 μS/cm, respectively.  The range of TDS varied from a low 
concentration of 5,200 mg/L to a high of 10,640 mg/L, while the range of EC 
varied from a low of 6,700 μS/cm to a high of 13,300 μS/cm.         
 
Table 1-3 presents average analyte concentrations compiled from Red Rock 
Ranch Sump-D data taken from 43 sampling sessions conducted by DWR and 
Bryte Laboratories between October 2000 and March 2004.   The average 
dissolved selenium was 0.95 mg/L, with minimum and maximum values of 0.42 
and 1.38 mg/L, respectively.  The average dissolved nitrate concentration (as N) 
for this period was 372 mg/L, with minimum and maximum concentrations of 100 
and 565 mg/L, respectively.  Total selenium and total dissolved nitrate 
concentrations (as NO3) were not taken during this sampling period.  The average 
TDS and EC values for the period were 10,988 mg/L and 15,767 μS/cm, 
respectively.  The range of TDS varied from a low concentration of 8,840 mg/L to 
a high of 16,740 mg/L, while the range of EC varied from a low of 12,110 μS/cm 
to a high of 26,190 μS/cm.    
 
 
      



 

   

Table 1-2: Average Analyte Concentrations for Panoche (DP-25 sump) 

results in mg/L unless stated otherwise 
Date Date Date Date Date Date Date Date Average Minimum Maximum Analyte Units 

7/11/2001 1/15/2003 11/4/2003 8/31/2004 9/7/2004 9/14/2004 9/21/2004 9/28/2004       
  EC μS/cm 6,700 8,500 12,050 10,550 11,370 11,450 13,300 10,550 10,559 6,700 13,300 

Dissolved Ammonia        0.01       <0.01 0.01 0.01 0.01 
Dissolved Arsenic   0.007 0.012 < 0.01           0.010 0.007 0.012 
Dissolved Bicarbonate as CaCO3 220 230 242 217 220 234 235 217 227 217 242 
Dissolved Boron    - 17 25 19.9       19.7 20 17 25 
Dissolved Calcium   530 570 516 503 514 490 494 521 517 490 570 
Dissolved Carbonate as CaCO3 ND ND 2 1 1 <1 <1 1 1 1 2 
Dissolved Chloride   730 1,000 1,570 1,470 1,580 1,610 1,970 1,470 1,425 730 1,970 
Dissolved Hardness as CaCO3 1,900 2,300 2,482 2,208 2,362 2,286 2,511 2,290 2,292 1,900 2,511 
Dissolved Hydroxide as CaCO3 ND ND <1 <0 <1 <1 <1 <1 <1 0 <1 
Dissolved Iron   ND ND 0.066           0.066 0.066 0.066 
Dissolved Magnesium   150 210 290 231 262 258 310 240 244 150 310 
Dissolved Manganese   <0.01 0.02 < 0.05           0.02 <0.01 0.02 
Dissolved Nitrate  270 320 362 239 305 319 367 282 308 239 367 
Dissolved Organic Carbon (DOC) as C -  - 14.8 11       5.8 11 6 15 
Dissolved Potassium   5 4 < 5           5 4 5 
Dissolved Selenium    -  - 0.686 0.54 0.625 0.668 0.891 0.531 0.657 0.531 0.891 
Dissolved Silica (SiO2)    - 28 32 32.1       31.2 31 28 32 
Dissolved Sodium   980 1,500 2,120 1,860 2,070 2,030 2,480 1,910 1,869 980 2,480 
Dissolved Strontium    -  - 8.24           8.24 8.24 8.24 
Dissolved Sulfate   2,700 3,300 4,740 3,960 4,010 4,220 4,820 3,850 3,950 2,700 4,820 

  pH pH units 7.5 7.8 7.8 7.7 7.6 6.2 7.6 7.8 7.5 6.2 7.8 
total Alkalinity as CaCO3 220 230 243 218 221 234 235 218 227 218 243 
total Arsenic         0.011       <0.01 0.011 <0.01 0.011 
total Barium   ND ND < 0.5 <0.5       <0.5 <0.5 <0.5 <0.5 
total Dissolved Solids (TDS)   5,200 7,100 9,560 8,500 9,004 9,132 10,640 8,505 8,455 5,200 10,640 
total Iron         0.051       <0.05 0.05 0.05 0.05 
total Manganese         <0.05       <0.05 <0.05 <0.05 <0.05 
total Organic Carbon (TOC) as C       10.8       5.9 8.4 6 11 
total Phosphorous         5.4       0.04 2.7 0.04 5.4 
total Selenium   0.18 0.28   0.549 0.642 0.67 0.909 0.549 0.540 0.180 0.909 
total Strontium         8.49       7.95 8.2 7.95 8.49 
total Susp. Solids (TSS)    -  - < 1.0 4       <1 4.0 4.0 4.0 

  UV254 absorb./cm  -  - 0.191 0.18       0.158 0.176 0.158 0.191 
Notes:  7/11/01  Analysis conducted by BSK Labs, Fresno, Ca     8/31/04  Analysis conducted by Bryte Labs   9/21/04  Analysis conducted by Bryte Labs  
  1/15/03  Analysis conducted by BSK Labs, Fresno, Ca     9/7/04  Analysis conducted by Bryte Labs   9/2804  Analysis conducted by Bryte Labs  
  11/4/03  Analysis conducted by Bryte Labs, West Sacramento, CA   9/14/04  Analysis conducted by Bryte Labs      
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Table 1-3: Average Analyte Concentrations for Red Rock Ranch (Sump-D) 

Collection Dates October 2000 – March 2004 (results in mg/L unless stated otherwise)  
          

Analyte Units Average Minimum Maximum 
Conductance (EC) uS/cm µS/cm 15767 12110 26190 
Dissolved Aluminum   <0.1 <0.05 0.645 
Dissolved Ammonia   0.10 0.02 0.5 
Dissolved Barium   <0.5 <0.05 <0.25 
Dissolved Bicarbonate (HCO3-) as CaCO3 329 216 603 
Dissolved Boron   25 19.1 37.3 
Dissolved Calcium (mg/L)   593 529 681 
Dissolved Carbonate (CO3--) as CaCO3 2 <1 5 
Dissolved Chloride   3226 1660 5850 
Dissolved Chromium   0.03 0.02 0.04 
Dissolved Copper   0.05 0.01 0.34 
Dissolve Fluoride   <10 <0.5 <20 
Dissolved Hydroxide (OH-) as CaCO3 <1 <1 <1 
Dissolved Iron   0.06 <0.005 0.123 
Dissolved Magnesium   217 165 341 
Dissolved Manganese   <0.05 0.008 0.13 
Molybdenum   <0.05 <0.05 0.03 
Dissolved Nitrite + Nitrate as N 372 100 565 
Dissolved Organic Carbon as C  14 7.8 36.8 
Dissolved Ortho-Phosphate as P 0.03 0.02 0.09 
Dissolved Potassium   7.86 4.1 18.3 
Dissolved Selenium   0.95 0.418 1.38 
Dissolved Silica (SiO2)   30.20 21.4 35.1 
Dissolved Sodium   3208 2330 5500 
Dissolved Strontium   8.3 6.39 11.5 
Dissolved Sulfate   4487 2385 6980 
Dissolved Vanadium   <0.05 <0.025 <0.05 
Dissolved Hardness as CaCO3 2470 2058 4360 
pH pH Units 7.6 6.9 8.1 
Total Alkalinity as CaCO3 321 213 470 
Total Dissolved Solids (TDS)   10988 8840 16740 
Total Iron   1.3384 <0.05 24.4 
Total Manganese   0.049 <0.05 0.137 

Total Organic Carbon (TOC) as C 22.7 11.5 99 
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2. PILOT PLANT EQUIPMENT 
 
 

2.1 Pilot Internal and External Distribution System 
 
The selenium biotreatment pilot system was specified to treat about 1 to 3 gallons 
per minute of reused drainwater within a 12 to 4 hour total retention time.  The 
selenium bioreactor system consisted of two tanks connected in series, each 
having a capacity of approximately 1,000 gallons.  The tanks were connected by 
an external plumbing system and were pressure-fed raw drainwater through two ½ 
horsepower gear pumps.  Within the tanks were an internal distribution system 
consisting of inlet and outlet headers made of 1-inch diameter PVC pipe (Figure 
2-1).  The inlet header was located at the bottom of the tank and was covered with 
about a foot of gravel.  Above the gravel was about 4 feet of granular activated 
carbon (GAC) particles which served as the media for the selenium reducing 
biofilm.  The distance from the top of the media bed to the outlet header was 6 
inches with an additional 6 inches from the top of the outlet to the lip of the 
reactor tank.   
 
In addition to the inlet and outlet headers, there was a backwash header made of 4 
inch diameter PVC pipe.  The backwash header was used for periodic surges of 
raw drainwater through the reactor tanks to clean the GAC media.   The backwash 
fluidizes the GAC media allowing trapped gas to escape and solid particles to 
float to the surface.   A single pump was used to inject drainwater into the 4” 
backwash header while a second smaller pump was used to collect the backwash 
effluent at the top of the tank.  Photos of the inlet header and backwash header are 
presented in Figures 2-2 and 2-3. 
 
Figure 2-1: Bioreactor Inlet and Outlet Header 
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Figure 2-2: Bioreactor Inlet Header 

 
 
 

Figure 2-3: Bioreactor Backwash Header 
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A process flow diagram for the selenium biotreatment pilot is presented in Figure 
2-4.   Raw drainwater from DP-25 was stored in a 10,000 gallon storage tank, 
which was then pumped through Feed Water Gear Pump #1 to the first bioreactor.  
Between Gear Pump #1 and the first bioreactor was a recycle line with valve to 
equalize the flow in Reactor #1 to match the flow to Reactor 2.  The flow and 
inlet pressure of the feedwater into Tank #1 were measured with an acrylic in-line 
flow meter (rotameter) and a liquid filled pressure gauge.  The bacteria were fed a 
molasses based nutrient which was injected into the feed water line before 
entering an in-line mixer.  A similar external plumbing system was provided for 
Reactor #2.  Photos of the external bioreactor plumbing are shown in Figures 2-5 
to 2-6. 
 
 

2.2 Pilot Nutrient Distribution System 
 
Molasses based nutrient was stored in a 200 gallon plastic tank (tote) next to the 
bioreactors.  The nutrient was dosed with a chemical metering pump capable of 
pumping up to viscosities of 20,000 centipoise.   The nutrient was injected into 
the feedwater line at a junction before the in-line mixer.  The in-line mixer was a 
static mixing device that created a vortex along the centerline of the pipe as fluid 
moved through it.  The mixture of drainwater and nutrient was observed through a 
12-inch portion of clear PVC pipe at the inlet to the reactor.    An actuated ball 
valve was used to prevent feed water from backing into the nutrient line when the 
metering pump was not dosing.   Photos of the nutrient dosing system are 
presented in Figures 2-7 and 2-8.  
 

2.3 RO Pilot Equipment 
 
The selenium biotreatment pilot at Panoche utilized the concentrate from a co-
located reverse osmosis (RO) pilot project.  The RO pilot project was similar to 
the RO pilot operated at Red Rock Ranch from May to October 2003.  The RO 
trailer and accompanying equipment were moved from Red Rock Ranch to 
Panoche in November 2003.   The RO pilot included the operation of media 
filtration and a low pressure RO unit operating at 50 percent recovery.  The RO 
system was fed pretreated agricultural drainage water collected from DP-25.  
Applying the reject concentrate to the bioreactor cultures tested the performance 
of the bacteria to higher selenium and salinity concentrations as compared to the 
draw drainwater from the DP-25 sump.  A distribution system was constructed 
that fed either reject concentrate from the RO skid or raw DP-25 drainwater to the 
selenium bioreactors.  When the pilot RO unit became operational on September 
1, 2004, the feed to the biotreatment pilot was switched to the RO reject stream.  
A detailed description of the RO pilot at Panoche is provided in a separate report.  
A site layout of the Panoche Selenium Biotreatment/RO pilot is given in Figure 2-
9.



 

   

 
 
Figure 2-4: Schematic of Biotreatment Pilot 
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Figure 2-5: Bioreactor External Plumbing at Red Rock Ranch 

 
 
 

Figure 2-6: Bioreactor External Plumbing, Flow Meter and Pressure Gauge 
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Figure 2-7: Bioreactor Nutrient Dosing System 

 
 
Figure 2-8: Nutrient Dosing System, In-line Mixer and Clear PVC Pipe 
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Figure 2-9: Diagram of Panoche RO Pilot Site (not to scale) 
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3. PILOT OBJECTIVES, STARTUP 
AND OPERATIONS  

 
 

3.1 Pilot Objectives 
 
The selenium biotreatment pilots will lead to a direct model for full-scale design 
and cost estimation.  Information gained from the pilot study includes:   

1.  Retention time – optimal retention time required for selenate 
reduction. 
2.  Nutrient dosage – optimal nutrient feed rate 
3.  Selenium removal efficiency 
4.  Data Collection – utilized for the modeling of a full scale plant 

 a. Environmental Influences – understand various elements of 
          biological selenium removal, i.e. temperature, salinity, and 
          seasonal variability affecting biological Se treatment 

b. Labor – operator time 
c. Controls – what amount of work can be automated. 

 
The Phase II pilot was staffed and supported by a combination of USBR, Applied 
Biosciences, Boyle Engineering, Panoche and Red Rock Ranch personnel.   
Reclamation’s TSC staff and Applied Biosciences staff were on site mainly 
during the periods involving mobilization, equipment setup, startup and periodic 
inspection visits.   Boyle Engineering, Panoche and Red Rock Ranch personnel 
staffed the pilots for weekly maintenance activities. 
 
 

3.2 Pilot Startup 
 
Bioreactor start-up occurred the first 4 to 6 weeks after inoculation to gradually 
build the bacterial culture in the reactors, to increase the feedwater flowrate and to 
obtain steady-state operation. During the start-up phase, the following tasks were 
performed: 
 

1.  Flows were increased from 1 gallon/minute to 3 gallons/minute 
2.  Nutrient dosages were initially set at 2.4 to 4.0 gallons of nutrient 

per 1,000 gallons of water treated.  Once formation of the biomass 
was achieved, nutrient dosages were reduced to 0.1 to 0.5 gallons 
per 1000 gallons of water treated. 

3.  Influent and effluent total selenium and nitrate concentrations were 
sampled and analyzed 2-3 times per week 
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After the bioreactor start-up period was completed, normal operation and 
maintenance of the pilots commenced. 
 
 

3.3 Operation and Maintenance 
 
The selenium bioreactors were run at the following flow rate as determined by the 
Phase 1 pilot testing. 
 
  •  Feedwater flow rate = 1 – 3  gallons/minute 

•  Nutrient dosage rate 0.1 – 0.5 gallons nutrient/1,000 gallons water 
treated 

 
At a feedwater flow rate of 2 gal/min, the total hydraulic residence time was 6 
hours, which was determined to be the minimal time to reduce selenium below 10 
μg/L during the Phase 1 pilot.  The optimal nutrient dosage rate during the Phase 
1 pilot was determined to be 0.5 gal/1,000 gallons of water treated.  However, 
temporary increases in nutrient dosages were required to repopulate the culture 
and improve bioreactor performance. 
 
Bioreactor performance was monitored through an Excel worksheet that tabulated 
nitrate, total selenium and other constituent concentrations for the feedwater, and 
effluent during the duration of the pilot.  Also included in the worksheet were 
measurements for pH, oxidation-reduction potential (ORP), water temperature, 
flowrate, and nutrient dosages. 
 
 

3.4 Influent and Effluent Sampling 
 
Analyses of influent and effluent water samples were conducted by Mid-
Continent Laboratories in Rapid City, South Dakota from November 2003 to June 
16. 2004.  During this period total selenium and nitrate were analyzed.  Sampling 
was conducted three times a week from November 19 to January 29, 2004.  From 
February 1 to May 26, sampling was conduct twice a week and reduced to once a 
week starting May 30.  On June 23, 2004, lab analyses were switched to Bryte 
Laboratories of West Sacramento after a cost sharing agreement with DWR was 
initiated.        
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4. RESULTS OF THE PANOCHE 
PILOT USING DP-25 INFLUENT 
FEEDWATER 

 
 

4.1 Summary of Flowrates and Retention Times Using 
DP-25 Feedwater 
 
The selenium biotreatment pilot at Panoche commenced on November 17, 2003 
using raw drainage from the DP-25 sump as the feedwater.  Raw drainwater 
continued to feed the pilot until August 31 when the feed was switched to RO 
concentrate.    
 
Flow rate and total retention times used for the pilot are summarized in Table 4-1.  
Flow rates were varied from 1 to 3 gpm during the pilot to observe the impacts of 
varying the hydraulic residence times.  Concentrations of average total selenium 
in the feedwater and Reactor 1 and 2 effluents for a given residence time are 
presented in Table 4-2.  Table 4-2 also presents the percent removal of selenium 
per reactor and also for the overall system.    
 
 Table 4-1: Summary of Flow Rates and Retention Times using DP-25 Feedwater 

Starting 
Date 

Ending 
Date 

Flow Rate 
(gpm) 

Retention 
Time per 
reactor 
(Hours) 

Total 
Retention 

Time (Hours) 
11/17/2003 12/17/2003 1 6 12 
12/18/2003 1/29/2004 3 2 4 
1/29/2004 8/30/2004 2 3 6 

 
Table 4-2: Summary of Retention Times and Selenium Removal Performance 

Total 
Retention Influent 

R1 
Effluent 

R2 
Effluent    

Time 
(hrs) 

Ave. Tot. 
Se (μg/L) 

Ave. Tot 
Se (μg/L) 

Ave. Tot. 
Se (μg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

12 333 27 30 91.8 -9.5 91.0 
6 414 157 41 62.1 74.1 90.2 
4 379 146 29 61.3 80.4 92.4 
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4.2  Panoche Bioreactor Performance using DP-25 
Feedwater 
 
A plot of total selenium concentration and nitrate for the feedwater, and Reactor 1 
(R1) and Reactor 2 (R2) effluent is presented in Figures 4-1 and 5-2.  Tables 4-3 
and 4-4 present average monthly total selenium and nitrate (as NO3) 
concentrations for the influent, Reactor 1 and Reactor 2, along with the average 
monthly percent removal from each bioreactor and also the overall system.  As 
shown in Table 4-3 and Figure 4-1, average monthly influent selenium 
concentrations varied from 353 μg/L in April to 576 μg/L in August.  The highest 
influent selenium concentrations occurred during the months of June, July and 
August.  The Reactor 2 average effluent selenium concentrations ranged from 18 
μg/L in May to 84 μg/L in February.  Overall percent removal of total selenium 
ranged from 78.9% in February to 95.0% in May.  Disregarding the low February 
performance, the overall selenium removal of the Panoche biotreatment system 
ranged from 91.2% to 95%.       
 
As shown in Table 4-4 and Figure 4-2, average monthly influent nitrate (as NO3) 
concentrations varied from 229 mg/L in January to 279 mg/L in July.  The 
Reactor 2 average effluent selenium concentrations ranged from 0.1 mg/L from 
June to August to 18.8 mg/L in February.  Overall percent removal of nitrate 
ranged from 92.2% to 99.9%.   
 
Table 4-5 summarizes the average, minimum and maximum concentration of 
nitrate, total selenium, EC, temperature, ORP and pH for the influent, and Reactor 
1 and Reactor 2 effluent flows for the period of November 19 to August 30. 
Average, minimum and maximum nitrate concentrations in the influent were 248, 
179 and 295 mg/L, respectively.  Average, minimum and maximum influent total 
selenium concentrations were 405, 290 and 958 μg/L, respectively.  For the 
Bioreactor 2 effluent, average, minimum and maximum nitrate concentrations 
were 14, 0 and 67 mg/L, respectively.  The average, minimum and maximum total 
selenium concentrations for the Bioreactor 2 effluent were 37, 11 and 153 μg/L, 
respectively.   
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Table 4-3: Summary of Panoche (DP-25 In) Selenium Removal Performance by 
Month 

 Influent R1 Effluent R2 Effluent    

Month 
Ave. Tot. 
Se (μg/L) 

Ave. Tot 
Se (μg/L) 

Ave. Tot. 
Se (μg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

Dec-03 363 38 28 89.5 27.3 92.4 
Jan-04 371 185 33 50.2 82.4 91.2 
Feb-04 396 305 84 23.1 72.5 78.9 
Mar-04 375 213 24 43.2 88.9 93.7 
Apr-04 353 153 19 56.7 87.7 94.7 
May-04 360 49 18 86.3 63.4 95.0 
Jun-04 543 107 47 80.3 56.2 91.4 
Jul-04 479 39 37 91.9 4.5 92.2 

Aug-04 576 53 38 90.9 27.8 93.4 
 
Table 4-4: Summary of Panoche  (DP-25 In) Nitrate Removal Performance by Month 

 Influent R1 Effluent R2 Effluent    

Month 

Nitrate 
(NO3, 
mg/L) 

Nitrate 
(NO3, 
mg/L) 

Nitrate 
(NO3, 
mg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

Dec-03 255 10 0.5 96.1 95.3 99.8 
Jan-04 229 86 1.1 62.3 98.8 99.5 
Feb-04 240 151 18.8 37.1 87.6 92.2 
Mar-04 251 30 0.5 88.1 98.3 99.8 
Apr-04 233 3 0.5 98.9 80.7 99.8 
May-04 259 10 0.5 96.1 95.1 99.8 
Jun-04 245 0 0.3 99.8 41.7 99.9 
Jul-04 279 12 0.3 95.5 98.0 99.9 

Aug-04 255 44 0.3 82.6 99.4 99.9 
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Table 4-5: Summary of Panoche (DP-25 In) Influent and Bioreactor Effluent Data 
Phase II Biotreatment – Panoche Feedwater Values   
(11/17/03-8/30/04)    

 Nitrate Tot. Se EC Temp ORP pH 
Feedwater (NO3  mg/l) (μg/l) (mS/cm) (deg C) mVolts  
Average 248 405 9.790 20.2 -65 8.2 

Minimum 179 290 8.710 12.8 -199 7.3 
Maximum 295 958 10.860 26.3 99 9.2 

       
Phase II Biotreatment – Panoche Reactor 1 Effluent Values 
(11/17/03-8/30/04)    

Reactor 1 Nitrate Tot. Se EC Temp ORP pH 
Effluent (NO3  mg/l) (μg/l) (mS/cm) (deg C) mVolts  
Average 81 159 9.506 20.3 -238 7.8 

Minimum 1 16 8.890 13.1 -375 7.0 
Maximum 203 1260 10.280 26.4 -23 8.4 

       
Phase II Biotreatment – Panoche Reactor 2 Effluent Values 
(11/17/03-8/30/04)    

Reactor 2 Nitrate Tot. Se EC Temp ORP pH 
Effluent (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts  
Average 14 37 9.465 20.1 -320 7.6 

Minimum 0 11 8.200 13.1 -395 6.8 
Maximum 67 153 10.430 26.3 -192 8.1 

 
During the startup period from November 17 to December 17, flow into the 
bioreactors was 1 gpm for a 6 hour/reactor retention time or a 12 hour total 
retention time across both tanks.  Influent selenium concentration was about 290 
to 380 μg/L and effluent selenium concentration from Reactor 1 was in the 20 to 
40 μg/L range (see Figure 4-1).  Average selenium removal from Reactor 1 
during startup was about 92%.  In contrast, the removal of selenium from Reactor 
2 was nearly negligible.  According to Boyle Engineering the poor performance 
of Reactor 2 was possibly caused by short circuiting through the carbon media  
(see Section 7.1 for short circuiting details).   
 
Starting on December 18, the flow was increased to 3 gpm and the effluent 
concentration in the Reactor 1 rose significantly and continued to increase until 
late February.  On January 29, the pilot flow rate was decreased to 2 gpm in an 
effort to improve the performance of Reactor 1 to no effect.  On March 3, it was 
discovered that the poor performance of Reactor 1 was caused by air entrainment 
into a camlock hose connection located in the influent line of Reactor 1 (see 
Section 7.2 for air entrainment details).  The introduction of oxygen into the 
influent stream significantly hindered the performance of the anaerobic bacteria in 
Reactor 1 to remove selenium.  As shown in Figure 4-2, the introduction of 
oxygen also hindered the removal of nitrate in Reactor 1.   The air entrainment 
problem was remedied in mid-March.   
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Erratic spikes in the Reactor #1 effluent selenium concentration after March 15 
are likely attributed to the carbon bed expansion problem which, according to 
Boyle Engineering, started at both pilot sites as early as January (see Section 7.3 
for bed expansion details).  This expansion could have caused contamination of 
the Reactor #1 effluent samples due to elemental selenium being carried over with 
fluidized carbon into the sample bottles.  According to the January 27, 2004, 
Boyle Engineering field report, carbon grains from Reactor 1 at both pilot sites 
had expanded to cover the reactor outlet header and, as a result, carbon fines had 
gotten into the effluent samples.   
 
Filtering of the bioreactor effluent began mid-April to screen carbon fines and 
elemental selenium particles from the sample water.  Unfortunately filtered 
samples were not taken in March and early April, so a determination as to 
whether these samples were contaminated cannot be verified.  However, the plot 
of total and dissolved selenium concentrations (Figure 4-3) does show that many 
of the erratic spikes in late-April to August can be dampened if the dissolved 
selenium samples are analyzed rather than total selenium.   
 
The expanding carbon bed may have also caused the bioreactor outlet header to 
push out of the reactor water column on several occasions during the first half of 
the pilot.  The plot of ORP (Figure 4-4) is an indicator of potential air entrainment 
in the system.   According to Applied Biosciences, the ORP of a stable anaerobic 
biotreatment system should be below -200 mV.  An ORP above -200 mV could 
indicate air intrusion or an improper dosage of nutrient.  At the request of Applied 
Biosciences, weekly measurements of ORP were initiated in February 2004.  The 
plot of ORP shows that the Reactor 1 readings were above -200 mV and were 
close to the influent ORP during the period of February to early March.  This 
corresponds exactly with the period which air entrainment through the camlock 
fitting occurred.  The ORP of Reactor 1 dropped below -200 mV shortly after the 
entrainment problem was resolved in early March.   
 
Plots of water temperature of the influent feedwater and Bioreactor 1 and 
Bioreactor 2 effluent are given in Figures 4-5.  During the period from December 
to August, the temperature of the feedwater varied from 12.8 OC to 26.3 OC.   
During this same period, overall selenium removal ranged from 91% to 95% with 
the exception of February.  This indicates that seasonal variations in temperatures 
do not have a significant impact on the performance of the biotreatment system.   
It also appears from Figure 4-5 that water temperature remains fairly constant 
between the feedwater and the bioreactor effluent.    
 
Electrical conductivity measurements of the feedwater and bioreactors are given 
in Figure 4-6.  The feedwater EC varied from a minimum of 8.71 mS/cm to a 
maximum of 10.86 mS/cm with an average concentration of 9.79 mS/cm.  Figure 
4-6 also shows that the EC does not appear to significantly differ between the 
influent and Reactor 1 and 2.  
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As shown in Figure 4-7, there is a significant difference in the pH between the 
feedwater and the waters within Reactor 1 and Reactor 2.  Under normal 
operating conditions, the pH should progressively decrease from the influent to 
Reactor 1 to Reactor 2 due to the slightly acidic composition of the nutrient.  If 
pH did not decrease or decreased extremely, this could indicate an under-dosage 
or over-dosage of nutrient.   
 
 
 
     



 

   

Figure 4-1: Panoche (DP-25 In), Total Selenium Concentration (Nov 2003 – Aug 2004) 

PANOCHE WATER DISTRICT
Selenium Bioreactors, Total Selenium Concentration
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Figure 4-2: Panoche (DP-25 In), Nitrate Concentration (Nov 2003 – Aug 2004) 

PANOCHE WATER DISTRICT
Selenium Bioreactors, Nitrate Concentration
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Figure 4-3: Panoche (DP-25 In), Total and Dissolved Selenium Concentration 

PANOCHE WATER DISTRICT
Selenium Bioreactors, Total & Dissolved Selenium Concentration
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Figure 4-4: Panoche (DP-25 In), Water ORP (Feb 2003 – Aug 2004) 
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Figure 4-5: Panoche (DP-25 In), Water Temperature (Feb 2003 – Aug 2004) 

PANOCHE WATER DISTRICT
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Figure 4-6: Panoche (DP-25 In), Water EC (Feb 2003 – Aug 2004) 
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Figure 4-7: Panoche (DP-25 In), Water pH (Feb 2003 – Aug 2004) 
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4.3 Panoche (DP-25 In) Bioreactor Nutrient Dosages 
 
A summary of nutrient dosages for Reactor 1 and Reactor 2 is presented in Table 
4-6.  According to Applied Biosciences, nutrient dosages were between 2.5 to 4.0 
gallons of nutrient/1,000 gallons of water treated during the startup period.  Once 
formation of the biomass was achieved, the nutrient dosage was reduced to 0.1 to 
0.5 gallons of nutrient/ 1,000 gallons of water treated.   During the startup period 
from November 17 to December 8, 2003, the dosage of nutrient to each reactor 
was 3.1 gallons/1,000 gallons (4.5 gallons/day).  On December 9, the nutrient 
dosage to each reactor was decreased to 0.7 gallon/1,000 gallons (1.0 gallon/day) 
due to a pH level of 6.8 measured in Reactor 2.  Applied Biosciences speculated 
that the high nutrient dosage could be excessively lowering the pH in the reactors, 
especially when the water reached Reactor 2.  They were concerned that a 
continual decrease in pH could re-solubilize the elemental selenium.   
 
When the feedwater flow was increased from 1 gpm to 3 gpm on December 18, 
the nutrient dosage was decreased to 0.35 gallon/1,000 gallons (1.5 gallons/day) 
to each reactor.  On January 29, the feedwater flow was reduced to 2 gpm and the 
nutrient dosage was decreased again to 0.26 gallon/1,000 gallons (0.75 



 

    33

gallons/day).   Neither the increase in retention time to 3 hours/reactor nor the 
change in nutrient dosage improved selenium removal in the bioreactors.   
 
On February 29, Applied Biosciences recommended that the nutrient dosage be 
increased to 1.0 gallon/1,000 gallon (3 gallons/day) to Reactor 1 and 0.7 
gallon/1,000 gallons (2.0 gallons/day) to Reactor 2 to improve bioreactor 
performance.  These dosages were continued until August 17 when Applied 
Biosicences staff visited Panoche and recommended that the nutrient dosage be 
reduced to 0.4 gallon/1,000 gallons (1.1 gallons per day).    
 
Table 4-6: Summary of Panoche Flow Changes and Nutrient Dosages 

Nutrient Dosages Reactor 1      

Starting 
Date 

Ending 
Date 

Flow 
Rate 

(gpm)

Retention 
Time per 
reactor 
(Hours) 

Nutrient 
per cycle 

(Gal) 

Cycles 
per 
day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient

/1000 
gal 

11/17/2003 12/8/2003 1 6 1.1 4 4.5 3.1 
12/9/2003 12/17/2003 1 6 0.5 2 1.0 0.7 
12/18/2003 1/28/2004 3 2 0.5 3 1.5 0.35 
1/29/2004 2/28/2004 2 3 0.25 3 0.75 0.26 
2/29/2004 8/16/2004 2 3 3.0 1 3.0 1.0 
8/17/2004 8/30/2004 2 3 0.6 2 1.1 0.4 
        
Nutrient Dosages Reactor 2      

Starting 
Date 

Ending 
Date 

Flow 
Rate 

(gpm)

Retention 
Time per 
reactor 
(Hours) 

Nutrient 
per cycle 

(Gal) 

Cycles 
per 
day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient

/1000 
gal 

11/17/2003 12/8/2003 1 6 1.1 4 4.5 3.1 
12/9/2003 12/17/2003 1 6 0.5 2 1.0 0.7 
12/18/2003 1/28/2004 3 2 0.5 3 1.5 0.35 
1/29/2004 2/28/2004 2 3 0.25 3 0.75 0.26 
2/29/2004 8/16/2004 2 3 2.0 1 2.0 0.7 
8/17/2004 8/30/2004 2 3 0.6 2 1.1 0.4 
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5. RESULTS OF THE PANOCHE 
PILOT USING RO REJECT 
INFLUENT FEEDWATER 

 
 

5.1  Panoche (RO Reject In) Summary of Flowrates and 
Retention Times 
 
The Panoche combined RO/selenium biotreatment pilot commenced on 
September 1, 2004 and ended on December 13, 2004.  Data presented in this 
report is up to November 23, 2004.   Starting on 1, 2004, concentrate reject flow 
from the RO pilot was gradually introduced to the bioreactors over a 1-week 
period.  The 50/50 mixture of drainwater and RO reject was fed to the bioreactors 
for the first 3 days.  The next 4 days a 25/75 mixture of drainwater and RO reject 
was fed to the bioreactors.  On September 7, the feedwater to the bioreactors was 
100% RO reject.    
 
Flow rate and total retention times used for the pilot are summarized in Table 5-1.  
Concentrations of average total selenium in the feedwater and Reactor 1 and 2 
effluent for a given retention time is presented in Table 5-2.  Table 5-2 also 
presents the percent removal of selenium per reactor and also for the overall 
system.    
 
Table 5-1: Summary of Panoche (RO Reject In) Flow Rates and Retention Times 

Starting 
Date 

Ending 
Date 

Flow Rate 
(gpm) 

Retention Time 
per reactor 

(Hours) 

Total 
Retention Time 

(Hours) 
9/1/2004 End of Project 2 3 6 

 
Table 5-2: Summary of Panoche (RO Reject In) Retention Times and Selenium 

Total 
Retention Influent R1 Effluent R2 Effluent    

Time 
(hrs) 

Ave. Tot. 
Se (μg/L) 

Ave. Tot 
Se (μg/L) 

Ave. Tot. Se 
(μg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

6 970 506 88 47.8 82.6 90.9 



 

    35

 

5.2 Panoche (RO Reject In) Bioreactor Performance 
 
A plot of total selenium and nitrate concentration for the feedwater, and Reactor 1 
(R1) and Reactor 2 (R2) effluent is presented in Figures 5-1 and 6-2.  Tables 5-3 
and 6-4 present average monthly total selenium and nitrate concentrations for the 
influent, Reactor 1 and Reactor 2, along with the average monthly percent 
removal from each bioreactor and also the overall system.  As shown in Table 5-3 
and Figure 5-1, average monthly influent selenium concentration varied from 441 
μg/L in November to 1,380 μg/L in September.   The Reactor 2 average effluent 
selenium concentrations ranged from 63 μg/L in November to 104 μg/L in 
September.  The overall selenium removal efficiency of the bioreactor system 
ranged from 85.8% to 92.5%.   
 
Table 5-3: Summary of Panoche (RO Reject In) Selenium Removal Performance by 
Month 

 Influent R1 Effluent R2 Effluent    

Month 
Ave. Tot. 
Se (μg/L) 

Ave. Tot 
Se (μg/L) 

Ave. Tot. 
Se (μg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

Sep-04 1380 398 104 71.2 73.9 92.5 
Oct-04 1089 860 99 21.0 88.5 91.0 
Nov-04 441 297 63 32.7 79.0 85.8 

 
Table 5-4: Summary of Panoche (RO Reject In) Nitrate Removal Performance by 
Month 

 Influent R1 Effluent R2 Effluent    

Month 

Nitrate 
(NO3, 
mg/L) 

Nitrate 
(NO3, 
mg/L) 

Nitrate 
(NO3, 
mg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

Sep-04 578 260 45 55.0 82.8 92.3 
Oct-04 518 118 1 77.2 99.4 99.9 
Nov-04 401 129 3 67.9 97.5 99.2 

 
As shown in Table 5-4 and Figure 5-2, average monthly influent nitrate (as NO3) 
concentrations varied from 401 mg/L in November to 578 mg/L in September.  
The Reactor 2 average effluent selenium concentrations ranged from 1 mg/L in 
October to 45 mg/L in September.  Overall percent removal of nitrate ranged from 
92.3% to 99.9%.   
 
Table 5-5 summarizes the average, minimum and maximum concentration of 
nitrate, total selenium, electrical conductivity (EC), temperature, ORP, pH and 
dissolved oxygen (DO) for the influent, and Reactor 1 and Reactor 2 effluent.  For 
the period of September 1, 2004 to November 30, 2004 average, minimum and 
maximum nitrate concentrations in the influent were 499, 304 and 645 mg/L 
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respectively.  Average, minimum and maximum influent total selenium 
concentrations were 970, 384 and 1922 μg/L respectively.  For the Bioreactor 2 
effluent, average, minimum and maximum nitrate concentrations were 45, 1 and 
176 mg/L.  The average, minimum and maximum total selenium concentrations 
for the Bioreactor 2 effluent were 88, 45 and 166 μg/L.   
 
A plot of ORP is presented in Figures 5-4.   From September to November, there 
were no known cases of air entrainment through the distribution pipes, or an 
expanding carbon bed displacing the outlet header from the water column.  Spikes 
in the ORP above -200 mV in Reactor 1 could indicate a problem with the 
nutrient dosing system.          
 
Plots of water temperature of the influent feedwater and Bioreactor 1 and 
Bioreactor 2 effluent are given in Figures 5-5.  During the period from September 
to November, the temperature of the feedwater varied from 18.0OC to 26.2 OC.  
The average water temperature of the feedwater was 22.2 OC.  During this same 
period, overall selenium removal ranged from 85.8% to 92.5%.  This reaffirms 
that seasonal variations in temperatures do not have a significant impact on the 
performance of the biotreatment system.    
 

Table 5-5: Summary of Panoche (RO Reject In) Bioreactor Influent and Bioreactor 
Effluent Data 
Phase II Biotreatment – Panoche Feedwater Values   
(9/1/04-11/30/04)    

 Nitrate Tot. Se EC Temp ORP pH 
Feedwater (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts  
Average 499 970 17.745 22.2 6 8.0 

Minimum 304 384 12.730 18.0 -55 7.5 
Maximum 645 1922 22.890 26.2 158 8.7 

       
Phase II Biotreatment – Panoche Reactor 1 Effluent Values 
(9/1/04-11/30/04)    

Reactor 1 Nitrate Tot. Se EC Temp ORP pH 
Effluent (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts  
Average 203 474 17.327 22.0 -102 7.9 

Minimum 34 108 12.740 16.5 -272 7.6 
Maximum 487 1064 20.950 28.0 21 8.3 

       
Phase II Biotreatment – Panoche Reactor 2 Effluent Values 
(9/1/04-11/30/04)    

Reactor 2 Nitrate Tot. Se EC Temp ORP pH 
Effluent (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts  
Average 45 88 17.221 21.0 -313 7.7 

Minimum 1 45 12.780 16.5 -377 7.4 
Maximum 176 166 20.830 28.7 -132 8.2 

   
 



 

    37

Electrical conductivity of the feedwater and bioreactors is given in Figure 5-6.  
The feedwater EC varied from a minimum of 12.74 mS/cm to a maximum of 
22.89 mS/cm with an average concentration of 17.74 mS/cm.  The EC of the RO 
reject is roughly double of the EC found in raw DP-25 drainage water.  Despite 
the higher EC levels, the performance of the bioreactors did not appear affected.   
   
As shown in Figure 5-7, pH appears to be elevated in Reactors 1 and 2 starting on 
September 21 which continued until late November.  The elevated pH is 
particularly noticeable in Reactor 1 which had a pH close to the influent.  This 
could indicate a problem with the Reactor 1 nutrient distribution system.  When 
comparing the plot of pH with ORP (Figure 5-4), it appears that the ORP for 
Reactor 1 also increased on September 21.  The ORP for Reactor 1 remained 
above -200 mV from September 21 to late November.  Referring to the table of 
monthly bioreactor performance (Table 5-3), it can be seen that the % removal of 
selenium decreases significantly for Reactor 1 during the months of October and 
November. 
  



 

   

Figure 5-1: Panoche (RO Reject In), Total Selenium Concentration (Sep 2004 – Nov 2004) 

PANOCHE WATER DISTRICT
Selenium Bioreactors- RO Reject In, Total Selenium Concentration
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Figure 5-2: Panoche (RO Reject In), Nitrate Concentration (Sep 2004 – Nov 2004) 

PANOCHE WATER DISTRICT
Selenium Bioreactors - RO Reject In, Nitrate Concentration
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Figure 5-3: Panoche (RO Reject In), Total and Dissolved Selenium 

PANOCHE WATER DISTRICT
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Figure 5-4: Panoche (RO Reject In), Water ORP (Sep 2004 – Nov 2004) 
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Selenium Bioreactors- RO Reject In, ORP
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Figure 5-5: Panoche (RO Reject In), Water Temperature (Sep 2004 – Nov 2004) 
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Figure 5-6: Panoche (RO Reject In), Water EC (Sep 2004 – Nov 2004) 
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Figure 5-7: Panoche (RO Reject In), Water pH (Sep 2004 – Nov 2004) 
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5.3  Panoche (RO Reject In) Bioreactor Nutrient 
Dosages 
 
A summary of nutrient dosages for Reactor 1 and Reactor 2 is presented in Table 
5-6.  At the start of the combined selenium biotreatment/RO pilot on September 1, 
nutrient dosages were carried over from the August 17 setting prescribed by 
Applied Biosicences.  On September 7, the dosage of nutrient was cut to 0.3 
gallons but the cycles per day were increased to four.  This is the same amount of 
nutrient prescribed on August 17 (0.4 gallon/1,000 gallons), but distributed more 
through the day.   
 
 
Figure 5-8: Summary of Panoche (RO Reject In) Flow Changes and Nutrient 
Dosages 

Nutrient Dosages Reactor 1      

Starting 
Date 

Ending 
Date 

Flow 
Rate 

(gpm) 

Retention 
Time per 
reactor 
(Hours) 

Nutrient 
per cycle 

(Gal) 
Cycles 
per day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient 

/1000 
gal  

9/1/2004 10/6/2004 2 3 0.6 2 1.1 0.4 

10/7/2004 
Project 

End 2 3 0.14 4 0.56 0.4 
        
Nutrient Dosages Reactor 2      

Starting 
Date 

Ending 
Date 

Flow 
Rate 

(gpm) 

Retention 
Time per 
reactor 
(Hours) 

Nutrient 
per cycle 

(Gal) 
Cycles 
per day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient 

/1000 
gal  

9/1/2004 10/6/2004 2 3 0.6 2 1.1 0.4 

10/7/2004 
Project 

End 2 3 0.14 4 0.56 0.4 
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6. RESULTS OF THE RED ROCK 
RANCH PILOT 

 
 

6.1 Red Rock Ranch Summary Summary of Flowrates 
and Retention Times 
 
The selenium biotreatment pilot at Red Rock Ranch commenced on November 
17, 2003 using raw drainage at Sump-D as the feedwater and ended on December 
13, 2004.  Data presented in this report is up to November 23, 2004.  
 
Flow rate and total retention times used for the pilot are summarized in Table 6-1.  
Flow rates were varied from 1 to 3 gpm during the pilot to observe the impacts of 
12 to 4 four total retention times.  Concentrations of average total selenium in the 
feedwater and Reactor 1 and 2 effluent for a given retention time is presented in 
Table 6-2.  Table 6-2 also presents the percent removal of selenium per reactor 
and also for the overall system.   Note that a 6 hour/reactor (12 hour total) 
retention time was attempted during startup from November 17 to December 17, 
2003 and also again from October 7, 2004 to the end of the project.  The second 
attempt of the 6 hour/reactor retention time was to verify if greater selenium 
removal could be achieved at higher retention times.   
 
Table 6-1: Summary of Red Rock Ranch Flow Rates and Retention Times 

Starting  
Date 

Ending  
Date 

Flow Rate 
(gpm) 

Retention 
Time per 
reactor 
(Hours) 

Total 
Retention 

Time (Hours) 
11/17/2003 12/17/2003 1 6 12 
12/18/2003 1/29/2004 3 2 4 
1/22/2004 10/6/04 2 3 6 

10/7/04 End of Project 1 6 12 
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Table 6-2: Summary of Red Rock Ranch Retention Times and Selenium Removal 
Performance 

Total 
Retention Influent 

R1 
Effluent R2 Effluent    

Time 
(hrs) 

Ave. Tot. 
Se (μg/L) 

Ave. Tot 
 Se (μg/L) 

Ave. Tot. Se 
(μg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

121 1020 106 94 89.6 11.7 90.8 
122 883 331 194 62.5 41.4 78.0 
6 980 315 119 67.8 62.3 87.9 
4 1235 137 73 88.9 47.0 94.1 

Notes: 1 Taken from 11/17/03 to 11/30/04    
Notes: 2  Taken from 10/7/04 to 11/30/05    

 
 

6.2 Red Rock Ranch Bioreactor Performance 
 
A plot of total selenium and nitrate concentration for the feedwater, and Reactor 1 
(R1) and Reactor 2 (R2) effluent is presented in Figures 6-1 and 7-2.  Tables 6-3 
and 7-4 present average monthly total selenium and nitrate concentrations for the 
influent, Reactor 1 and Reactor 2, along with the average monthly percent 
removal from each bioreactor and also the overall system.  As shown in Figure 6-
1 and Table 6-3, average monthly influent selenium concentration varied from 
749 μg/L in June to 1255 μg/L in August.  The Reactor 2 average effluent 
selenium concentrations ranged from 61 μg/L in June to 261 μg/L in February.  
Overall percent removal of total selenium ranged from 76.9% in February and 
October to 93.1% in January.   
 
Table 6-3: Summary of Red Rock Ranch Selenium Removal Performance by Month 

  Influent R1 Effluent R2 Effluent    

Month  
Ave. Tot. 
Se (μg/L) 

Ave. Tot 
 Se (μg/L) 

Ave. Tot. 
Se (μg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

Dec-03 1128 111 84 90.2 24.1 92.5 
Jan-04 1115 130 77 88.4 40.6 93.1 
Feb-04 1130 367 261 67.5 28.9 76.9 
Mar-04 968 260 113 73.1 56.4 88.3 
Apr-04 858 483 117 43.7 75.8 86.4 
May-04 808 388 63 52.0 83.8 92.2 
Jun-04 749 268 61 64.2 77.3 91.9 
Jul-04 1075 258 119 76.0 53.8 88.9 

Aug-04 1255 441 95 64.8 78.5 92.4 
Sep-04 923 459 164 50.3 64.3 82.3 
Oct-04 796 227 184 71.4 19.1 76.9 
Nov-04 970 409 205 57.8 50.0 78.9 
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Table 6-4: Summary of Red Rock Ranch Nitrate Removal Performance by Month 

  Influent R1 Effluent R2 Effluent    

Month  

Nitrate 
 (NO3, 
mg/L) 

Nitrate 
 (NO3, 
mg/L) 

Nitrate 
 (NO3, 
mg/L) 

R1 % 
Removal 

R2 % 
Removal 

Overall % 
Removal 

Dec-03 367 21 2.1 94.2 90.4 99.4 
Jan-04 384 22 1.1 94.3 95.0 99.7 
Feb-04 356 34 12.2 90.5 64.1 96.6 
Mar-04 333 39 0.5 88.2 98.7 99.8 
Apr-04 335 120 0.5 64.2 99.6 99.9 
May-04 331 83 0.5 75.0 99.4 99.8 
Jun-04 313 58 0.3 81.6 99.4 99.9 
Jul-04 466 197 2.7 57.6 98.7 99.4 

Aug-04 511 95 4.1 81.5 95.6 99.2 
Sep-04 393 181 63.7 54.0 64.8 83.8 
Oct-04 333 107 5.7 67.8 94.7 98.3 
Nov-04 412 121 1.4 70.6 98.8 99.7 

 
 
As shown in Table 6-4 and Figure 6-2, average monthly influent nitrate (as NO3) 
concentrations varied from 313 mg/L in June to 511 mg/L in August.  The 
Reactor 2 average effluent selenium concentrations ranged from 0.3 mg/L from 
June to 63.7 mg/L in September.  Overall percent removal of nitrate ranged from 
83.8% to 99.9%.   
 
Table 6-5 summarizes the average, minimum and maximum concentration of 
nitrate, total selenium, electrical conductivity (EC), temperature, ORP, and pH for 
the influent, and Reactor 1 and Reactor 2 effluent.  For the period of November 
19, 2003 to November 30, 2004 average, minimum and maximum nitrate 
concentrations in the influent were 369, 165 and 715 mg/L respectively.  Average, 
minimum and maximum influent total selenium concentrations were 977, 424 and 
1730 μg/L respectively.  For the Bioreactor 2 effluent, average, minimum and 
maximum nitrate concentrations in the influent were 20, 0 and 239 mg/L.  The 
average, minimum and maximum total selenium concentrations for the Bioreactor 
2 effluent were 121, 32 and 732 μg/L.   
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Table 6-5: Summary of Red Rock Ranch Influent and Bioreactor Effluent Data 

Phase II Biotreatment – Red Rock Ranch Feedwater Values   
(11/17/03-11/30/04)    

  Nitrate Tot. Se EC Temp ORP pH 
Feedwater (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts   

Average 369 977 14.426 18.9 -23 8.3 
Minimum 165 424 9.190 8.4 -255 7.0 
Maximum 715 1730 17.480 27.7 180 9.1 
       
Phase II Biotreatment – Red Rock Ranch Reactor 1 Effluent Values 
(11/17/03-11/30/04)    

Reactor 1  Nitrate Tot. Se EC Temp ORP pH 
Effluent (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts   

Average 88 393 14.377 17.7 -214 7.9 
Minimum 0 50 8.640 9.0 -356 6.5 
Maximum 539 2370 18.870 29.4 44 8.8 
       
Phase II Biotreatment – Red Rock Ranch Reactor 2 Effluent Values 
(11/17/03-11/30/04)    

Reactor 2 Nitrate Tot. Se EC Temp ORP pH 
Effluent (NO3 mg/l) (μg/l) (mS/cm) (deg C) mVolts   

Average 20 121 14.503 17.4 -302 7.5 
Minimum 0 32 9.280 7.7 -393 6.1 
Maximum 239 732 18.860 28.6 150 8.4 
      
During the startup period from November 17 to December 17, flow into the 
bioreactors was 1 gpm for a 6 hour/reactor retention time or a 12 hour total 
retention time.  Influent selenium concentration was about 1,000 to 1,040 μg/L 
and effluent selenium concentration from Reactor 1 was in the 51 to 290 μg/L 
range.  Average selenium removal from Reactor 1 during startup was about 
89.6%.  Like Panoche during startup, the removal of selenium from Reactor 2 was 
nearly negligible and could be caused by short circuiting through the carbon 
media in this reactor (see Section 7.1 for short circuiting details).   
 
Starting on December 18, the flow was increased to 3 gpm, however, the 
performance of both bioreactors remained fairly steady.  Most of the removal of 
selenium occurred in Reactor 1 with little removal in Reactor 2.  On January 21, 
the pilot flow rate was decreased to 2 gpm in an effort to improve the 
performance of Reactor 2 to no effect.  On February 29, the influent selenium 
spiked to 1730 μg/L and a resulting spike also appeared in the effluent. Some of 
the erratic spikes in the Reactor #1 effluent selenium concentration after February 
15 could be attributed to the bed expansion problem and contamination of the 
effluent samples by fluidized carbon and elemental selenium.  On May 8 filtered 
samples began for the Reactor 1 effluent to determine if the numerous spikes in 
the total selenium data could be dampened out (Figure 6-3). The plot of total and 
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dissolved selenium concentration does show that many of the erratic spikes of 
Reactor 1 from May to November could be dampened if the dissolved selenium 
samples were analyzed rather than total selenium.   
 
On October 7 the flow to the Red Rock Ranch bioreactors was reduced to 1 gpm 
to reassess the impacts of a 6 hour/reactor retention time on selenium removal.  
The question remained if the low selenium removal of Reactor 2 in December 
2003 was due to short circuiting or undeveloped biological growth.  It was of 
interest to Reclamation if returning to a 12 hour total retention time after a year of 
biological growth would yield different results.  Figure 6-1 shows that the effluent 
total selenium concentration in both Reactors 1 and 2 immediately increased after 
the flow was reduced to 1 gpm.  This could indicate the short circuiting was 
occurring in both reactor tanks.   
 
A Plot of ORP is presented in Figure 6-4.  Unlike Panoche, there were no known 
cases of air entrainment through the distribution lines.  Spikes in the ORP above -
200 mV in Reactor 1 could be a problem with the nutrient dosing.          
 
Plots of water temperature of the influent feedwater and Bioreactor 1 and 
Bioreactor 2 effluent is given in Figures 6-5.  During the period from December 
2003 to November 2004, the temperature of the feedwater varied from 8.4 OC to 
27.7 OC.   
 
Electrical conductivity of the feedwater and bioreactors is given in Figure 6-6.  
The feedwater EC varied from a minimum of 8.64 mS/cm to a maximum of 18.87 
mS/cm with an average concentration of 14.38 mS/cm.  Figure 6-7 also shows 
that the EC does not appear to significantly differ between the influent and 
Reactor 1 and 2.  
   
As shown in Figure 6-7, there is a significant difference in the pH between the 
feedwater and Reactor 1 and Reactor 2.  Under normal operating conditions, the 
pH should progressively decrease from the influent to Reactor 1 to Reactor 2 due 
to the slightly acidic composition of the nutrient.  If pH did not decrease or 
decreased extremely, this could indicate an under-dosage or over-dosage of 
nutrient. 



 

   

Figure 6-1: Red Rock Ranch, Total Selenium Concentration (Nov 2003 – Nov 2004) 

RED ROCK RANCH
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 Figure 6-2: Red Rock Ranch, Nitrate Concentration (Nov 2003 – Nov 2004) 
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Figure 6-3: Red Rock Ranch, Total and Dissolved Selenium Concentration 
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Figure 6-4: Red Rock Ranch, Water ORP (Nov 2003 – Aug 2004) 
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Figure 6-5: Red Rock Ranch, Water Temperature (Nov 2003 – Aug 2004) 
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Figure 6-6: Red Rock Ranch, Water EC (Feb 2003 – Nov 2004) 
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Figure 6-7: Red Rock Ranch, Water pH (Nov 2003 – Aug 2004) 
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6.3  Red Rock Ranch Bioreactor Nutrient Dosages 
 
A summary of nutrient dosages for Reactor 1 and Reactor 2 is presented in Table 
6-6.  The nutrient dosages are the same as the Panoche pilot up to February 28, 
2004.  On February 29, Applied Biosciences recommended that the nutrient 
dosage be increased to 0.35 gallon/1,000 gallon (1 gallon/day) to Reactor 1 and 
0.17 gallon/1,000 gallons (0.5 gallon/day) to Reactor 2.  These dosages were 
continued until August 17 when Applied Biosicences staff visited Panoche and 
recommended that the nutrient dosage be reduced to 0.4 gallon/1,000 gallons (1.1 
gallons per day).  On September 7, the dosage of nutrient was cut to 0.3 gallons 
but the cycles per day were increased to 4 at the request of Applied Biosciences.  
This is the same amount of nutrient prescribed on August 17 (0.4 gallon/1,000 
gallons), but distributed 4 times a day rather than 2.  On October 17, the nutrient 
dosage was halved due to the reduction in flow from 2 gpd to 1 gpd, but the unit 
dosage of 0.4 gallon/1000 gallons was maintained. 
 
Table 6-6: Summary of Red Rock Ranch Flow Changes and Nutrient Dosages 

Nutrient Dosages Reactor 1      

Starting 
Date 

Ending 
Date 

Flow 
Rate 
(gpm) 

Retention 
Time per 
reactor 
(Hours) 

Nutrient 
per cycle 

(Gal) 
Cycles 
per day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient 
/1000 

gal  
11/17/2003 12/8/2003 1 6 1.1 4 4.5 3.1 
12/9/2003 12/17/2003 1 6 0.5 2 1.0 0.7 
12/18/2003 1/28/2004 3 2 0.5 3 1.5 0.35 
1/29/2004 2/28/2004 2 3 0.25 3 0.75 0.26 
2/29/2004 8/16/2004 2 3 1.0 1 1.0 0.35 
8/17/2004 9/6/2004 2 3 0.6 2 1.1 0.4 
9/7/2004 10/6/2004 2 3 0.28 4 1.1 0.4 

10/7/2004 
Project 

End 2 3 0.14 4 0.56 0.4 
        
Nutrient Dosages Reactor 2      

Starting 
Date 

Ending 
Date 

Flow 
Rate 
(gpm) 

Retention 
Time per 
reactor 
(Hours) 

Nutrient 
per cycle 

(Gal) 
Cycles 
per day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient 
/1000 

gal 
11/17/2003 12/8/2003 1 6 1.1 4 4.5 3.1 
12/9/2003 12/17/2003 1 6 0.5 2 1.0 0.7 
12/18/2003 1/28/2004 3 2 0.5 3 1.5 0.35 
1/29/2004 2/28/2004 2 3 0.25 3 0.75 0.26 
2/29/2004 8/16/2004 2 3 0.5 1 0.5 0.17 
8/17/2004 9/6/2004 2 3 0.6 2 1.1 0.4 
9/7/2004 10/6/2004 2 3 0.28 4 1.1 0.4 

10/7/2004 
Project 

End 2 3 0.14 4 0.56 0.4 
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7. INSIGHT GAINED ON BIO-
REACTOR DESIGN AND O & M 
ISSUES  

 
The Phase II pilots provided valuable information on the design of the bioreactor 
tanks and distribution system along with numerous O&M issues.  Much of the 
insight was gained after the pilot had commenced, but the information will prove 
beneficial for future biotreatment pilots and full scale plants.       
 
 

7.1  Bioreactor Inlet Header 
 
The bioreactor distribution system was designed by Boyle Engineering for the 
Phase II pilots.  After analyzing the first four weeks of the pilot data, Boyle 
Engineering speculated that short circuiting was possibly occurring at Panoche, 
particularly Reactor 2, since high selenium removal was not observed for a 1 gpm 
flow.  This flow rate should have provided a 6 hour/reactor retention time or a 12 
hour total retention time.  According to Boyle Engineering, the inlet distribution 
header (shown in Figure 2-2 of Chapter 2) was designed for an optimal flow 
between 2 to 3 gpm.  At the optimal design flow, the feedwater velocity would 
provide an equal pressure differential across all the holes of the inlet header.  This 
would result in a uniform distribution of upward flow through the header and up 
the carbon media.  At flows lower than 2 gpm, the pressure differential would be 
higher in the holes closest to the inlet resulting in more upward flow in the region 
around the inlet.  This could create fissures and isolated zones in the reactor bed 
where the influent would preferentially channel through.   Due to the limitations 
of this inlet header, an alternative inlet design should be considered for future 
pilots.     
 
After the commencement of the Phase II pilots, Reclamation learned of a new 
inlet design at a full scale ABMet®  biotreatment plant being constructed in 
Canada.  The inlet header was based on plenum design which consists of a second 
reactor floor (false floor) located a short distance above the actual reactor tank 
bottom.  Installed in the false floor is a system of nozzles spaced at equal 
distances in a grid pattern.  As the region between the reactor floor and false floor 
is filled with influent, this plenum volume pressurizes and provides a uniform 
upward flow through the nozzles.  According to Applied Biosciences, this type of 
inlet system will avoid many of the short circuiting issues experienced during the 
Phase II pilot.  Avoiding short circuiting will allow Reclamation to better assess 
of the impacts of retention time and flow rates on bioreactor performance.         
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7.2 Air Entrainment in the Distribution Line 
 
On March 3, 2004, it was discovered that the poor performance of Reactor 1 at 
Panoche was caused by air entrainment into a camlock hose connection located 
between a ball value and Feedwater Pump 1.   According to Boyle Engineering, 
the ball value was used to equalize the flow between the two bioreactors.  When 
the ball valve was opened on December 18 to increase the flow from 1 gpm to 3 
gpm, Feedwater Pump 1 started drawing ambient air though the camlock 
connection.  The introduction of oxygen into the influent distribution line 
significantly diminished the performance of the anaerobic bacteria in Reactor 1 to 
remove selenium and nitrate.  As a result of the discovery, the ball valve was no 
longer used after March 3 to equalize the flow and was replaced in mid-March by 
a valve and recycle loop downstream of Feedwater Pump 1.      
 

 

7.3 Carbon Media Expansion 
 
In the Phase II biotreatment pilot, the outlet header was positioned about 6 inches 
above the top of the carbon media bed.  The bioreactor tank lip was located an 
additional 6 inches above the outlet header.   The bed expansion experienced at 
Panoche caused carbon to fluidize and cover the outlet header allowing particles 
of carbon to enter the effluent distribution system (Figure 7-1).  During the first 
half of the pilot, the expanded carbon bed would occasionally push the outlet 
header out of the water column thus introducing air in the effluent line.  During 
extreme cases, the carbon would fluidize to the top of the tank lip (Figures 7-2 to 
7-4).  The same bed expansion problem was experienced at Red Rock Ranch 
(Figure 7-5 and 7-6).   One method to release gas involved placing perforated 1-
inch diameter PVC pipe into the bed to allow gasses to escape.  A method used to 
contain the carbon involved placing mesh screening held by 1-inch size gravel 
above the reactor bed (Figure 7-7).  Both methods were abandoned due to 
concerns of short circuiting and flow impairment.  The most effective method to 
degas the carbon bed involved using pitchforks and shovels to stab into the bed to 
release gas pockets (Figure 7-8).  This method would drop the carbon below the 
outlet header again, but was time consuming and had to be performed at least bi-
weekly.               
 
The bed expansion experienced at the two pilot sites was caused by the 
conversion of nitrate to nitrogen gas by the anaerobic nitrate reducing bacteria.  
The nitrogen gas buildup occurred mostly in Reactor 1 where the majority of the 
nitrate is removed.  The first mention of the expansion problem was in a January 
6, 2004 Boyle Engineering field report.  In this report, Boyle reported seeing 
bubbles emanating from the reactor bed and that carbon had been lifting from the 
center of the reactor and resettling at the edge of the tank.  Boyle also reported 
fine and larger grains of carbon had been plugging the wye strainer, sample ports 
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and flow totalizers and this equipment required cleaning every several days.  For 
the duration of the pilots, routine maintenance was required to contain the bed 
expansion.              
 
The problems with bed expansion may have been avoided if larger bioreactor 
tanks were used.  The reactor tanks for the Phase II pilot were carried over from 
the Phase I pilot.  The Phase I pilot did not operate long enough to forewarn of 
potential nitrogen gas problems.   In future pilots, the bioreactor tanks should be 
large enough to allow for at least 33% expansion of the carbon bed.  As an 
additional safety feature, the water column should have an additional 2 ft from the 
top of the expanded bed to the outlet header.   This will allow for the settling of 
fluidized carbon grains. 
 
 

7.4 Heat Tracing the Nutrient Lines 
 
During the months of December through February, the viscosity of the nutrient 
increased causing numerous operational issues.  Throughout the pilot, nutrient 
dosages were calibrated using a graduated cylinder and stop watch.  However, as 
the ambient air temperature lowered, the viscosity of the nutrient increased.  This 
necessitated the constant recalibration of the dosing durations of nutrient feed 
pumps.  The high viscosity nutrient was also blowing the fuses of the nutrient 
gear pumps early in the pilot.  Finally the highly viscous nutrient was gumming 
the check valves and flow totalizers causing premature failure of these equipment.  
The problems encountered during the winter with the nutrient system diminished 
as warmer temperatures approached in the spring and summer.   
 
In August 2004, the nutrient gear pumps were replaced with more accurate high 
viscosity metering pumps rated to viscosities of 20,000 centipoise.  To further 
reduce the maintenance of the nutrient system during winter months, it is 
recommended that heat tracing with a thermostat be installed on the nutrient lines.  
The heat tracing should begin at the nutrient tote and continue to the nutrient 
metering pump.  The thermostat should be set around 60O F to 70O F to ensure 
nutrient viscosities are below 20,000 centipoise.               
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Figure 7-1: Panoche Reactor 1, Carbon expansion covering the outlet header 

 
 
 

Figure 7-2: Panoche Reactor 1, Carbon rising to tank lip (Jun 2004) 
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Figure 7-3: Panoche Reactor 1, Carbon rising above tank lip (August 2004) 

 
 
 

Figure 7-4: Panoche Reactor 1, Bioreactor effluent reaching tank lip 
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Figure 7-5: Red Rock Ranch Reactor 1, Carbon fluidizing to surface (Jan 2004) 

 
 
 
Figure 7-6: Red Rock Ranch Reactor 1, Expanding carbon bed (Jan 2004) 
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Figure 7-7: Red Rock Ranch Reactor 1, Mesh screen to contain fine carbon 

 
 
 
Figure 7-8: Red Rock Ranch Reactor 1, Degassing the carbon bed (Jan 2004) 
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8. CONCLUSIONS, FINDINGS AND 
RECOMMENDATIONS  

8.1 Conclusions and Findings 
 
The Phase II selenium biotreatment pilots at Panoche Water District and Red 
Rock Ranch operated from November 17, 2003 to December 13, 2004.  The 
Panoche pilot was fed raw drainwater from November 2003 to August 2004.  
Starting in September 2004 the feedwater to the Panoche bioreactors was 
switched to RO concentrate reject.  The Red Rock Ranch bioreactors were fed 
raw drainwater from Sump-D during the entire pilot duration.  This report 
documents the results of the pilot up to November 23, 2004.  Based on the twelve 
months of pilot data the following conclusions and findings can be made: 
 
Panoche using DP-25 influent 
 
•  The overall removal efficiency of the bioreactors at Panoche for the removal of 

selenium ranged from 91.2% to 95%.  This excludes the month of February 
2004 which had a removal efficiency of 78.9% due to air entrainment into the 
feedwater distribution line.  

 
•  Average monthly influent selenium concentrations from November 2003 to 

August 2004 varied from 353 μg/L in April to 576 μg/L in August.  The highest 
influent selenium concentrations occurred during the months of June, July and 
August.  The Reactor 2 average effluent selenium concentrations ranged from 
18 μg/L in May to 84 μg/L in February. 

 
•  Average monthly influent nitrate (as NO3) concentrations varied from 229 

mg/L in January to 279 mg/L in July.  The Reactor 2 average effluent nitrate 
concentrations ranged from 0.1 mg/L from June to August to 18.8 mg/L in 
February.  Overall percent removal of nitrate ranged from 92.2% to 99.9%.   

 
Panoche using RO reject influent 
 
•  The overall removal efficiency of the bioreactors for the removal of selenium 

from RO concentrate reject ranged from 85.8% to 92.5%.     
 
•  For the period of September 1, 2004 to November 30, 2004, average monthly 

influent selenium concentration (RO reject) varied from 441 μg/L in November 
to 1,380 μg/L in September.   The Reactor 2 average effluent selenium 
concentrations ranged from 63 μg/L in November to 104 μg/L in September.   
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• Average monthly influent nitrate (as NO3) concentrations varied from 401 mg/L 
in November to 578 mg/L in September.  The Reactor 2 average effluent nitrate 
concentrations ranged from 1 mg/L in October to 45 mg/L in September.  
Overall percent removal of nitrate ranged from 92.3% to 99.9%.  

 
Red Rock Ranch using Sump-D influent  
 
•  The overall removal efficiency of the bioreactors for the removal of selenium 

from raw Sump-D drainwater ranged from 76.9% to 93.1%. 
 
• For the period of November 2003 to November 2004, average monthly influent 

selenium concentration varied from 749 μg/L in June to 1255 μg/L in August.  
The Reactor 2 average effluent selenium concentrations ranged from 61 μg/L in 
June to 261 μg/L in February.   

 
•  Average monthly influent nitrate (as NO3) concentrations varied from 313 

mg/L in June to 511 mg/L in August.  The Reactor 2 average effluent selenium 
concentrations ranged from 0.3 mg/L from June to 63.7 mg/L in September.  
Overall percent removal of nitrate ranged from 83.8% to 99.9%.   

 
Other Conclusions and Findings 
 
•  The bed expansion experienced at the two pilot sites was caused by the 

conversion of nitrate to nitrogen gas by the anaerobic nitrate reducing bacteria.  
The nitrogen gas buildup occurred mostly in Reactor 1 where the majority of the 
nitrate is removed.  For the duration of the pilots, routine maintenance was 
required to contain the bed expansion.               

 
•  The introduction of oxygen into the influent distribution line can significantly 

diminish the performance of the anaerobic bacteria to remove selenium and 
nitrate.  This was observed in February 2004 at Panoche in Reactor 1 where air 
entrainment was occurring through a camlock fitting. 

 
• Due to limitations with the influent distribution system, an assessment of 

selenium removal performance based on retention time could not be performed.  
Boyle Engineering, the designer of the distribution system, speculated that short 
circuiting through the carbon media was occurring at flows lower than the 
optimal design flow.  As a result, the selenium removal performance recorded at 
a 12-hour total retention time is not reflective of the true potential of the 
biotreatment system.    

 
• The EC of the RO reject was roughly double of the EC found in Panoche raw 

drainage water.  Despite the higher EC levels, the performance of the 
bioreactors did not appear affected demonstrating that the bacteria are fairly 
resilient to changes in salinity.  
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• The performance of the bioreactors at Panoche and Red Rock Ranch during 

some winter months was equivalent to the performance during the summer 
months.   Therefore, it does not appear that seasonal temperature variations have 
a significant impact on the ABMet® bacteria.     

 

8.2  Recommendations 
 
The Phase II pilots at Panoche and Red Rock Ranch provided valuable insight in 
the design of future biotreatment pilots and full scale plants.  Recommendation 
for future selenium biotreatment pilots include: 
 
•  In future pilots, the bioreactor tanks should be large enough to allow for at least 

33% expansion of the carbon bed.  As an additional safety feature, the water 
column should have an additional 2 ft from the top of the expanded bed to the 
outlet header.   This will allow for the settling of fluidized carbon grains. 

 
•  Future pilots should employ the plenum (false floor) based influent distribution 

system the reactor tanks.   This influent distribution system is currently being 
used in a full scale ABMet® biotreatment plant in operation in Canada.   

 
•  Tracer studies using Rhodamine dye should be conducted to verify the retention 

time of the bioreactors.    
 
•  To further reduce the maintenance of the nutrient system during winter months, 

it is recommended that heat tracing with a thermostat be installed on the nutrient 
lines.  The heat tracing should begin at the nutrient tote and continue to the 
nutrient metering pump.  The nutrient metering pumps should also be checked 
weekly for potential locking due to air in the discharge line. 

 
•  Dissolved oxygen sensors should be installed in the bioreactor tanks of future 

pilots.  These sensors could potentially detect air entrainment in the bioreactor 
distribution system.  

 
•  Data transmittal and display via phone line and internet should be applied at 

future pilots.  The transmittal system should be similar to that used at the 
Panoche RO pilot which operated from September to December 2004.  The data 
that should be transmitted includes flow, pressure, temperature, electrical 
conductivity, ORP, dissolved oxygen and pH.  
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EXECUTIVE SUMMARY 
 
In June 2005, Reclamation commenced Phase III of the selenium biotreatment 
pilot at Panoche Water District (Panoche WD) and Red Rock Ranch. The design, 
construction and operation and maintenance of the biotreatment pilots were 
contracted to Zenon Environmental (formerly Applied Biosciences, Inc.) of Salt 
Lake City.  The selenium biotreatment pilot was designed to treat about 1 to 3 
gallons per minute of raw drainwater or RO concentrate and consisted of two 
approximately 2,540 gallon steel bioreactor tanks in series.  The target selenium 
concentration from the effluent of the biotreatment pilot was 10 μg/L.  The 
Panoche WD bioreactors were fed raw drainwater from June until early August 
2005.  Starting in mid-August, the Panoche WD bioreactors was fed concentrate 
reject from a reverse osmosis system operating at a recovery of 64%.  The high 
levels of calcium sulfate in the concentrate feedwater eventually led to the scaling 
of the bioreactor GAC media.  The biotreatment system at Red Rock Ranch 
experienced problems with its nutrient dosing system early in the pilot.   The 
GAC scaling at Panoche WD and the nutrient dosing problem at Red Rock Ranch 
caused performance problems which prevented the pilots from achieving the 
target selenium level.    
 
In October 2005, Zenon was tasked to retrofit the pilots at both sites.  Retrofit 
activities began in February 2006 and were completed at Panoche WD in April 
2006.  After retrofit modifications, the Panoche WD system consistently achieved 
effluent selenium concentrations at or below the target concentration of 10 μg/L.   
Having completed performance objectives at the Panoche site, it was decided to 
allocate the remaining resources (equipment and labor) to the Red Rock Ranch 
site in June 2006, which, due to limited funding, did not have all retrofit 
modifications implemented.   Retrofit activities were completed at the Red Rock 
Ranch pilot by mid-June and, after a three week stabilization period, effluent 
selenium concentrations were at or below the target concentration of 10 μg/L until 
the pilot was shut done on September 20, 2006.      
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1 INTRODUCTION 
 
 

1.1 Background 
 
In 2003, Reclamation became aware of a new biotreatment technology (ABMet® ) 
that was patented and commercialized by Applied Biosciences, Inc., Salt Lake 
City, Utah.  In July 2005, Applied Biosciences, Inc. was purchased by Zenon 
Environmental Corporation, headquartered in Oakville, Ontario, Canada, and now 
goes by the title Zenon Environmental.  Reclamation contracted with Zenon to 
conduct pilot studies at Panoche Water District and Red Rock Ranch to determine 
the cost and performance of this technology to remove selenium and nitrate from 
agricultural drainwater.   
 
The selenium biotreatment pilot is categorized by three phases.  Phase I was 
conducted at Panoche Water District (Panoche WD) from June to October 2003.   
A second pilot was installed at Red Rock Ranch for the Phase II Pilot.  Phase II 
was conducted at Panoche WD and Red Rock Ranch from November 2003 to 
December 2004.   For Phase III, the pilots at Panoche WD and Red Rock Ranch 
were entirely rebuilt.  This report covers the Phase III pilot from June 2005 to 
September 2006.  A brief description of the Phase I and Phase II pilots is given 
below. 
  
  

1.2 Phase I Pilot Study (June – October 2003) 
 
In February of 2003, Applied Biosciences Corporation was awarded a contract 
from Reclamation for a selenium biotreatment pilot at Panoche WD near 
Firebaugh, CA.  The pilot officially started in June 2003 and consisted of four 
1,000 gallon bioreactors. The bioreactors were positioned in a stair-step array to 
induce gravity flow from one reactor to the next.  To each reactor, 2750 pounds 
(~700 gallons) of granular activated carbon (GAC) was added as a support 
material for the ABMet® microbes.  The GAC media provided a surface area for 
developing a biological film that reduced the dissolved selenium to a solid form 
that was captured within the biomass. The treatment process was divided into two 
stages:  nitrate reduction primarily occurred in the first bioreactor followed by 
selenium reduction in the subsequent bioreactors. The reducing bacteria were 
sustained through daily additions of a molasses based nutrient.   A schematic and 
photo of the Phase I pilot is given in Figures 1-1 and 1-2. 
 
The Phase I pilot demonstrated that Applied Biosciences’ patented ABMet® 
technology could reduce selenium and nitrate in San Joaquin agricultural 
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drainwater to below 10 μg/L within a 6 to 8 hour retention time, however, it also 
experienced various design and operational problems.    A bio-growth had 
accumulated in the inlet header at the bottom of the bioreactor tanks.  The 
hydraulic head in the bioreactor tanks could not produce sufficient pressure to 
move water through the fouled distribution headers and the carbon media.  The 
bio-growth caused several shutdowns of the bioreactors and as a result, the pilot 
operated intermittently for only 5 months.  A description of the Phase 1 pilot can 
be found in Applied Biosciences (2004). 
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Figure 1-1: Schematic of the Phase I Pilot 

 
 
 
Figure 1-2: Phase I Pilot at Panoche WD 
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1.3 Phase II Pilot Study (November 2003 – December 
2004) 

 
In November 2003, the second phase of selenium biotreatment pilot commenced.  
The bioreactors had the media removed and were rebuilt with a pumped 
distribution system.  Flow through the bioreactors would be produced by ½ 
horsepower positive displacement gear pumps.  Two of the original four 
bioreactors remained at Panoche WD (Figure 1-3).  The other two bioreactors 
were relocated south about sixty miles away at Red Rock Ranch near Five Points, 
CA to start a second pilot (Figure 1-4).  The Panoche WD bioreactors were fed 
raw drainwater from November 20, 2003 to August 31, 2004.  Starting on 
September 1, 2004, the selenium biotreatment pilot was combined with a reverse 
osmosis pilot operating at 50% recovery.  The bioreactors were fed concentrate 
reject from the RO pilot until December 13, 2004.   The bioreactors at Red Rock 
Ranch were continuously fed raw drainwater from November 2003 to December 
2004.  The results and findings of the Phase II selenium biotreatment and Panoche 
RO pilot are presented in Reclamation (2005a and 2005b). Based on the twelve 
months of Phase II pilot data the following observations were made.  
 
Panoche WD using DP-25 influent 
 
• For the majority of the pilot, overall removal efficiency of the bioreactors at 

Panoche WD for the removal of selenium ranged from 91.2% to 95%.  Average 
monthly influent selenium concentrations varied from 353 μg/L to 576 μg/L.  
The Reactor 2 average effluent selenium concentrations ranged from a low of 
18 μg/L to high of 84 μg/L. 

 
• Average monthly influent nitrate (as NO3) concentrations varied from 229 mg/L 

to 279 mg/L.  The Reactor 2 average effluent nitrate concentrations ranged from 
a low of 0.1 mg/L to a high of 18.8 mg/L.  Overall percent removal of nitrate 
ranged from 92.2% to 99.9%.   

 
Panoche WD using RO reject influent 
 
• The overall removal efficiency of the bioreactors for the removal of selenium 

from RO concentrate reject ranged from 85.8% to 92.5%.    Average monthly 
influent selenium concentration (RO reject) varied from 441 μg/L to 1,380 
μg/L.   The Reactor 2 average effluent selenium concentrations ranged from 63 
μg/L to 104 μg/L.   

 
• Average monthly influent nitrate (as NO3) concentrations varied from 401 mg/L 

to 578 mg/L.  The Reactor 2 average effluent nitrate concentrations ranged from 
1 mg/L to 45 mg/L.  Overall percent removal of nitrate ranged from 92.3% to 
99.9%.  
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• The bioreactors could be fed concentrate reject from an RO system operating at 
50% recovery without major operations and maintenance problems. 

 
Red Rock Ranch using Sump-D influent  
 
• The overall removal efficiency of the bioreactors for the removal of selenium 

from raw drainwater ranged from 76.9% to 93.1%.  Average monthly influent 
selenium concentration varied from 749 μg/L to 1255 μg/L.  The Reactor 2 
average effluent selenium concentrations ranged from 61 μg/L to 261 μg/L.   

 
• Average monthly influent nitrate concentrations varied from 313 mg/L to 511 

mg/L.  The Reactor 2 average effluent selenium concentrations ranged from 0.3 
mg/L to 63.7 mg/L.  Overall percent removal of nitrate ranged from 83.8% to 
99.9%.   

 
Conclusion for Both Pilots 
 
• The air binding (bubble accumulation) experienced at the two pilot sites was 

caused by the conversion of nitrate to nitrogen gas by the anaerobic nitrate 
reducing bacteria.  The nitrogen gas buildup occurred mostly in Reactor 1 where 
the majority of the nitrate is removed (Figures 1-5 to 1- 6).  For the duration of 
the pilots, routine maintenance was required to contain the air binding problem.               
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Figure 1-3: Panoche WD Bioreactors and Nutrient Tank 

 
 
Figure 1-4: Red Rock Ranch Bioreactors and Nutrient Tank 
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Figure 1-5: Panoche Reactor 1, Carbon Rising to Tank Lip 

 
 
Figure 1-6: Panoche Reactor 1, Bioreactor Effluent Reaching Tank Lip 
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2 DESCRIPTION OF PILOT SITES 
 
 

2.1 Pilot Locations 
 
The selenium biotreatment pilot at Panoche Water District is located on the 
westside of the San Joaquin River near the town of Dos Palos.  The pilot site is 
located northeast of the Russell Avenue - Nees Avenue intersection, east of US 
Interstate 5.  A yellow Panoche WD tank on the westside of Russell Avenue 
marks the turnoff to a dirt road leading to the pilot. The pilot site at is located at 
Drainage Point 25 (DP-25) about 1.5 miles east of Russell Avenue (Figure 2-1, 
map on Figure 2-3).   
 
The pilot site at Red Rock Ranch is located near the town of Five Points in 
Westlands Water District.  A dirt road to the pilot site is located on the west side 
of Colusa Road about 2 miles north of the Highway 145 - Colusa Road 
intersection, east of US Interstate 5.   A residence on the right side of Colusa Road 
(property with a cluster of large trees) marks a dirt road turnoff to the pilot site.   
The site is reached by traveling west about 2 miles until arriving at the fenced 
property of Red Rock Ranch on the left side of the dirt road (Figure 2-2, map on 
Figure 2-4).   
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Figure 2-1:  Dirt Road to Panoche WD Pilot Site 

 
 
Figure 2-2: Red Rock Ranch Pilot Site 
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Figure 2-3: Location Map, Panoche WD Pilot Site 
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Figure 2-4: Location Map, Red Rock Ranch Pilot Site 
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2.2 Water Quality Data  
 
A comprehensive water quality analysis was conducted on the raw drainwater of 
Panoche WD.  Table 2-1 presents an analysis of drainwater taken from up to 14 
sampling sessions from Panoche WD sump DP-25 from August 9, 2005 to 
December 6, 2005.  The major constituents of concern for the biotreatment pilot 
were selenium, nitrate, sulfate, electrical conductivity and total dissolved solids.  
Average total selenium concentration at Panoche WD was 0.961 mg/L with a 
minimum and maximum concentration of 0.213 and 2.200 mg/L respectively.  
Average dissolved selenium concentration was 0.845 mg/L with a minimum and 
maximum concentration of 0.198 and 1.880 mg/L respectively.  Average 
dissolved nitrate concentration (total NO3) was 431 mg/L with the minimum and 
maximum concentrations 240 and 662 mg/L respectively.  Average dissolved 
sulfate concentrations were 5,206 mg/L and ranged from 3,070 mg/L to 7,410 
mg/L.  Average total dissolved solids (TDS) and electrical conductivity (EC) 
values for the period are 11,087 mg/L and 12,627 μS/cm respectively.  The range 
of TDS varied from a low concentration of 6,408 mg/L to a high of 17,280 mg/L, 
while the range of EC varied from a low of 7,487 μS/cm to a high of 19,640 
μS/cm.         
 
Table 2-2 presents average analyte concentrations compiled from Red Rock 
Ranch Sump-D data taken from up to 64 sampling sessions conducted by the 
California DWR and Bryte Labs between October 2000 and January 2006.   The 
average dissolved selenium is 0.978 mg/L with minimum and maximum values of 
0.411 and 1.63 mg/L respectively.  Average dissolved nitrate concentration (as N) 
for this period is 398 mg/L with the minimum and maximum concentrations 97.3 
and 644 mg/L respectively.  Total selenium concentrations were not taken during 
this sampling period.  Average dissolved sulfate concentrations were 4,402 mg/L 
and ranged from 2,385 mg/L to 6,980 mg/L.  Average total dissolved solids 
(TDS) and electrical conductivity (EC) values for the period are 10,988 mg/L and 
15,528 μS/cm respectively.  The range of TDS varied from a low concentration of 
8,840 mg/L to a high of 16,740 mg/L, while the range of EC varied from a low of 
12,110 μS/cm to a high of 26,190 μS/cm.    
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Table 2-1: Analyte Concentrations for Panoche Water District 

Drainage Point-25, August 9 – December 6, 2005 (results in mg/L unless stated 
otherwise)  
          

Analyte Units Average Minimum Maximum 
Conductance (EC) uS/cm 12,627 7,487 19,640 

Dissolved  Ammonia  <0.01 <0.01 0.01 

Dissolved Bicarbonate As CaCO3 245 62 320 

Dissolved Boron  27.1 16.3 50.5 

Dissolved Calcium  558 481 749 

Dissolved Carbonate As CaCO3 1 <1 3 

Dissolved Chloride  1,970 871 3,550 

Dissolved Hydroxide As CaCO3 <1 <1 <1 

Dissolved Magnesium  330 177 526 

Dissolved Nitrate as NO3 431 240 662 

Dissolved Organic Carbon 
(DOC) 

as C 6.5 4.3 8.3 

Dissolved Potassium  6.2 3.7 8.2 

Dissolved Selenium  0.845 0.198 1.880 

Dissolved Silica (SiO2)  35.6 26.1 47.9 

Dissolved Sodium  2,585 1,180 4,720 

Dissolved Sulfate  5,206 3,070 7,410 

pH pH units 7.7 7.3 8.1 

Total Alkalinity As CaCO3 247 62 321 

Total Arsenic  <0.01 <0.01 0.18 

Total Barium  <0.5 <0.5 <0.5 

Total Dissolved Solids (TDS)  11,087 6,408 17,280 

Total Iron  0.303 <0.05 0.738 

Total Manganese  <0.05 <0.05 <0.05 

Total Organic Carbon (TOC) as C 6.1 4.2 8.0 

Total Phosphorous  0.07 0.04 0.13 

Total Selenium  0.961 0.213 2.200 

Total Strontium  11.9 6.1 16.9 

Total Suspended Solids (TSS)  <1 <1 4 

UV254 absorb./cm 0.214 0.106 0.322 
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Table 2-2: Analyte Concentrations for Red Rock Ranch 

Sump D, October 2000 – January 2006 (results in mg/L unless stated otherwise)  
 

          
Analyte Units Average Minimum Maximum 

Conductance (EC) uS/cm µS/cm 15,528 12,110 26,190 
Dissolved Aluminum   0.107 0.01 0.645 
Dissolved Ammonia   0.05 0.01 0.5 
Dissolved Barium   0.47 0.05 1.0 
Dissolved Bicarbonate (HCO3-) as CaCO3 303.6 180 603 
Dissolved Boron   23.7 18.6 37.3 
Dissolved Calcium (mg/L)   594 388 681 
Dissolved Carbonate (CO3--) as CaCO3 1.59 1 5 
Dissolved Chloride   3,140 1,650 5,850 
Dissolved Chromium   0.03 0.01 0.04 
Dissolved Copper   0.041 0.007 0.338 
Dissolve Fluoride   4.87 0.1 20 
Dissolved Hydroxide (OH-) as CaCO3 1 1 1 
Dissolved Iron   0.309 0.005 12.7 
Dissolved Magnesium   211.4 159 341 
Dissolved Manganese   0.064 0.008 0.473 
Molybdenum   0.048 0.025 0.05 
Dissolved Nitrate  as N 398 97.3 644 
Dissolved Organic Carbon as C  14.8 7.8 54 
Dissolved Ortho-Phosphate as P 0.035 0.02 0.1 
Dissolved Potassium   10.2 2.4 100 
Dissolved Selenium   0.978 0.411 1.63 
Dissolved Silica (SiO2)   30.1 15.4 38.1 
Dissolved Sodium   3131 2330 5500 
Dissolved Strontium   8.37 6.39 11.5 
Dissolved Sulfate   4,402 2,385 6,980 
Dissolved Vanadium   0.048 0.025 0.05 
Dissolved Hardness as CaCO3 2,407 1,624 4,360 
pH pH Units 7.6 6.9 8.1 
Total Alkalinity as CaCO3 303.5 180 470 
Total Dissolved Solids (TDS)   10,988 8,840 16,740 
Total Iron   0.844 0.05 24.4 
Total Manganese   0.076 0.011 0.5 

Total Organic Carbon (TOC) as C 21.4 8.3 99 
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3 PILOT PLANT EQUIPMENT 
 
Construction of the selenium biotreatment pilots at Panoche Water District and 
Red Rock Ranch commenced in December 2004, with the design and construction 
of four steel bioreactors tanks.  Detailed design and construction of the bioreactor 
tanks was subcontracted to Rocky Mountain Fabrication based in Salt Lake City, 
UT, after conceptual designs were provided by Zenon and Reclamation.   After a 
two month delay caused by above normal rainfall in California, field construction 
commenced in April 2005 with the pouring of a concrete pad at both pilot sites.   
After a four week concrete curing period, the bioreactor tanks were delivered in 
early May.  Between May 12 and June 3, the bioreactors were anchored, 
scaffolding erected, GAC loaded and the distribution, nutrient, instrumentation 
and electrical systems were installed.   The bacterial cultures for the bioreactors 
were also scaled and inoculated during this period.  On June 6, 2005 the selenium 
biotreatment pilots became operational. 
 
     

3.1 Pilot Reactor Tanks  
 
The selenium biotreatment pilot system was designed to treat about 1 to 3 gallons 
per minute of raw drainwater or RO concentrate.  The selenium bioreactor system 
consisted of two approximately 2,540 gallon carbon steel tanks in series.  For this 
report, the first bioreactor in series will be referred to as Reactor 1 and the second 
bioreactor will be referred to as Reactor 2.  Figures 3-1 and 3-2 show the 
bioreactors at Panoche WD and Red Rock Ranch respectively.  The bioreactors 
were coated with a polyamide epoxy coating (Tnemic Series 66) to resist 
corrosion.  At the bottom of the bioreactor was a one-foot high plenum volume 
equaling 212 gallons.  The plenum volume was covered by a 3/8 inch thick steel 
false floor holding 37 nozzles (Figure 3-3).   Above the false floor was about 5.5 
feet of granular activated carbon which served as a media for the selenium 
reducing biofilm.  The distance from the top of the bioreactor tank to a 2 inch 
diameter effluent opening was 9 inches.   An additional 2 inch diameter opening 
located 6 inches from the top of the bioreactor tank served as an overflow outlet.  
The bioreactor tanks were anchored to a concrete pad with the feed and nutrient 
pumps, solenoid valves and instrumentation situated on the pad between the 
bioreactors (Figure 3-4).  A scaffold was also placed between the bioreactor tanks 
to facilitate sampling and maintenance duties.  A detailed drawing of a bioreactor 
tank is provided in Figure 3-5. 
 
For the Phase III pilot, Zenon transitioned from using hydraulic residence time 
(HRT) to empty bed contact time (EBCT) as the treatment time required to reduce 
selenium concentrations to target levels.  For the Phase I and II pilots, HRT was 
defined as the volume of water in the GAC void space divided by the feed flow 
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rate.   In contrast, the EBCT is defined as the volume of the biologically active 
media (consisting of media particles, void space and biomass) divided by the feed 
flow rate.  To convert between ECBT and HRT, a percentage void volume for the 
GAC must be assumed which Zenon estimated to be 50 percent.  A 50 percent 
void volume translated to an EBCT that was roughly 2 times the HRT.  Table 3-1 
summarizes the approximate EBCT and HRT for flow rates between 1 to 3 gpm 
based on 1,163 gallons (5.5 feet depth) of GAC.  
 
Table 3-1:  Approximate EBCT and HRT per Bioreactor 

Flow Rate 
(gpm) 

GAC Volume 
(gal) 

EBCT 
(hr) 

HRT 
(hr) 

1.00 1,163 19.4 9.7 
1.50 1,163 12.9 6.5 
2.00 1,163 9.7 4.8 
2.50 1,163 7.8 3.9 
3.00 1,163 6.5 3.2 

    Note: Based on 1,163 gal (5.5 ft depth) of GAC and 50% void volume 
 
 

3.2 Pilot Distribution System 
 
A schematic diagram of the bioreactor distribution system is given in Figure 3-6.   
The distribution system consisted of 1 and 2 inch diameter piping and two gear 
pumps powered by ½ horsepower motors controlled by variable frequency drives 
(VFD).   In the initial pilot design, feed water would be fed by Gear Pump 1 to the 
bottom of Reactor 1.  The pressurized plenum would evenly distribute water 
through the false floor nozzles and through the GAC media.  A distance of 4.75 
feet between the top of the GAC to the bioreactor outlet would allow for media 
expansion due to backwashes and nitrogen gas buildup.  The effluent from 
Reactor 1 flowed into a 200 gallon plastic sump tank situated between the two 
bioreactors.   The intent of the sump tank was to serve as a settling basin of 
suspended particles in the Reactor 1 effluent and to assist in equalizing the flow 
between the two bioreactors.   A level sensor in the sump tank would start and 
stop the Gear Pump 2 motor based on the water level in the tank.  High water 
levels would start the pump and low water levels would stop the pump.  Influent 
to Reactor 2 would flow through the false floor nozzles and the GAC media.  The 
Reactor 2 effluent would gravity flow to either the evaporation pond pilot or to 
the drainage canal.   
 

3.3 Pilot Nutrient System 
 
Molasses based nutrient was stored in a 800 gallon plastic tank at Panoche WD 
and a 200 gallon plastic tote at Red Rock Ranch.  The nutrient was dosed with a 
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chemical metering pump capable of pumping up to viscosities of 20,000 
centipoise.   The nutrient was injected into the feedwater line at a junction before 
the in-line mixer.  The in-line mixer was a static mixing device that created a 
vortex along the centerline of the pipe as the fluid moved through it.  An actuated 
ball valve was used to prevent feed water from backing into the nutrient line when 
the metering pump was not dosing. 
 
    

3.4 Pilot Instrumentation and Data Collection System 
 
Sensors were installed to measure various hydraulic and water quality parameters 
necessary for monitoring the pilot.  The original sensor layout is displayed in 
Figure 3-6 and included: 
 

•    electrical conductivity sensor (1) 
•    pressure sensors (2) 
•    paddle wheel flow meters (3) 
•    temperature sensors (3) 
•    pH sensors (3) 
•    ORP sensors (3) 
•    dissolved oxygen sensors (2) 
•    level sensor in sump tank (1) 
 

The original flow meters which measured Reactor 1 and Reactor 2 influent were 
replaced in August 2005 by magnetic meters due to constant biofouling of the 
sensor paddle wheel.  By the fall of 2005, the level sensors in the sump tank at 
both pilots were also removed due to persistent electrical defects with the sensor.   
Flow between the bioreactors was thereafter equalized by balancing the VFD 
speed of the two pump motors.    
 
An Automation Direct DL 205 programmable logic controller (PLC) was installed 
to monitor pilot instrumentation.  The PLC transmitted sensor data and alarm 
signals to a local desktop computer for data logging purposes.  The desktop 
computer was loaded with the Perlorica WaterEye™ remote sensing software.  
Every 15-minutes, the WaterEye™ software queried data from the PLC and 
transmitted the data via phone modem to the WaterEye™ website.  Real-time 
sensor data was posted on the web using colored indicators to confirm system 
status or to alert operational staff of potential problems.  In addition, WaterEye™ 
created downloadable Excel workbooks of archived sensor data and custom plots 
viewable on the web. 
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3.5 RO Pilot Equipment 
 
The selenium biotreatment pilot at Panoche WD also involved the treatment of 
concentrate water from a co-located reverse osmosis (RO) pilot project.  The RO 
pilot included the operation of media filtration and a reverse osmosis unit 
operating at 50 to 64 percent recovery.  The RO system was fed agricultural 
drainage water collected from DP-25.  The biotreatment distribution system fed 
either concentrate from the RO skid or raw DP-25 drainwater to the selenium 
bioreactors.  When the RO pilot became operational on August 3, 2005, the feed 
to the bioreactors was switched to the RO concentrate stream.  A detailed 
description of the RO pilot at Panoche WD is provided in a separate report.  A site 
layout of the Panoche WD RO pilot is given in Figure 3-7.  Photos of the RO 
equipment are provided in Figure 3-8 and 3-9. 
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Figure 3-1: Bioreactor Tanks at Panoche WD 

 
 
Figure 3-2: Bioreactors at Red Rock Ranch 
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Figure 3-3: False Floor with Nozzles 

 
 
 
Figure 3-4: Pumps, Valves and Instrumentation between Reactors 

 
 
 



   

    

Figure 3-5: Detail of Reactor Tank 

 



   

    

Figure 3-6: Diagram of Bioreactor Distribution System and Instrumentation 

 



   

    

Figure 3-7: Diagram of Panoche Water District RO Pilot (not to scale) 
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Figure 3-8:  Panoche WD RO Skid 

 
 
 
Figure 3-9: Panoche WD RO Pretreatment Equipment 
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4 PILOT OBJECTIVES, OPERATIONS 
AND MAINTENCE AND SAMPLING 

 
 

4.1 Pilot Objectives 
 
The selenium biotreatment pilots would lead to a direct model for full-scale 
design and cost estimation.  The target selenium concentration from the effluent 
of the biotreatment pilot was 10 μg/L or less.  Information gained from the pilot 
study included: 
   

1.  Empty Bed Contact Time – optimal treatment time required to achieve 
the target effluent selenium concentration.   

2.  Nutrient dosage – optimal nutrient feed rate required to achieve the 
target effluent selenium concentration 

 

4.2 Operation and Maintenance 
 
The selenium bioreactors were operated at the following flow rate and nutrient 
dosages as determined by Zenon: 
 
  •  Bioreactor flow rate = 2  gpm 

 •  Nutrient dosage rate 0.2 – 0.6 gallons nutrient/1,000 gallons water 
treated. 

 
The Phase III pilot was staffed and supported by a combination of Reclamation, 
Zenon Environmental, Boyle Engineering, Panoche WD and Red Rock Ranch 
personnel.   Reclamation’s TSC staff and Zenon staff were on site during the 
periods involving mobilization, equipment setup, startup and periodic inspection 
visits.   Reclamation’s Fresno staff along with Panoche WD and Red Rock Ranch 
personnel manned the pilots for weekly maintenance. 
 
 

4.3 Influent and Effluent Sampling 
 
Weekly influent and effluent sampling and analysis was conducted through 
Albion Laboratories in College Station, TX and Bryte Laboratories in West 
Sacramento, CA.    A summary of the Albion and Bryte Lab sampling plans are 
given in Tables 4-1 and 4-2.  Albion analyzed for total selenium in the Reactor 1 
influent and dissolved selenium in the Reactor 1 and Reactor 2 effluent.  Albion 
utilized hydride generation atomic fluorescence (HGAF) for selenium analysis as 
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defined by EPA 1632 (modified).  Bryte Labs analyzed for total selenium, 
dissolved selenium, dissolved nitrate and dissolved sulfate.  Bryte utilized 
inductively-coupled plasma mass spectrometry (ICP-MS) for selenium analysis as 
defined by EPA Method 200.8.  Dissolved nitrate and sulfate were analyzed using 
EPA method 300.0.   The Bryte sampling plan also included field measurements 
for pH, ORP, electrical conductivity and water temperature.      
 
In the Phase II selenium biotreatment pilot, ICP-MS was used for all analysis of 
total and dissolved selenium.  Prior to commencing the Phase III pilot, Zenon 
informed Reclamation that the ICP-MS method could potentially overestimate the 
concentrations of certain metals, including selenium, in high TDS sample waters.   
According to Albion (2006), the HGAF method is less prone to TDS matrix 
interferences because the gaseous selenium-hydride is stripped out of the high salt 
matrix prior to analysis.  The HGAF method was considered by Zenon to be a 
more accurate method to analyze for selenium, therefore selenium concentrations 
presented in this report were provided by Albion Labs.  However, throughout 
piloting Reclamation analyzed selenium using both HGAF and ICP-MS to 
compare the differences in concentrations.   The results of the comparison are 
provided in Section 9.3 and Appendix A.   
 
Table 4-1: Summary of Albion Lab Sampling Plan 

   SCHEDULE  
Analyte Method Reactor 1 

(R1) 
Reactor 1 

(R1) 
Reactor 2 

(R2) 
  Feed Effluent Effluent 

Dissolved Selenium HGAF  X X 
Total Selenium HGAF X   

         Note: Sampling for Albion Labs commenced June 7, 2005 
 
Table 4-2: Summary of Bryte Lab Sampling Plan 

   SCHEDULE  
Analyte Method Reactor 1 

(R1) 
Reactor 1 

(R1) 
Reactor 2 

(R2) 
  Feed Effluent Effluent 

Dissolved Selenium EPA 200.8 X X X 
Total Selenium EPA 200.8 X X X 

Dissolved Nitrate EPA 300.0 X X X 
Dissolved Sulfate  X X X 

pH Instrument X X X 
ORP Instrument X X X 
EC Instrument X   

Temp Instrument X X X 
         Note: Sampling for Bryte Labs commenced July 12, 2005 
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5 RESULTS OF PANOCHE WD PILOT 
 
 

5.1 Summary of Panoche WD Pilot Operations 
 
The Phase III selenium biotreatment pilot at Panoche WD commenced on June 6, 
2005, using raw drainage at DP-25 as the feedwater.  Raw drainwater continued 
to feed the pilot until August 3 when the feed was switched to RO concentrate.  
Flow rate to the bioreactors was 2 gpm providing an EBCT of 9.7 hours (HRT = 
4.8 hours) per bioreactor and a total EBCT of 19.4 hours (HRT = 9.6 hours) for 
the entire system.       
 
The bioreactors at Panoche WD operated without problems during the first three 
weeks of the pilot.  During the week of June 27, nitrogen gas buildup in the 
bioreactors caused air binding (bubble accumulation) within the carbon media.  
The expanding carbon reached the top of the bioreactor and plugged the effluent 
port resulting in overflow from the bioreactors.  Nutrient dosages were decreased 
but the carbon expansion problem continued into early July.  The original design 
of the bioreactors was to flow from the bottom to the top of the tanks.  During the 
week of July 5, Zenon modified the first bioreactor at both Panoche WD and Red 
Rock Ranch sites to flow from the top to the bottom of the tank.  Zenon 
speculated that this modification would cause nitrate reduction (to nitrogen gas) to 
occur in the upper portions of the carbon media, thus reducing the potential of the 
entire bed from expanding.  Since most nitrate reduction occurred in the first 
bioreactor, no modifications were made to the second bioreactor.   By the end of 
July, the air binding problem had been resolved.     
 
On August 3, 2005, the RO pilot at Panoche WD became operational.  The 
recovery of the RO system was initially set to 50% to produce RO concentrate 
feedwater to the bioreactors.  The RO concentrate flow was initially diluted 50-50 
with raw drainwater and was ramped up to full strength over a period of 7 days 
(August 3 to August 9).   The bioreactors ran without problems for the next two 
weeks.  On August 17, the Phase II RO pilot officially started and the recovery 
was increased to 64%.  The objective of the Phase II RO Pilot was to test the RO 
and selenium biotreatment systems at recoveries higher than 50%.   
 
During the last two weeks of August, the gear pump to Reactor 1 was becoming 
jammed at a frequency of every 1 to 2 days.  Inspection of the gear pump revealed 
a scaling substance (calcium sulfate) on the pump internals.  With the constant 
shutdown of the bioreactors, it was decided by Zenon and Reclamation to dilute 
the RO concentrate with raw drainwater before feeding the bioreactors.  Dilution 
of the RO concentrate with 60% raw drainwater commenced on September 2.        
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On September 6, Panoche staff reported that water was flowing into the overflow 
pipe in Reactor 1.  Since Reactor 1 flowed from the top to the bottom, it was 
speculated that the GAC had been scaled by the RO concentrate thus restricting 
flow through the media bed.  A Zenon technician visited the pilot site on 
September 7 and reported that the GAC in the first bioreactor had solidified 
(Figure 5-1).  Reactor 1 was backwashed for 30 minutes, while the GAC was 
broken-up manually with an angle iron.  After flushing and breaking-up the GAC, 
the bioreactor flow was restored.   
 
The RO system continued at 64% recovery until October 14 when scaling of the 
membranes forced the shut down of the pilot.  On October 25, a clean-in-place 
was conducted on the RO skid and the membranes were replaced.  The RO pilot 
became operational again on October 26 with a recovery of 55%.  Full strength 
RO concentrate was fed to the bioreactors starting November 3. 
 
In late October, field personnel at Panoche reported that the water level in Reactor 
1 had again reached the overflow pipe.  On November 2, a 30 minute backwash 
was performed on Reactor 1 by field staff who noticed large solidified clumps of 
GAC (Figure 5-2) in the bioreactor.  Although the backwash restored flow in 
Reactor 1, selenium removal in the reactor was negligible throughout November.  
On November 21, the feedwater to the bioreactors was permanently switched 
back to raw drainwater.  Despite the elimination of RO concentrate as the 
bioreactor feed, the selenium removal efficiency of Reactor 1 remained impaired 
through the remainder of November to January   In early February, Zenon began 
retrofitting the selenium biotreatment pilots at both Panoche Water District and 
Red Rock Ranch.  The retrofit of the pilots is described in Section 7. 
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Figure 5-1: Solidified GAC in Panoche WD Reactor 1 

 
 
Figure 5-2: Solidified GAC Clump 
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5.2 Panoche WD Bioreactor Performance 
 
Plots of selenium and nitrate concentration in the bioreactor influent and effluent 
are given in Figures 5-3 and 5-4.  The plots denote the different periods of pilot 
operation including various bioreactor feedwater sources and startup and shut 
down of the RO system.  Tables of feedwater, Reactor 1 and Reactor 2 selenium 
and nitrate concentrations are presented in Tables 5-1 and 5-2 for the duration 
June 7 to January 24.     
 
Table 5-3 summarizes the removal of selenium and nitrate for the different pilot 
operations described in Section 5.1 and depicted in Figures 5-3 and 5-4.  
Bioreactor performance was most effective during the sampling periods June 7 to 
August 2.  During this period raw drainwater was the bioreactor feedwater.  
Average influent selenium concentration was 349 μg/L and varied from a 
minimum of 179 μg/L to a maximum of 457 μg/L.  Average effluent selenium 
concentration from Reactor 1 was 13 μg/L and varied from 6 μg/L to 23 μg/L.  
Average selenium effluent concentration from Reactor 2 was 8.6 μg/L and varied 
from 2.4 μg/L to 23 μg/L.  Six out of the eight Reactor 2 effluent samples, taken 
between June 7 to August 2, had selenium concentrations below the target of 10 
μg/L.  As seen in Table 5-3 and Figure 5-3, the majority of selenium removal 
occurred in Reactor 1.  An average percent removal of 96.3% was computed for 
Reactor 1 within an EBCT of 9.7 hours (HRT = 4.8 hours).  Average effluent 
percent removal for Reactor 2 was 32.4%.   
 
Influent nitrate concentrations, for the sampling period July 12 to August 2, 
averaged 314 mg/L and varied from 304 mg/L to 324 mg/L.   Nitrate 
concentrations for Reactor 1 and 2 effluent typically ranged from <1 mg/L to < 5 
mg/L.     
 
During the sampling periods August 9 to 30, full strength RO concentrate became 
the bioreactor influent.   The RO recovery was 50% for sampling dates August 9 
and 16 and was 64% for August 23 and 30.  Average influent selenium 
concentration was 1082 μg/L and varied from 746 μg/L to 1,359 μg/L.  Reactor 1 
average effluent selenium concentration was 267 μg/L (average percent removal 
= 75.4%) and varied from 95 μg/L to 484 μg/L.   Reactor 2 average effluent 
selenium concentration was 35.6 μg/L (average percent removal = 86%) with a 
minimum of 4 μg/L and a maximum of 97.7 μg/L.  Average influent nitrate 
concentration was 697 mg/L and average Reactor 2 effluent nitrate concentration 
was <10 mg/L.  
 
After the RO recovery was increased to 64%, the Reactor 1 feedwater gear pump 
began scaling at a frequency of every 1 to 2 days.  On September 2, Reclamation 
and Zenon decided to dilute the RO concentrate at a 60-40 raw drainwater to RO 
concentrate ratio before feeding the bioreactors. Scaling problems with the 
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Reactor 1 GAC was encountered in early September.  The impacts of GAC 
scaling on Reactor 1 performance is observed in Table 5-3 during the sampling 
period September 6 to October 11.  Average influent selenium concentration was 
1,240 μg/L and varied from 1,051 μg/L to 1,500 μg/L.  Despite a September 7 
backwash on Reactor 1 which restored flow, average effluent selenium 
concentration was 824 μg/L (average percent removal of 33%) and reached a high 
of 1,260 μg/L.  Average Reactor 2 effluent concentration was 11.2 μg/L (average 
percent removal = 98.6%) and ranged from 4.3 μg/L to 19.0 μg/L.  Despite the 
performance problems of Reactor 1, the second bioreactor still provided very 
efficient selenium removal.  The average effluent nitrate concentration from 
Reactor 2 was <10 mg/L.                     
 
The first bioreactor began overflowing again in late October and was backwashed 
on November 2.  During a three week period in November, represented by 
sampling periods November 8 to November 15, the bioreactors were again fed 
full strength concentrate from the RO system now operating at 55% recovery.  
During this period average influent selenium concentration was 2,320 μg/L and 
varied from 1,650 μg/L to 2,990 μg/L.  Although the water level in Reactor 1 
remained at normal levels and the GAC was easily penetrable by an angle iron, 
the removal of selenium from Reactor 1 was negligible.  Average effluent 
selenium concentration from Reactor 1 was 2,585 μg/L (average percent removal 
-11.4%) and ranged from 2,090 μg/L to 3,080 μg/L.  Higher selenium 
concentrations in the Reactor 1 effluent compared to the influent brought 
concerns of possible damage to the GAC media or to the biological culture in the 
bioreactor.  The damage was assumed to be caused by the scaling problems first 
encountered in late summer 2005.  One speculation was that calcium sulfate 
seeding crystals had formed in the Reactor 1 GAC which caused constant 
rescaling despite backwashing efforts by field personnel.  Reactor 2 performance 
also declined during this period with an average effluent selenium concentration 
of 1,535 μg/L (average percent removal 40.6%).  Average Reactor 2 effluent 
nitrate concentrations reached the highest levels during the pilot at 373 mg/L.  On 
November 21, the feedwater to the bioreactors was switched to raw drainwater.          
 
During the sampling period November 22 to January 24, the bioreactors were fed 
raw drainwater in the attempt to stabilize reactor performance.  Average influent 
selenium concentration was 246 μg/L and ranged from 153 μg/L to 687 μg/L.  
Reactor 1 average effluent selenium concentration was 179 μg/L and varied from 
137 μg/L to 267 μg/L.  Average percent removal of selenium in Reactor 1 
increased to only 27.2% supporting the assumption that the bioreactor GAC or 
culture had been damaged.   Reactor 2 average effluent selenium concentration 
was 37.2.5 μg/L (average percent removal = 79.2%) and varied from 6.1 μg/L to 
219 μg/L.  Average effluent nitrate concentration from Reactor 2 was <10 mg/L. 
 



   

   

Figure 5-3: Panoche WD, Selenium Concentration (June 2005 – January 2006) 
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Figure 5-4: Panoche WD, Nitrate Concentration (July 2005 – January 2006) 
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Table 5-1:  Panoche WD Selenium Concentrations 

Date Influent Reactor 1 Reactor 2 
 Se (μg/L) Se (μg/L) Se (μg/L) 

7-Jun-05 291 7.53 3.03 
14-Jun-05 179 8.85 9.87 
28-Jun-05 344 22.5 8.49 
5-Jul-05 345 6.54 2.35 
12-Jul-05 368 11.9 4.91 
19-Jul-05 401 5.66 4.97 
26-Jul-05 457 22 12.5 
2-Aug-05 403 17.2 23 
9-Aug-05 746 173 97.7 
16-Aug-05 910 484 21.8 
23-Aug-05 1312 314 18.7 
30-Aug-05 1359 95 4.01 
6-Sep-05 1138 1005 4.32 
13-Sep-05  854 13.9 
20-Sep-05 1051 936 5.01 
27-Sep-05 1261 858 19 
4-Oct-05 1500 1260 11.6 
11-Oct-05 1251 30.6 13.6 
25-Oct-05 1040 1780 8.74 
1-Nov-05 1750 2850 47 
8-Nov-05 2990 3080 1890 
15-Nov-05 1650 2090 1180 
22-Nov-05 687 198 219 
29-Nov-05 288 267 18.2 
6-Dec-05 153 164 15.8 
13-Dec-05 169 137 22.6 
20-Dec-05 170 141 24 
27-Dec-05 197 144 8.12 
3-Jan-06 294 757 482 
11-Jan-06 198 186 6.05 
17-Jan-06 203 191 8.94 
24-Jan-06 218 212 20.7 

     Notes:  1.   Selenium analysis conducted by Albion Labs 
2. Gray region denotes RO Concentrate as feedwater 
3. 10/14-11/2, RO shut down, raw drainwater as feed 
4. 10/16-10/19, DP-25 sump pump burned out 
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Table 5-2:  Panoche WD Nitrate Concentrations 

Date Influent Reactor 1 Reactor 2 
 NO3 (mg/L) NO3 (mg/L) NO3 (mg/L) 

12-Jul-05 313 <1 <1 
19-Jul-05 313 13.5 <1 
26-Jul-05 324 <5 <5 
2-Aug-05 304 <5 <5 
9-Aug-05 564 34.7 <5 
16-Aug-05 584 126 <10 
23-Aug-05 806 148 <5 
30-Aug-05 832 <20 28.3 
6-Sep-05 545 302 <10 
13-Sep-05 577 271 <10 
20-Sep-05 555 246 <5 
27-Sep-05 667 139 <10 
4-Oct-05 729 <2.5 <2.5 
11-Oct-05 710 395 9.8 
25-Oct-05 363 196 <5 
1-Nov-05 1170 1120 18.8 
8-Nov-05 1250 925 438 
15-Nov-05 532 1040 308 
22-Nov-05  202 51.2 
29-Nov-05 292 68 <10 
6-Dec-05 240 34.1 <2.5 
13-Dec-05  46.2 <10 
27-Dec-05 262 19.1 <10 
11-Jan-06 287 40.6 <10 
17-Jan-06 285 78.6 <5 
24-Jan-06 274 69.9 2.2 

       Notes:  1.    Nitrate analysis conducted by Bryte Labs 
2. Gray region denotes RO Concentrate as feedwater 
3. 10/14-11/2, RO shut down, raw drainwater as feed 
4. 10/16-10/19, DP-25 sump pump burned out 
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Table 5-3: Panoche WD Selenium and Nitrate Removal by Selected Sampling 
Periods 

Panoche WD Selenium Removal by Sampling Period    
Reactor 1 Influent      
Sampling Period 6/7 - 8/21 8/9 - 8/302 9/6 - 10/113 11/8 - 11/154 11/22 - 1/245 

Average 349 1082 1240 2320 246 
Minimum 179 746 1051 1650 153 
Maximum 457 1359 1500 2990 687 

      
Reactor 1 Effluent      
Sampling Period 6/7 - 8/21 8/9 - 8/302 9/6 - 10/113 11/8 - 11/154 11/22 - 1/245 

Average 13 
(93.6%)6 

267 
(75.4%)6 

824 
(33.6%)6 

2585 
(-11.4%)6 

179 
(27.2%)6 

Minimum 6 95 31 2090 137 
Maximum 23 484 1260 3080 267 

      
Reactor 2 Effluent      
Sampling Period 6/7 - 8/21 8/9 - 8/302 9/6 - 10/113 11/8 - 11/154 11/22 - 1/245 

Average 8.6 
(32.4%)6 

35.6 
(86.7) 6 

11.2 
(98.6%)6 

1535 
(40.6%)6 

37.2 
(79.2%)6 

Minimum 2.4 4.0 4.3 1180 6.1 
Maximum 23 97.7 19.0 1890 219.0 

      
Panoche WD Nitrate Removal by Sampling 
Period 

   

Reactor 1 Influent      
Sampling Period 7/12 - 8/21 8/9 - 8/302 9/6 - 10/113 11/8 - 11/154 11/22 - 1/245 

Average 314 697 630 891 273 
Minimum 304 564 545 532 240 
Maximum 324 832 729 1250 292 

      
Reactor 1 Effluent      
Sampling Period 7/12 - 8/21 8/9 - 8/302 9/6 - 10/113 11/8 - 11/154 11/22 - 1/245 

Average <5 82 271 983 70 
Minimum <1 <20 <2.5 925 19 
Maximum 13.5 148 395 1040 202 

      
Reactor 2 Effluent      
Sampling Period 7/12 – 8/21 8/9 - 8/302 9/6 - 10/113 11/8 - 11/154 11/22 - 1/245 

Average <1 <10 <10 373 <10 
Minimum <1 <5 <2.5 308 <2.5 
Maximum <5 28.3 9.8 438 51.2 

Notes:  1.   Raw drainwater (DP-25) was bioreactor influent. 
2. Full strength RO concentrate was bioreactor influent. Recovery was 50% on 8/9 and   

8/16 and 64% on 8/23 and 8/30. 
3. RO concentrate (diluted 60%) was bioreactor influent. Recovery was 64%.  
4. Full strength RO concentrate was bioreactor influent. Recovery was 55%. 
5. Raw drainwater was bioreactor influent. 
6.   Average percent removal of selenium in parentheses 
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6 RESULTS OF RED ROCK RANCH 
PILOT 

 
 

6.1 Summary of Red Rock Ranch Pilot Operations 
 
The Phase III selenium biotreatment pilot at Red Rock Ranch commenced on 
June 6, 2005, using raw drainage at Sump-D as the feedwater.  Flow rate to the 
bioreactors was 2 gpm providing an EBCT of 9.7 hours (HRT = 4.8 hours) per 
reactor and a total EBCT of 19.4 hours (HRT = 9.6 hours) for the entire system.     
 
The bioreactors at Red Rock Ranch operated without problems during the first 
month of the pilot.  In late June, nitrogen gas buildup in the reactors caused air 
binding of the GAC media at Red Rock Ranch.  During the week of July 5, Zenon 
modified the first bioreactor to flow from the top to the bottom of the tank.  Over 
the next 5 weeks, selenium concentrations in Reactor 1 started to increase.  On 
August 15, Zenon performed a backwash on Reactor 1 in the attempt to improve 
bioreactor performance.  Despite the backwash, selenium concentrations 
continued to increase in the effluent of Reactor 1.  On September 7, Zenon visited 
the Red Rock Ranch pilot and discovered that liquid had leaked in the electronics 
of the nutrient metering pump.  The metering pump was replaced by a spare pump 
and was deemed to be functioning properly.   
 
On October 25, Zenon inspected Red Rock Ranch as part of a reconnaissance visit 
to scope retrofit requirements.  During the visit, Zenon was informed of further 
problems with dosing nutrient to the bioreactors.  Field staff explained to Zenon 
that the gear pump to Reactor 1 was constantly turning on and off.  If nutrient was 
being dosed while the Reactor 1 feed pump was off, the nutrient would reverse 
flow through the influent pipe particularly when the water level in the 10,000 
gallon feedwater tank was low.  The constant starting and stopping of the Reactor 
1 feed pump was attributed to a faulty level sensor in the 200 gallon plastic sump 
tank.  The level sensor was disconnected and flows between the bioreactors were 
thereafter balanced by adjusting the VFD speeds for the two feed pumps.            
 
The pilot at Red Rock Ranch continued to operate despite declining performance 
in both bioreactors.  On February 13, Zenon visited Red Rock Ranch as part of 
retrofit activities.  During the visit, Zenon observed that the nutrient was barely 
flowing to the bioreactors.  The nutrient metering pump was disassembled and 
debris was found lodged in the nutrient pump check valve.  The debris was 
removed and the metering pump was reassembled and recalibrated. 
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6.2 Analysis of Red Rock Ranch Pilot Results 
 
Plots of selenium and nitrate concentration in the bioreactor influent and effluent 
are given in Figures 6-1 and 6-2.  Tables of feedwater, Reactor 1 and Reactor 2 
selenium and nitrate concentrations are presented in Tables 6-1 and 6-2 for the 
duration June 7 to January 31.  According to Zenon, performance problems at Red 
Rock Ranch were attributed mostly to the nutrient dosing system with problems 
discovered during their September 7 and October 25 site visits.  A description of 
Red Rock Ranch pilot performance will therefore be provided for three periods.  
The first period will be from June 7 to August 30 prior to the first nutrient pump 
failure discovery.  The second period will cover September 6 to October 25 prior 
to the second nutrient pump failure discovery.  The third period will cover 
November 1 to January 31 prior to the Red Rock Ranch retrofit.  A summary of 
selenium and nitrate concentrations for these three periods are provided in Table 
6-3.   
 
 As seen in Figure 6-1 and Table 6-1, during the first four weeks of the pilot (June 
7 to June 28), influent selenium concentration ranged from 673 μg/L to 848 μg/L.  
Effluent selenium concentrations from Reactor 1 varied between 28.8 μg/L to 
40.1 μg/L, while Reactor 2 effluent selenium concentrations varied from 2.66 
μg/L to 12.5 μg/L.   The pilot ran without problems until late June, when air 
binding of the GAC media was detected in Reactor 1.  The impact of air binding 
on Reactor 1 performance can be observed in Table 6-1 with an effluent selenium 
concentration of 500 μg/L on July 5.   Reactor 1 was converted to a down-flow 
system later in the week of July 5, however, with the exception of a slight 
decrease on July 12, selenium concentration continued to increase into mid-
August.  Zenon conducted a backwash of Reactor 1 on August 15, but selenium 
concentrations in Reactor 1 continued to increase. 
 
Despite increasing selenium concentrations in Reactor 1, selenium concentrations 
from Reactor 2 remained fairly stable from June 7 to August 30.   Table 6-3 
shows that for the entire period from June 7 to August 30 average influent 
selenium concentration was 877 μg/L and varied from 673 μg/L to 1,095 μg/L.   
Average Reactor 1 effluent selenium concentration was 388 μg/L (average 
percent removal= 55.8%) and ranged from 29 μg/L to 1,014 μg/L.  Average 
Reactor 2 effluent selenium concentration was 22 μg/L (average percent removal 
= 94.3%) and varied between 3 μg/L to 56 μg/L.   Effluent nitrate concentrations 
from Reactor 2 were mostly <5 mg/L.  June 6 to August 30 marked the period of 
best performance for the Red Rock Ranch pilot.   
 
On September 7, Zenon discovered a mechanical problem with the Red Rock 
Ranch nutrient metering pump.  The pump was repaired after a selenium 
concentration of 1087 μg/L was measured for Reactor 1.   As seen in Figure 6-1, 
selenium concentration dropped to 14.1 μg/L in Reactor 1 over a period of 3 
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weeks after the metering pump was repaired.  However, selenium concentrations 
in both Reactor 1 and Reactor 2 started to increase again by early October.  Table 
6-3 summarizes Reactor performance from September 6 to October 25.  Average 
influent selenium during this period was 1,054 μg/L and varied from 752 μg/L to 
1,330 μg/L.   Average Reactor 1 effluent selenium concentration was 294 μg/L 
(average percent removal = 72.1%) and ranged from 14 μg/L to 1,087 μg/L.  
Average Reactor 2 effluent selenium concentration was 80 μg/L (average percent 
removal = 72.8%) and varied between 16 μg/L to 255 μg/L.  Effluent nitrate 
concentrations from Reactor 2 between September 6 to October 25 were mostly 
<10 mg/L.  The increase in selenium concentration in both bioreactors prompted 
concerns of another mechanical problem or a system upset.     
 
During the October 25 site visit, Zenon discovered a problem with the Reactor 1 
gear pump which caused nutrient to backflow through the influent pipe.  Nutrient 
flow was restored but bioreactor performance continued to diminish during the 
period from October 25 to January 31.  Average influent selenium during this 
period was 809 μg/L and varied from 294 μg/L to 1,220 μg/L.  Average Reactor 1 
effluent selenium concentration was 622 μg/L (average percent removal = 23.1%) 
and ranged from 190 μg/L to 891 μg/L.  Average Reactor 2 effluent selenium 
concentration was 373 μg/L (average percent removal = 40.0%) and varied 
between 40 μg/L to 988 μg/L.   Effluent nitrate concentrations from Reactor 2 
ranged from 2.5 mg/L to 181 μg/L.  The period from October 25 to January 31 
marked the worst performance of the Red Rock Ranch pilot.  Retrofit activities at 
Red Rock Ranch commenced in mid-February. 
   



   

     

Figure 6-1: Red Rock Ranch Selenium Concentration 
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Figure 6-2: Red Rock Ranch Nitrate Concentration 
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Table 6-0-1:  Red Rock Ranch Selenium Concentration 

Date Influent Reactor 1 Reactor 2 
 Se (μg/L) Se (μg/L) Se (μg/L) 
7-Jun-05 673 28.8 8.08 
14-Jun-05 848 31 12.5 
28-Jun-05 769 40.1 2.66 
5-Jul-05 802 500 6.63 
12-Jul-05 819 161 11.4 
19-Jul-05 825 310 56.2 
26-Jul-05 1038 509 32.1 
2-Aug-05 978 502 30 
9-Aug-05 827 485 12.9 
16-Aug-05 1010 625 29.1 
23-Aug-05 838 456 16.1 
30-Aug-05 1095 1014 51.4 
6-Sep-05 1082 1087 255 
13-Sep-05 1047 650 40.6 
20-Sep-05 896 133 15.9 
27-Sep-05 1012 14.1 18.5 
4-Oct-05 752 241 31.6 
11-Oct-05 1080 26.4  
18-Oct-05 1230 76 92.2 
25-Oct-05 1330 125 103 
1-Nov-05 731 192 130 
8-Nov-05 1220 190 103 
15-Nov-05 737 679 39.8 
22-Nov-05 971 615 139 
29-Nov-05 890 891 384 
13-Dec-05 939 360 225 
20-Dec-05 750 880 988 
27-Dec-05 1030 872 618 
3-Jan-06 294 757 482 
11-Jan-06 712 629 326 
17-Jan-06 710 698 418 
31-Jan-06 719 705 629 
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Table 6-0-2: Red Rock Ranch Nitrate Concentration 

Date Influent Reactor 1 Reactor 2 
 NO3 (mg/L) NO3 (mg/L) NO3 (mg/L) 
12-Jul-05 397 36 <1 
19-Jul-05 435 54.6 <1 
26-Jul-05 432 124 <5 
2-Aug-05 458 66.1 <5 
9-Aug-05 470 140 <5 
16-Aug-05 474 72.9 <5 
23-Aug-05 466 66.7 <5 
30-Aug-05 440 387 <10 
6-Sep-05 466 270 42.1 
13-Sep-05 515 77.6 <10 
20-Sep-05 350  <5.0 
27-Sep-05 481 <10 <10 
4-Oct-05 327 11.4 <2.5 
11-Oct-05 530 <2.5 307 
18-Oct-05 561 <10 <10 
25-Oct-05 651 14.2 <5 
1-Nov-05 680 208 <5 
8-Nov-05 614 46.6 <2.5 
15-Nov-05 629 353 <2.5 
22-Nov-05 505 356 116 
29-Nov-05 410 309 138 
13-Dec-05 470 218 49.5 
20-Dec-05 484 266 16.3 
27-Dec-05 413 319 142 
11-Jan-06 230 154 29.4 
17-Jan-06 281 154 10.3 
31-Jan-06 336 262 181 
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Table 6-3: Red Rock Ranch Selenium and Nitrate Removal by Selected Sampling 
Periods 

Red Rock Ranch Selenium Removal by Sampling Period 
Reactor 1 Influent    
Sampling Period 6/7 - 8/301 9/6 - 10/252 11/1 - 1/313 

Average 877 1054 809 
Minimum 673 752 294 
Maximum 1095 1330 1220 

   
Reactor 1 Effluent    
Sampling Period 6/7 - 8/301 9/6 - 10/252 11/1 - 1/313 

Average 388 
(55.8%)4 

294 
(72.1%)4 

622 
(23.1%)4 

Minimum 29 14 190 
Maximum 1014 1087 891 

   
Reactor 2 Effluent    
Sampling Period 6/7 - 8/301 9/6 - 10/252 11/1 - 1/313 

Average 22 
(94.3%)4 

80 
(72.8%)4 

373 
(40.0%)4 

Minimum 3 16 40 
Maximum 56 255 988 

   
Red Rock Ranch Nitrate Removal by Sampling Period  
Reactor 1 Influent    
Sampling Period 7/12 - 8/301 9/6 - 10/252 11/1 - 1/313 

Average 447 485 459 
Minimum 397 327 230 
Maximum 474 651 680 

   
Reactor 1 Effluent    
Sampling Period 7/12 - 8/301 9/6 - 10/252 11/1 - 1/313 

Average 118 93 241 
Minimum 36 11 47 
Maximum 387 270 356 

   
Reactor 2 Effluent    
Sampling Period 7/12 - 8/301 9/6 - 10/252 11/1 - 1/313 

Average <5 <10 85 
Minimum <1 <2.5 10 
Maximum <10 307 181 

 Notes:   1.  Prior to first discovery of nutrient dosing failure   
  2.  Prior to second discovery of nutrient dosing failure   
  3.  Prior to system retrofit 
  4.  Average percent removal of selenium in parentheses 
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7 PILOT RETROFIT 
 
In early October 2005, discussions were held between Reclamation and Zenon 
about the performance of the selenium biotreatment pilots to date.  Reclamation 
tasked Zenon to develop a workplan that would enable the pilots to meet the 
target effluent concentration of 10 μg/L on a consistent basis.  On October 25, 
Zenon staff visited both pilot sites to assess the condition of the biotreatment 
systems and to discuss preliminary modifications with Reclamation personnel.  
On December 2, Zenon provided Reclamation with their workplan for pilot 
system retrofit.  The proposed retrofit consisted of GAC replacement and 
inoculation, a bioreactor backwash system, an improved nutrient dosing system 
and bioreactor cover installation.  In early January 2006, Zenon was contracted to 
perform the retrofit.  Initial retrofit activities took place from February 1 to 
February 14, 2006 with additional retrofit activities occurring in April and June 
2006.  The retrofit activities are summarized below. 
 

7.1 GAC Replacement and Inoculation 
 
Due to the scaling of the GAC that occurred at the Panoche WD pilot, Zenon 
recommended replacement of the GAC in Reactor 1 along with inoculation.  
Zenon also recommended adding additional GAC in all bioreactors at both pilots 
to increase their EBCT.  New GAC was shipped to the pilot sites in 1100 pound 
(36.7 ft3) nylon supersacks. The lead bioreactor at Panoche WD required five 
sacks to replace the original damaged carbon and an additional sack to increase 
the EBCT.  The total GAC volume of Reactor 1 was 220 ft3.  A new bacterial 
culture was shipped to the site and was scaled up to 800 gallons.  The GAC was 
pretreated with nutrient and Reactor 1 was inoculated.  Zenon also added a single 
sack of GAC each to the second bioreactor at Panoche WD and to both 
bioreactors at Red Rock Ranch to increase their total volumes to 220 ft3.  The Red 
Rock Ranch bioreactors and the second bioreactor at Panoche WD were not re-
inoculated.  Table 7-1 summarizes the EBCT and HRT for a GAC volume of 220 
ft3 (1,628 gallon) and flow rates ranging from 1 gpm to 3 gpm.  The activities for 
GAC replacement and inoculation took place from February 1 to February 14, 
2006. 
 
Table 7-1: Approximate EBCT and HRT per Reactor, Post-Retrofit 

Flow Rate 
(gpm) 

GAC Volume 
(gal) 

EBCT 
(hr) 

HRT 
(hr) 

1.00             1,628  27.1 13.6 
1.50             1,628  18.1 9.0 
2.00             1,628  13.6 6.8 
2.50             1,628  10.9 5.4 
3.00             1,628  9.0 4.5 
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7.2 Bioreactor Flush System and Solids 
Characterization 

 
ZENON had been conducting internal research on the effects of flushing solids 
and gas from bioreactors removing high concentrations of nitrate.  Results from 
this research had shown an increase in bioreactor performance from periodic 
solids removal and restacking of the carbon bed.  ZENON recommended the 
procurement of a 280 gpm pump for complete fluidization of the carbon bed and a 
flush effluent collection tank.  Backwashes would last 20 minutes and would 
produce about 5,600 gallons of flushing of water.  For the first backwash at 
Panoche WD, the resulting backwash solids would be settled in the collection 
tank and samples would be sent to a lab for chemical analysis.  The first backwash 
occurred at Panoche WD on January 30, 2006, and the lab analysis of the 
backwash decant water and sludge is given in Appendix B.  Backwashes would be 
conducted on a routine basis thereafter to maintain bioreactor performance.  
Zenon initially recommended that backwashes occur on monthly basis at both 
pilot sites.  In late April, the frequency of backwashing had increased to a weekly 
basis.   
 
    

7.3 Nutrient Distribution Equipment 
 
Zenon also recommended that the nutrient distribution system be upgraded to 
allow for better dosage monitoring.  The new nutrient dosing system was skid 
mounted and included: 
 
 •  gear pump with ½ hp motor and VFD 
 •  magnetic flow meter with a range of 34-1000 mL/min 
 •  three 1/2 inch stainless steel ball valves with pneumatic actuators 
 •  0.9 cfm compressor with 2 gallon storage tank 
  •  NEMA 4 control enclosure with back panel  
 •  PLC with 12 digital inputs and 8 digital outputs 
 
Gear pumps and pneumatic actuators were controlled by the nutrient skid PLC.   
Nutrient flow would be measured by the magnetic flow meter and feedback to the 
PLC.  One new nutrient skid was constructed by Zenon (Figure 8-1) and was 
initially tested at the Panoche WD pilot from April 7 to June 4, 2007.   On June 5, 
the Panoche WD pilot was shut down after 3 months of successful performance.  
The nutrient skid was moved to Red Rock Ranch in mid-June and the Red Rock 
Ranch pilot was restarted on June 19.   
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Figure 7-1: Nutrient Skid 

 
 
 

7.4 Bioreactor Cover Installation 
 
The bioreactors were constructed from 6 ft diameter open top steel cylindrical 
tanks.  The bioreactors were originally covered with plastic lids that were 
procured for the Phase I biotreatment pilot.  Because the original plastic lids did 
not provide an adequate seal at the top of the vessel, accurate off-gas sampling 
and analysis was not possible.  Accurate off-gas sampling and analysis was 
important for the following reasons: 
 

1.  Determining the content of any gases generated by the biological 
processes to determine if supplemental off-gas treatment equipment is 
required for the full scale system. 

 
2. Knowledge of gases would allow Zenon to determine if any special 

safety precautions would be necessary for operations staff. 
 
3. Knowledge of gases would assist in the selection/evaluation of 

appropriate materials of construction for the reactor vessel structures, 
reactor internals and any other equipment associated with the project.   

 
ZENON proposed the installation of a bioreactor cover that provided a sealed 
head space for off-gas analysis.  The cover was made of fiberglass reinforced 
plastic, which was easily clamped on to the bioreactors (Figure 8-2). The covers 
had fittings for gas sampling, connections for instrumentation, an emergency vent, 
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and handles for lifting the tanks during installation. The data collected from the 
off-gas analysis would provide the information noted above for the full scale 
design team.  Installation of the bioreactor covers occurred in May 2006 for the 
Panoche WD pilot (Figure 8-3).  The lids were moved to Red Rock Ranch in June 
2006.  
 
Figure 7-2: Bioreactor FRP Lids  

 
 
Figure 7-3: Panoche WD Pilot with New Bioreactor Lids 
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8 POST-RETROFIT PILOT RESULTS 
 
 

8.1 Panoche WD Post-Retrofit Results 
 
February 2006 retrofits to the Panoche WD selenium biotreatment pilot included 
the replacement of the GAC in Reactor 1, inoculation of Reactor 1, the placement 
of an additional 1100 pounds (36.7 ft3) of GAC in each bioreactor to increase the 
EBCT, and the implementation of a routine backwash schedule.  The Panoche 
WD pilot was restarted on February 13, 2006, using raw drainage at DP-25 as the 
feedwater.  On April 4, 2006, a specialized nutrient skid was added and on May 8, 
new FRP bioreactor lids were installed to conclude Panoche WD retrofit 
activities.  Flow rate to the bioreactors was 2 gpm providing an EBCT of 13.6 
hours (HRT of 6.8 hours) per bioreactor.  The system operated for three months 
and was successful at consistently achieving effluent selenium concentrations at 
or below the target concentration of 10 μg/L.  Raw drainwater fed the bioreactors 
until June 5 when the pilot was shut down.  Having completed performance 
objectives at the Panoche site, the remaining resources (equipment and labor) 
were allocated to the Red Rock Ranch site, which, due to limited funding, did not 
have all retrofit modifications implemented.    
 
Plots of selenium and nitrate concentration in the bioreactor influent and effluent 
for the duration February 21 to May 30 are given in Figures 8-1 and 8-2.  Tables 
8-1 and 8-2 summarize the removal of selenium and nitrate for the pilot 
operations depicted in Figures 8-1 and 8-2.  Average influent selenium 
concentration was 330 μg/L and varied from a minimum of 295 μg/L on February 
21 to a maximum of 383 μg/L on May 30.  Average selenium effluent 
concentration from Reactor 1 was 46.2 μg/L and varied from 0.9 μg/L to 262 
μg/L.  Average effluent selenium concentration from Reactor 2 was 7.9 μg/L and 
varied from 2.8 μg/L to 30.1 μg/L.  Ten out of twelve Reactor 2 effluent samples, 
had selenium concentrations at or below the target concentration of 10 μg/L.  The 
two exceptions were 30.1 μg/L on February 21 and 10.5 μg/L on March 17.    
 
As seen in Table 8-1 and Figure 8-1, the majority of selenium removal occurred 
in Reactor 1.  Nine out of twelve Reactor 1 effluent concentrations were below 16 
μg/L and seven out of twelve were below the target of 10 μg/L.  Reactor 1 
selenium concentrations for March 17 (195 μg/L) and May 9 (262 μg/L) are much 
higher compared to the other sampling dates and could be erroneous data.  If the 
March 17 and May 9 data are removed from the data set, the average Reactor 1 
effluent selenium concentration for the post retrofit period is 9.8 μg/L.   
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Influent nitrate concentrations for the post retrofit period average 301 mg/L and 
vary from 168 mg/L to 339 mg/L.   Nitrate concentrations for Reactor 1 and 2 
effluent typically ranged from <5 mg/L to < 1 mg/L.     
 
 



   

   

Figure 8-1:  Panoche WD, Selenium Concentration (February 2006 – May 2006) 

0

100

200

300

400

500
14

-F
eb

28
-F

eb

14
-M

ar

28
-M

ar

11
-A

pr

25
-A

pr

9-
M

ay

23
-M

ay

6-
Ju

n

Se
le

ni
um

 (u
g/

L)

Feedwater Total Se R1 Dissolved Se R2 Dissolved Se
 



   

   

Figure 8-2: Panoche WD, Nitrate Concentration (February 2006– May 2006) 
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Table 8-1: Panoche WD Selenium Concentrations 

Date Influent Reactor 1 Reactor 2 
 Se (μg/L) Se (μg/L) Se (μg/L) 

7-Mar-06 297 3.87 6.31 
17-Mar-06 327 195 10.5 
22-Mar-06 311 3.39 4.64 
4-Apr-06 345 6.71 10 
11-Apr-06 340 11.5 6.51 
18-Apr-06 349 6.37 4.12 
25-Apr-06 333 34.9 3.4 
3-May-06 328 8.6 2.84 
9-May-06 338 262 5.32 
23-May-06 311 0.9 4.05 
30-May-06 383 15.6 6.51 

  
Average 330 46.2 5.8 
Min 295 0.9 2.8 
Max 383 262.0 10.5 

    
   

Table 8-2: Panoche WD Nitrate Concentrations 

Date Influent Reactor 1 Reactor 2 
 NO3 (mg/L) NO3 (mg/L) NO3 (mg/L) 

7-Mar-06 302 <5 <5 
22-Mar-06 316 <10 <10 
4-Apr-06 339 <2.5 <2.5 
11-Apr-06 313 <5 <5 
18-Apr-06 307 <1 <1 
25-Apr-06 319 <0.5 <0.5 
2-May-06 429 23.9 <10 
9-May-06 334 156 <5 
23-May-06 318 <5 <5 
30-May-06 168 <2.5 <2.5 
    
Average 303 <5 <5 
Min 168 <0.5 <0.5 
Max 339 156 <10 
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8.2 Red Rock Ranch Post-Retrofit Results 
 
February 2006 retrofits to the Red Rock Ranch pilot included the placement of an 
additional 1100 pounds (36.7 ft3) of GAC in each bioreactor, and the 
implementation of a routine backwash schedule.  The Red Rock Ranch pilot was 
shut down only briefly in early February for loading additional GAC and did not 
miss a water sampling session.  During a February 14 site visit, Zenon staff 
examined the nutrient metering pump at Red Rock Ranch and found debris stuck 
in the pump check valve.  The debris contributed to the poor performance of the 
bioreactors the previous year.  The metering pump was reassembled and 
continued to serve as the primary nutrient dosing pump from February to early 
June.  Due to limited budget, Zenon did not construct a nutrient dosing skid for 
Red Rock Ranch as they did for Panoche WD.  In early June, the nutrient dosing 
system at Red Rock Ranch failed again prompting the temporary shutdown of the 
pilot.  In mid-June, the nutrient dosing skid and FRP bioreactor lids were moved 
from Panoche Water District to Red Rock Ranch and the pilot was restarted on 
June 19, 2006.  The pilot at Red Rock Ranch continued to operate until the 
shutdown of the project on September 20, 2006.     
 
Plots of selenium and nitrate concentration in the bioreactor influent and effluent 
for the entire post-retrofit period (February 7, 2006 to September 20, 2006) are 
given in Figures 8-3 and 8-4.  Tables 8-3 and 8-4 summarize the concentrations of 
selenium and nitrate for the period depicted in the plots.   
 
Between February 7 to February 28, effluent selenium concentrations from 
Reactor 2 decreased significantly as it stabilized from retrofit activities.  During 
the period February 28 to May 30, Reactor 2 average selenium concentration was 
45 μg/L and varied between 9.8 μg/L and 227 μg/L (Table 8-5, first data column).  
Although the target selenium concentration of 10 μg/L was not yet met, the 
performance of the bioreactors improved significantly over the previous year.   
 
Bioreactor performance further improved after moving the nutrient skid from 
Panoche WD to Red Rock Ranch in mid-June 2006.  A summary table and plot of 
selenium concentrations after the installation of the nutrient skid is given in Table 
8-5 and Figure 8-5.  The second data column of Table 8-5 summarizes the 
selenium concentrations after the installation of the nutrient skid to the end of 
project (June 20 to September 20).  For this period, average effluent selenium 
concentration from Reactor 1 was 17.1 μg/L and varied from 4.3 μg/L to 126 
μg/L.  Average effluent selenium concentration from Reactor 2 was 16.0 μg/L 
and varied from 1.8 μg/L to 197.0 μg/L.   
 
Figure 8-5 shows that effluent selenium concentrations begin to stabilize about 
three weeks following the start-up of the nutrient skid.  A summary of selenium 
concentrations for the period July 4 to September 30, is provided in the third data 
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column of Table 8-5.  Average effluent selenium concentration for Reactor 1 was 
9.6 μg/L and varied from 4.3 were 9.6 μg/L to 25.6 μg/L.   Average effluent 
selenium concentration for Reactor 2 was 6.0 μg/L and varied from 1.8 μg/L to 
12.4 μg/L.   For this period, sixteen out of twenty-one Reactor 2 effluent samples 
had selenium concentrations below the target concentration of 10 μg/L.  Twelve 
out of twenty-one Reactor 1 effluent samples had selenium concentrations below 
the target concentration of 10 μg/L.  The target effluent concentration was 
achieved in Reactor 1 in about 57% of the sampling events following July 4.  Like 
the Panoche WD pilot, the EBCT of one bioreactor was about 13.6 hours (HRT 
about 6.8 hours). 
 
 
 
 
 



   

   

Figure 8-3: Red Rock Ranch, Selenium Concentration (February 2006 – September 2006) 
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Figure 8-4: Red Rock Ranch, Nitrate Concentration (February 2006– September 2006) 
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Table 8-3: Red Rock Ranch Selenium Concentrations 

Date Influent Se  
(μg/L) 

Reactor 1 Se 
(μg/L) 

Reactor 2 Se 
(μg/L) 

7-Feb-06 742 731 658 
14-Feb-06 809 765 648 
21-Feb-06 817 747 548 
28-Feb-06 809 226 28.2 
7-Mar-06 820 376 51.9 
28-Mar-06 737 83.8 19.2 
4-Apr-06 688 35.1 42.2 
11-Apr-06 530 71.8 227 
18-Apr-06 875 71.6 46.3 
25-Apr-06 801 412 23.1 
2-May-06 804 352 36.8 
9-May-06 807 523 22.9 
16-May-06 944 530 9.8 
23-May-06 899 560 10.7 
30-May-06 593 333 19.7 
20-Jun-06 420 126 197 
27-Jun-06 688 38.2 31.5 
4-Jul-06 845 36.2 19.7 
11-Jul-06 431 5.68 9.95 
18-Jul-06 616 15.9 12.4 
24-Jul-06 439/519 5.28 9 
25-Jul-06 466 13.4 11.2 
31-Jul-06 661/644 6.01 2.58 
2-Aug-06 641 5.02 4.77 
7-Aug-06 753/818 4.29 2.23 
9-Aug-06 922 8.64 5.53 
14-Aug-06 259 5.33 4.95 
16-Aug-06 264 12.4 7.29 
21-Aug-06 555 7.27 2.43 
23-Aug-06 349 9.85 11.4 
28-Aug-06 267 13.3 7.26 
30-Aug-06 309 25.6 10.7 
4-Sep-06 672 5.65 1.81 
6-Sep-06 676 7.23 3.09 
11-Sep-06 567 13.3 1.84 
13-Sep-06 771 12.7 2.89 
18-Sep-06 744 11.4 2.5 
20-Sep-06 720 4.57 6.73 
Average 650 163 72.6 
Min 259 4.3 1.8 
Max 944 765 658 
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Table 8-4: Red Rock Ranch Nitrate Concentrations 

Date Influent Reactor 1 Reactor 2 
 NO3 (mg/L) NO3 (mg/L) NO3 (mg/L) 
7-Feb-06 362 274 203 
14-Feb-06 403 276 211 
21-Feb-06 413 151 30.8 
28-Feb-06 439 34.2 <2.5 
7-Mar-06 447 16 <5 
15-Mar-06 446 224 <5 
28-Mar-06 383 46.3 <5 
4-Apr-06 353 <5 <5 
11-Apr-06 329 <10 153 
18-Apr-06 393 <1 <1 
25-Apr-06 421 <10 222 
2-May-06 429 23.9 <10 
9-May-06 444 74.6 <10 
23-May-06 433 98.6 <5 
30-May-06 317 76 <2.5 
4-Jul-06 230 <2.5 <2.5 
11-Jul-06 373 <10 <10 
18-Jul-06 409 <5 <5 
24-Jul-06 260 <10 <10 
25-Jul-06 360 <2.5 <2.5 
2-Aug-06 332 <5 <5 
9-Aug-06 365 14.7 <10 
14-Aug-06 476     
21-Aug-06 177 <5 <5 
28-Aug-06 172 <5 <5 
4-Sep-06 143 <5 <5 
11-Sep-06 351 <10 <10 
20-Sep-06 354 <10   
    
Average 358 109 <5 
Min 143 14.7 <1 
Max 476 276 222 
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Table 8-5: Red Rock Ranch Selenium Removal by Selected Sampling Periods 

Reactor 1 Influent    
Sampling Period 2/28 - 5/301 6/20 - 9/202 7/4 - 9/203 

Average 776 567 554 
Minimum 530 259 259 
Maximum 944 922 922 

   
Reactor 1 Effluent    
Sampling Period 2/28 – 5/301 6/20 – 9/202 7/4 - 9/203 

Average 298 17.1 9.6 
Minimum 35.1 4.3 4.3 
Maximum 560 126 25.6 

   
Reactor 2 Effluent    
Sampling Period 2/28 – 5/301 6/20 – 9/202 7/4 - 9/203 

Average 45 16.0 6.0 
Minimum 9.8 1.8 1.8 
Maximum 227 197.0 12.4 

 Notes:   1.  Post retrofit period prior to installation of nutrient skid (2/28 to 5/30) 
  2.  Post retrofit period starting with nutrient skid startup (6/20 to 9/20)    
  3.  Post retrofit period after nutrient skid startup and 3 weeks of  
                                stabilization (7/4 to 9/20)    
  

 Figure 8-5: Red Rock Ranch, Selenium Concentration (Jun 2006 – Sep 2006) 
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9 OTHER PILOT OPERATIONS AND 
ISSUES 

 
 

9.1 Pilot Nutrient Dosages 
 
Nutrient dosages were identical at both Panoche WD and Red Rock Ranch and 
are presented in Table 9-1.  According to Zenon, nutrient dosages should range 
from 0.1 to 0.5 gallons of nutrient / 1,000 gallons of water treated.  During the 
period from June 1 to June 29, the dosage of nutrient to each reactor was 0.42 
gallons per feeding cycle.  The bioreactors were fed 4 times per day for a total 
nutrient dosage of 1.7 gallons/day.  At a bioreactor flow rate of 2 gpm, the 
nutrient dosage was 0.6 gallons nutrient/1000 gallons of water treated.  On June 
30, the nutrient dosage to each reactor was decreased to 0.14 gallons per feeding 
cycle.  Feeding frequency remained at 4 times per day resulting in a daily dosage 
of 0.6 gallons/day or 0.2 gallons nutrient/1000 gallons of water treated.   
Subsequent nutrient dose changes were made on August 16 and October 25 at 0.3 
and 0.4 gallons nutrient/1000 gallons of water treated.  The dosage of 0.4 gallons 
nutrient/1000 gallons water treated was retained to the end of project.         
 
Table 9-1: Summary of Pilot Nutrient Dosages 

Starting 
Date Ending Date 

Flow 
Rate 

(gpm) 

Nutrient 
per cycle 

(Gal) 
Cycles 
per day 

Total 
nutrient 
(gpd) 

Gal 
Nutrient/1000 

gallons  
6/1/2005 6/29/2005 2 0.42 4 1.69 0.6 

6/30/2005 8/15/2006 2 0.14 4 0.56 0.2 
8/16/2006 10/24/2006 2 0.21 4 0.86 0.3 
10/25/2005 9/20/2006 2 0.14 8 1.15 0.4 
 
 

9.2 Bioreactor Backwashes 
 
The Panoche WD bioreactors were backwashed on three occasions and Red Rock 
Ranch on one occasion in the period between June 6 and January 31.  A summary 
of the Panoche backwashes is given in Table 7-2.  The purpose of the first 
backwash at Panoche WD, which was performed on August 16, was to remove 
biomass solids and release gas from Reactors 1 and 2.    Although no significant 
bioreactor performance problem had been detected by August 16, the backwash 
was performed as a preventative maintenance procedure to maintain flow through 
the media bed.  The backwash of September 8 was conducted to restore flow in 
Reactor 1 after Panoche field staff had reported influent water spilling into the 
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bioreactor overflow pipe.  Zenon reported that the GAC bed had solidified most 
likely due to scaling by the RO concentrate.  The backwash was successful in 
breaking up the media bed and restoring flow, however the bed rescaled in late 
October and had to be backwashed again on November 2.  On January 30, Zenon 
performed a backwash prior to the pilot retrofit.  Both bioreactors were 
backwashed and samples of the backwash source water, backwash supernatant 
and backwash sludge were submitted for lab analysis.  The results of the lab 
analysis are presented in Appendix B.  Routine monthly backwashes were 
conducted until mid April when the frequency was changed to weekly.          
 
Table 9-2: Summary of PWD Bioreactor Backwashes 

Backwash 
Date 

Reactor 1 
(R1) 

Reactor 2 
(R2) 

 
Reason for Backwash 

8/16/2005 X X Remove solids and release gas R1 and R2 
9/8/2005 X  Restore flow R1 

11/2/2005 X  Restore flow R2 
1/30/2005 X X Start of routine backwashing. Sample 

backwash water and sludge R1, R2.   
3/15/2006 X X Routine backwashing 
4/4/2006 X X Routine backwashing 

4/11/2006 X X Routine backwashing 
4/25/2006 X X Backwashing occurs once a week 

thereafter 
 
The Red Rock Ranch pilot was backwashed only once in the period between June 
6 and January 31 (Table 7-3).  The one backwash occurred on August 15, and was 
only performed on Reactor 1.  The purpose of the backwash was to remove 
biomass solids and release gas that may have been impeding the performance of 
Reactor 1.  The Red Rock Ranch bioreactors were backwashed again on March 16 
to commence a routine backwashing schedule.   The bioreactors were backwashed 
three times during the month of April.  Starting April 25, backwashing occurred 
on a weekly basis.     
 
Table 9-3: Summary of Red Rock Ranch Bioreactor Backwashes 

Backwash 
Date 

Reactor 1 
(R1) 

Reactor 2 
(R2) 

 
Reason for Backwash 

8/15/2005 X  Remove solids and release gas R1 and R2 
3/16/2006 X X Routine backwashing  
4/4/2006 X X Routine backwashing 

4/11/2006 X X Routine backwashing 
4/25/2006 X X Backwashing occurs once a week 

thereafter 

 
As shown by the pilot data in Section 8, the selenium removing performance at 
both pilot sites improved after the implementation of routine backwashing.   
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9.3 HGAF / ICP-MS Comparison 
The comparison between HGAF (Albion Lab) and ICP-MS (Bryte Labs) covered 
23 sampling sessions between July 12, 2005 and January 24, 2006 for Panoche 
WD and 28 sampling sessions between July 12, 2005 and January 31, 2006 for 
Red Rock Ranch (see Appendix A).  Results from both Reactor 1 and Reactor 2 
were included in the comparison and the percent differences between HGAF and 
ICP-MS derived dissolved selenium concentrations were computed.  Percent 
difference was computed through the following equation: 
 

% Difference = (CSe ICP-MS - CSe HGAF) / CSe ICP-MS 
 
A positive percent difference indicated that the ICP-MS result was higher than the 
HGAF result.  A summary of the comparison is presented in Table 7-4.  The 
results of the comparison indicated that the majority (85 of 102, 83%) of the ICP-
MS Lab results were higher than the HGAF results.  About 31% of the total 
samples (32 of 102) had a percent difference in the positive 1% to 20% range.   
Roughly 22% of the total samples (22 of 102) had a percent difference in the 
positive 21% to 40% range.  Since all selenium analysis conducted during the 
2003-2004 (Phase II) biotreatment pilot were derived with ICP-MS, there is the 
potential that some, if not most, effluent selenium measurements were lower than 
what was presented in the Phase II pilot report.  
 

Table 9-4: Summary of HGAF / ICP-MS Comparison 

 PWD R1 PWD R2 RRR R1 RRR R2 Total  
% Number of  Number of  Number of  Number of  Number of  % 

Difference Occurrences Occurrences Occurrences Occurrences Occurrences Occurrences 
 -100 - 80 0 1 0 2 3 2.9% 
 -79 - 60 0 0 0 0 0 0.0% 
 - 59 - 40 0 0 0 1 1 1.0% 
  -39 - 20 1 0 1 2 4 3.9% 
 -19 - 0 1 1 2 5 9 8.8% 
 1 - 20 12 0 13 7 32 31.4% 
21 - 40 7 5 7 3 22 21.6% 
41 - 60 0 4 3 2 9 8.8% 
61 - 80 2 9 1 4 16 15.7% 

81 - 100 0 3 1 2 6 5.9% 
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10 CONCLUSIONS AND 
RECOMMENDATIONS 

 
 

10.1 Conclusions and Findings 
 
The Phase III selenium biotreatment pilots at Panoche Water District and Red 
Rock Ranch operated from June 6, 2005 to September 20, 2006.  The Panoche 
WD pilot was fed raw drainwater from DP-25 from June to early August 2005.  
Starting on August 3, 2005, the feedwater to the Panoche WD bioreactors was 
switched to the concentrate reject of an RO system operating at 50% recovery and 
then 64% recovery two weeks later.  The bioreactor feed at Panoche WD was 
switched back to raw drainwater in late November 2005 after scaling problems 
with the Reactor 1 GAC media.  The Red Rock Ranch bioreactors were fed raw 
drainwater from Sump-D during the entire pilot duration.  Following February 
2006 retrofit activities at both pilots, the Panoche pilot operated until June 5, 
2006.  The Red Rock Ranch pilot ran until September 20, 2006.  Based on the 
sixteen months of pilot data the following conclusions and findings were made. 
 
Conclusions and Findings Prior to Retrofit 

 
 • Reactor 1 at Panoche WD began to have maintenance difficulties 

in late August with the scaling of the feed pump.  The cause of the 
scaling was assumed to be high levels of calcium sulfate in the RO 
concentrate being fed to the bioreactors.  Calcium sulfate seeding 
crystals may have had formed in the Reactor 1 GAC which caused 
constant rescaling despite backwashing efforts by field personnel.   
The performance of Reactor 1 would be hindered until retrofit 
activities in February 2006. 

 
 •   Biotreatment maintenance problems at Panoche WD began to occur 

shortly after the RO recovery was increased from 50% to 64%.  
Feeding RO concentrate to the biotreatment system at RO 
recoveries higher than 50% may not be feasible. 

 
 • Average Reactor 2 effluent concentration at Panoche WD was 11.2 

μg/L (average percent removal = 98.6%) between the period 
September 6 to October 11.  Despite the performance problems of 
Reactor 1, the second bioreactor still provided very efficient 
selenium removal.  Average selenium concentration entering 
Reactor 2 was 824 μg/L.   
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 • With the exception of the first month of the pilot, the biotreatment 
system at Red Rock Ranch was hindered by performance problems 
that resulted in effluent selenium concentrations higher than the 
target of 10 μg/L.   Zenon assumed that the cause of the 
performance problems was mechanical problems with the nutrient 
dosing system.  

 
                 • A comparison of selenium concentrations derived by ICP-MS 

versus HGAF resulted in 83% of the ICP-MS concentrations being 
higher than HGAF.    Since all selenium analysis conducted during 
the 2003-2004 biotreatment pilot were derived with ICP-MS, there 
is the potential that some effluent selenium measurements were 
lower than what was presented in the Phase II pilot report. 

 
Conclusions and Findings After Retrofit 
 
                 • Selenium removing performance significantly improved at both 

pilot sites following the February 2006 retrofit.  The target effluent 
selenium concentration of 10 μg/L was consistently met at both 
Panoche WD and Red Rock Ranch.   

 
                 • Almost three months of post-retrofit sampling at Panoche WD 

showed that eleven out of eleven Reactor 2 effluent samples had 
selenium concentrations below the target of 10 μg/L.  Seven of the 
eleven Reactor 1 effluent concentrations were below 10 μg/L 
indicating that it may be possible to achieve target effluent 
concentration with one bioreactor.  The EBCT of one retrofitted 
bioreactor was about 13.6 hours (HRT about 6.8 hours). 

             
                 • During the period February 28 to May 30, 2006 at Red Rock 

Ranch, Reactor 2 average selenium concentration was 45 μg/L and 
varied between 10 μg/L and 227 μg/L.  Although the target 
selenium concentration of 10 μg/L was not met, the performance 
of the bioreactors improved significantly over the previous year.   

             
                 • In mid-June, the nutrient dosing skid from Panoche Water District 

was moved to Red Rock Ranch and the pilot was restarted on June 
19, 2006.  Effluent selenium concentrations began to stabilize 
about three weeks after the installation and start-up of the nutrient 
skid.  After July 4, average effluent selenium concentration for 
Reactor 1 and Reactor 2 were 9.6 μg/L and 6.0 μg/L, respectively.   
Seventeen out of twenty-one Reactor 2 effluent samples had 
selenium concentrations at or below the target concentration of 10 
μg/L.  Twelve out of twenty-one Reactor 1 effluent samples had 
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selenium concentrations at or below the target concentration of 10 
μg/L.   

 
                 • The selenium removing performance at both pilots benefited from 

the improved nutrient dosing skid.  The nutrient dosing skid was 
particularly effective at Red Rock Ranch and contributed 
significantly to that pilot meeting the effluent selenium target of 10 
μg/L.  The skid emphasized the importance of having a reliable 
and accurate nutrient dosing system. 

 

10.2 Recommendations 
 
 • A larger scale selenium biotreatment demonstration project is 

recommended if this technology is to proceed to the final design of 
a full scale plant.   The demonstration project should incorporate 
design features introduced during the selenium biotreatment 
feasibility design, but not included in the pilot project.  The 
features should include bioreactor recycle pumps, automated ORP 
based nutrient dosing, a bioreactor backwashing and backwash 
waste collection system and aerobic post-treatment. 
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A. HGAF / ICP-MS COMPARISON 
 
In the Phase II selenium biotreatment pilot, selenium analysis was provided by 
Mid-Continent Labs in Rapid City, South Dakota and Bryte Labs in West 
Sacramento.  Analysis from Mid-Continent covered the period November 19, 
2003 to June 16, 2004.  Starting on June 23, 2004, lab analysis was switched to 
Bryte Labs after a cost sharing agreement with the California DWR was initiated.  
Both Mid-Continent Labs and Bryte Labs both utilized inductively-coupled 
plasma mass spectrometry (ICP-MS) as defined by EPA Method 200.8 for 
selenium analysis.  Prior to commencing the Phase III pilot, Zenon Environmental 
informed Reclamation that the ICP-MS method could potentially overestimate the 
concentrations of certain metals including selenium in high TDS sample waters.  
Zenon identified Albion Laboratories in College Station, TX, which utilized 
hydride generation atomic fluorescence (HGAF) as a potential lab for selenium 
analysis.  The HGAF method, defined as EPA 1632 (mod), was considered by 
Zenon to be a more accurate method of selenium analysis, therefore selenium 
concentrations presented in the Phase III pilot report were provided by Albion 
Labs.  However, throughout piloting, Reclamation analyzed selenium using both 
HGAF by Albion and ICP-MS by Bryte to compare the differences in 
concentrations.  The results of the comparison are presented in this Appendix.   
 
As given by Albion (2005), “total recoverable selenium is determined by HGAF 
according to EPA method 1632, modified for continuous flow injection atomic 
fluorescence analysis of Se after a potassium persulfate digestion”.  In the HGAF 
method, “volatile selenium hydrides are formed, removed from the sample matrix 
by a gas-liquid separator and introduced into a highly sensitive atomic 
fluorescence detector. Normal solution mode ICP-MS is prone to isobaric, 
molecular-ion interferences exacerbated by the “excess salts” in elevated TDS 
samples.  Such isobaric interferences are typically additive resulting in an 
overestimation of the true concentration of the element of interest.  High TDS 
samples can be diluted to approximately 1,000-3,000 ppm TDS prior to analysis 
to minimize any viscosity or other effects.  However, because the ratio of element 
to interfering salts is not changed by dilution, the isobaric interferences, which 
typically are most pronounced at masses < 100, usually cannot be controlled in 
normal solution mode ICP-MS.  For elements affected by interferences, the 
effective detection limit is raised and the true concentration can easily be 
overestimated”.   
 
The comparison between the HGAF and ICP-MS method covered 23 sampling 
sessions between July 12, 2005 and January 24, 2006 for Panoche WD and 28 
sampling sessions between July 12, 2005 and January 31, 2006 for Red Rock 
Ranch.  Tables A-1 and A-2 summarize the results of the comparison for Panoche 
WD and Red Rock Ranch respectively.  The results from both Reactor 1 and 
Reactor 2 are shown and include the dissolved selenium concentrations from 
HGAF and ICP-MS and the difference and percent difference between the two.   
Percent difference was computed through the following equation: 
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% Difference = (CSe ICP-MS - CSe HGAF) / CSe ICP-MS 

 
A positive percent difference indicates the ICP-MS result is higher than the 
HGAF result.  Plots of Panoche WD Reactor 1 and Reactor 2 selenium 
concentration are shown in Figures A-1 and A-2 respectively.  The plots show 
that the ICP-MS selenium concentrations are consistently higher than the HGAF 
results.  Plots of Red Rock Ranch Reactor 1 and Reactor 2 selenium concentration 
are shown in Figures A-3 and A-4.  Like Panoche WD, the ICP-MS results are 
consistently higher than the HGAF results at Red Rock Ranch.     
 
 A histogram plot of percent differences is given in Figure A-5.  A summary table 
for the histogram is given in Table A-2.  Most of the cases when HGAF results 
were higher than ICP-MS occurred in Reactor 2 at Red Rock Ranch (10 
occurrences).  For Panoche WD Reactor 1 and 2 and Red Rock Ranch Reactor 1, 
HGAF results were higher than ICP-MS for a total of 7 occurrences for the three 
bioreactors.  A total of 85 out of 102 (83%) of water samples resulted in higher 
ICP-MS results.  For Reactors 1 at Panoche WD and Red Rock Ranch, the 
majority of the positive percent differences were in the 1% to 20% range (12 
occurrences for Panoche WD and 13 occurrences for Red Rock Ranch).  For 
Panoche WD Reactor 2, a high number of occurrences (9 of 23) were in the 61% 
to 80%  difference range.  Reactor 2 at Red Rock Ranch had 18 out of 28 
occurrences which were positive percent differences with the highest number 
occurring in the 1% - 20% range (7 occurrences).        
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Table A-11-1: Panoche WD - Comparison of HGAF and ICP-MS Results 
Panoche WD 
Reactor 1 

    Panoche WD 
Reactor 2 

   

 Date HGAF ICP-MS Difference %   Date HGAF ICP-MS Difference % 
 Se (μg/L) Se (μg/L) Se (μg/L) Difference   Se (μg/L) Se (μg/L) Se (μg/L) Difference

7/12/05 11.9 43 31.1 72.3%  7/12/05 4.91 15 10.09 67.3% 
7/19/05 5.66 20 14.34 71.7%  7/19/05 4.97 13 8.03 61.8% 
7/26/05 22 16 -6 -37.5%  7/26/05 12.5 28 15.5 55.4% 
8/2/05 17.2 20 2.8 14.0%  8/2/05 23 20 -3 -15.0% 

8/16/05 484 600 116 19.3%  8/16/05 21.8 12 -9.8 -81.7% 
8/23/05 314 482 168 34.9%  8/23/05 18.7 27 8.3 30.7% 
9/6/05 1005 855 -150 -17.5%  9/6/05 4.32 20 15.68 78.4% 

9/13/05 854 927 73 7.9%  9/13/05 13.9 57 43.1 75.6% 
9/20/05 936 1080 144 13.3%  9/20/05 5.01 45 39.99 88.9% 
9/27/05 858 1060 202 19.1%  9/27/05 19 57 38 66.7% 
10/4/05 1260 1770 510 28.8%  10/4/05 11.6 49 37.4 76.3% 

10/25/05 1780 2020 240 11.9%  10/25/05 8.74 64 55.26 86.3% 
11/1/05 2850 3320 470 14.2%  11/1/05 47 171 124 72.5% 
11/8/05 3080 3700 620 16.8%  11/8/05 1890 2440 550 22.5% 

11/15/05 2090 3180 1090 34.3%  11/15/05 1180 1710 530 31.0% 
11/22/05 198 260 62 23.8%  11/22/05 219 275 56 20.4% 
11/29/05 267 339 72 21.2%  11/29/05 18.2 41 22.8 55.6% 
12/6/05 164 229 65 28.4%  12/6/05 15.8 35 19.2 54.9% 

12/13/05 137 194 57 29.4%  12/13/05 22.6 31 8.4 27.1% 
12/27/05 144 177 33 18.6%  12/27/05 8.12 49 40.88 83.4% 
1/11/06 186 204 18 8.8%  1/11/06 6.05 30 23.95 79.8% 
1/17/06 191 226 35 15.5%  1/17/06 8.94 42 33.06 78.7% 
1/24/06 212 238 26 10.9%  1/24/06 20.7 48 27.3 56.9% 

 
 



   

     

Table A-2: Red Rock Ranch - Comparison of HGAF and ICP-MS Results 
RRR Reactor 1     RRR Reactor 2  

 Date HGAF ICP-MS Difference %   Date HGAF ICP-MS Difference % 
 Se (μg/L) Se (μg/L) Se (μg/L) Difference   Se (μg/L) Se (μg/L) Se (μg/L) Difference

7/12/05 161 218 57 26.1%  7/12/05 11.4 37 25.6 69.2% 
7/19/05 310 316 6 1.9%  7/19/05 56.2 280 223.8 79.9% 
7/26/05 509 589 80 13.6%  7/26/05 32.1 40 7.9 19.8% 
8/2/05 502 568 66 11.6%  8/2/05 30 39 9 23.1% 
8/9/05 485 660 175 26.5%  8/9/05 12.9 159 146.1 91.9% 

8/16/05 625 615 -10 -1.6%  8/16/05 29.1 24 -5.1 -21.3% 
8/23/05 456 500 44 8.8%  8/23/05 16.1 26 9.9 38.1% 
8/30/05 1014 893 -121 -13.5%  8/30/05 51.4 26 -25.4 -97.7% 
9/6/05 1087 877 -210 -23.9%  9/6/05 255 217 -38 -17.5% 

9/13/05 650 689 39 5.7%  9/13/05 40.6 84 43.4 51.7% 
9/20/05 133 183 50 27.3%  9/20/05 15.9 51 35.1 68.8% 
9/27/05 14.1 81 66.9 82.6%  9/27/05 18.5 66 47.5 72.0% 
10/4/05 241 301 60 19.9%  10/4/05 31.6 61 29.4 48.2% 

10/11/05 26.4 73 46.6 63.8%  10/11/05 835 1010 175 17.3% 
10/18/05 76 127 51 40.2%  10/18/05 92.2 83 -9.2 -11.1% 
10/25/05 125 252 127 50.4%  10/25/05 103 90 -13 -14.4% 
11/1/05 192 251 59 23.5%  11/1/05 130 84 -46 -54.8% 
11/8/05 190 315 125 39.7%  11/8/05 103 53 -50 -94.3% 

11/15/05 679 1140 461 40.4%  11/15/05 39.8 985 945.2 96.0% 
11/22/05 615 762 147 19.3%  11/22/05 139 126 -13 -10.3% 
11/29/05 891 1070 179 16.7%  11/29/05 384 528 144 27.3% 
12/13/05 360 423 63 14.9%  12/13/05 225 281 56 19.9% 
12/20/05 880 1080 200 18.5%  12/20/05 988 743 -245 -33.0% 
12/27/05 872 1120 248 22.1%  12/27/05 618 663 45 6.8% 

1/3/06 757 768 11 1.4%  1/3/06 482 433 -49 -11.3% 
1/11/06 629 800 171 21.4%  1/11/06 326 377 51 13.5% 
1/17/06 698 829 131 15.8%  1/17/06 418 511 93 18.2% 
1/31/06 705 816 111 13.6%  1/31/06 629 653 24 3.7% 
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Figure A-11-1: Panoche WD Reactor 1 Selenium Concentrations 
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Figure A-11-2: Panoche WD Reactor 2 Selenium Concentrations 
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Figure A-3: Red Rock Ranch Reactor 1 Selenium Concentrations 
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Figure A-4: Red Rock Ranch Reactor 2 Selenium Concentrations 
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Figure A-5: Histogram of % Differences 
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Table A-11-2: Summary of Percent Differences 
 PWD R1 PWD R2 RRR R1 RRR R2 Total  

% Number of  Number of  Number of  Number of  Number of  % 
Difference Occurrences Occurrences Occurrences Occurrences Occurrences Occurrences 
 -100 - 80 0 1 0 2 3 2.9% 
 -79 - 60 0 0 0 0 0 0.0% 
 - 59 - 40 0 0 0 1 1 1.0% 
  -39 - 20 1 0 1 2 4 3.9% 
 -19 - 0 1 1 2 5 9 8.8% 
 1 - 20 12 0 13 7 32 31.4% 
21 - 40 7 5 7 3 22 21.6% 
41 - 60 0 4 3 2 9 8.8% 
61 - 80 2 9 1 4 16 15.7% 

81 - 100 0 3 1 2 6 5.9% 
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Description of Hydride Generation Atomic Fluorescence Method 
for Aqueous Selenium Determinations Used by Albion 

Environmental 
 

Introduction 
 Albion Environmental (AE) is providing low detection level aqueous selenium (Se) 
analytical services to Zenon Environmental for a U.S. Bureau of Reclamation (USBR) Selenium 
Remediation Pilot Study in California.  The waters being treated in the USBR-Zenon Study have 
elevated total dissolved solids (TDS) levels.  For example, in recent samples, the specific 
conductance of the Red Rock Ranch feedwater was ~ 17,000 microseimens (uS) and the 
Panoche Drainage District feedwater was ~ 9,500 uS.  These conductivity values equate 
approximately to TDS concentrations of 10,000 milligrams per liter (mg/L= parts per million, ppm) 
and 5,700 mg/L, respectively.  The inductively coupled plasma-mass spectrometry method (e.g. 
ICP-MS, EPA methods 1638/200.8) is adversely affected by the higher ion content in samples 
with elevated TDS values.  The adverse effects include both physical and potentially enhanced 
isobaric polyatomic ion matrix interferences and a TDS level of <2,000 ppm is recommended as 
an upper limit for samples analyzed by direct aspiration ICP-MS.  However, even dilution to 
achieve the desired TDS threshold level of 2,000 ppm does not necessarily remove all adverse 
effects.  Also dilution increases the ICP-MS method detection and quantitation limits substantially.   
Because of these concerns related to the analysis of higher TDS samples by ICP-MS, AE is using 
hydride generation atomic fluorescence (HGAF) for the Zenon-USBR Study. The HGAF method 
is much less prone to TDS matrix interferences because the gaseous selenium-hydride is 
stripped out of the high salt matrix prior to analysis.  The method being used is a modification of 
EPA 1632 for the analysis of Se by HGAF.   The efficacy of this method has been carefully 
reviewed and approved by EPA Region 5 and the Indiana Department of Environmental 
Management for use in a Se dissolved metals translator study.  Documentation related to that 
approval (i.e. MDL/ML, IPR and MS/MSD studies) can be provided if necessary.  A concise 
description of the HGAF Se being used for the USBR-Zenon Pilot Study is given below.   
 
Sample Preparation 
 Samples are received either preserved (nitric acid to pH < 2) by the sponsor onsite or 
unpreserved.  Unpreserved samples are preserved at AE under clean room conditions to a pH of 
< 2 using ultrapure nitric acid.   Preserved samples are allowed to equilibrate for at least 24 hours 
(or heated at 65 deg. C. for 6 hours to expedite equilibration) to insure that any Se adsorbed to 
the container walls is re-solubilized.  Preserved, equilibrated samples, calibration standards and 
quality assurance (QA) and quality control (QC) samples to be analyzed are prepared in 4M 
hydrochloric acid.  A 2 % potassium persulfate solution is added to each sample at the rate of 1 
ml for each 48 ml of acidified sample.   All samples are then digested by heating for at least 90 
minutes at 85 degree C., and allowed to cool prior to analysis.    
 
Sample Analysis 

Digested samples are analyzed for Se by hydride generation atomic fluorescence 
(HGAF) according to EPA method 1632 modified for continuous flow injection atomic 
fluorescence analysis of Se after a potassium persulfate digestion.  The working range of the 
method is 0-2 ppb Se in solution to enhance quantitation at low Se concentrations usually 
observed in ambient surface waters.  The low detection limit capability of the HGAF Se method 
even in undiluted higher TDS samples is judged by AE to be an important factor in the selection 
of this method (over ICP-MS) for use in the USBR-Zenon Study.  All computations are done using 
raw peak height data with final results reported in units of micrograms of Se per liter (i.e. parts per 
billion).  The MDL and ML for the HGAF Se method for a range of dilution factors encountered in 
this study are as follows: 
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Parameter Dilution Factor Se (ppb) 

Method Detection Limit (MDL) 1 0.050 
Method Reporting Limit (ML) 1 0.100 

MDL 10 0.50 
ML 10 1.00 

MDL 100 5.00 
ML 100 10.0 

MDL 1000 50.0 
ML 1000 100. 

 
 
A complete suite of laboratory QA/QC samples are run with the field samples to confirm 

accurate method calibration and control.  Laboratory QA/QC samples included method blanks, 
laboratory duplicates, blank spikes, QCS and matrix spike/matrix spike duplicate pairs.   In 
addition, at least one of two different standard reference materials obtained from the National 
Institute of Standards and Technology (NIST 1640 Colorado natural surface water and NIST 
1643e spiked distilled water) are included as independent indicators of method accuracy.   
Percent recovery of Se at the undiluted method reporting limit of 0.1 ppb is also reported.  
Descriptions of the QA/QC samples including the a priori acceptance criteria are given below:   

 
1. Certified Reference Material   (Accuracy Check) 

a. Description: Similar sample matrix with known concentrations of the 
element(s) of interest.    

b. Purpose: To confirm that the analytical method is accurately measuring 
the element(s) of interest in the sample matrix of interest. 

c. Frequency: A minimum of one per batch of 20 samples. 
d. Acceptance Criterion: Percent Recovery  ± 20% of the certified value at 

10 times the MDL. 
e. Formula: %R=((CRM Observed)/(CRM Certified))*100 

 
2. Laboratory Duplicate   (Precision Check) 

a. Description:  Two separate aliquots of the same sample are digested and 
analyzed independently.    Designated by  the "-LDUP" suffix on the 
sample identification number. 

b. Purpose:  To confirm that the analytical method is measuring the 
element(s) of interest with acceptable precision.   Also a check of how 
well the unknown samples have been homogenized during preparation. 

c. Frequency:  A minimum of one per batch of 20 samples. 
d. Acceptance Criterion:  Relative percent difference (RPD) between  

duplicates <20% at 10 times the MDL. 
e. Formula:   RPD =(((absolute value (conc. of first aliquot=C1) - (conc. of 

second aliquot=C2))*100) / ((C1 + C2)/2)) 
 

3. Matrix Spike/ MS Duplicate   (Accuracy Check) 
a. Description:  A known mass of the element(s) of interest is added to two 

of three replicate aliquots of an unknown sample.   All aliquots are 
digested and analyzed independently.   Designated by the "MS" (matrix 
spike) and “MSD” (matrix spike duplicate) suffix on the sample 
identification number.  

b. Purpose:  To confirm that the analytical method is accurately measuring 
the element(s) of interest.   Also a check on how well the method is 
handling potential analytical matrix interferences.  Also a check on the 
precision of the analysis by comparing (i.e. using RPD) the two matrix 
spikes as duplicates.  This approach is especially useful for low level 



   

  ©Albion Environmental 4 April 2006 
 College Station, TX 77845  (979)-268-2677 Page  3 of 4 
 (979)-268-3029 (Fax)   E-Mail: pboothe@albionenv.com    

samples where the element(s) of interest is not detected in the unspiked 
sample.   

c. Frequency:  A minimum of one MS and MSD per batch of 10 samples. 
d. Acceptance Criterion:  Percent recovery ± 25% of the expected value. 
e. Formula: % R =(((concentration for element of interest in matrix spike or 

matrix spike duplicate sample) - (conc. in unspiked replicate 
sample)) / (Expected Increase)) * 100 

 
4. Blank Spike   (Check of Analytical Control) 

a. Description:  A known mass of the element(s) of interest is added to 
analyte free water and carried through the entire preservation and 
analysis process.  Also known as a laboratory control sample.  Often a 
separate bench blank spike prepared from a digested standard during 
the run is also analyzed 

b. Purpose:  To confirm that the analytical method is in control by 
accurately measuring the element(s) of interest in an interference-free 
solution.  Also as a check of recovery, in an interference-free matrix, of 
the spikes used for MS/MSD samples.  

c. Frequency:  A minimum of one blank spike per batch of 20 samples. 
d. Acceptance Criterion:  Percent recovery ± 20% of the expected value. 
e. Formula:  % R =((Total micrograms of element observed in blank spike) / 

(Total micrograms of element added to blank spike digest )) * 100 
 

5. Quality Control Sample (Check of Analytical Control) 
a. Description:  A sample containing a known concentration of the 

element(s) of interest.  The QCS is obtained from a source of standards 
different from the source of the calibration standards. 

b. Purpose:  An independent check of laboratory performance and 
instrument calibration used to produce data for an analytical batch. 

c. Frequency:  AE analyzes a minimum of one QCS during each 12 hour 
analytical shift. 

d. Acceptance Criterion:  Percent recovery ± 20% of expected value. 
e. Formula:   % R =((concentration for element of interest in QCS) / 

(expected concentration in QCS)) * 100 
 

6. Method Blank   (Contamination Check) 
a. Description:  The complete preservation, digestion and analysis 

procedure is conducted on a sample containing only the digestion and 
analysis reagents (i.e. no sample material). 

b. Purpose:  To confirm that the digestion and analytical method are not 
adding unacceptable amounts of the element(s) of interest to the 
unknown samples.   

c. Frequency:  A minimum of one method blank per batch of 20 samples.    
d. Acceptance Criterion:  <  Method Reporting Limit or < 20% of lowest 

unknown sample whichever is greater. 
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B. PANOCHE WD BACKWASH 
CHEMICAL ANALYSIS 
 
On January 30, 2006 a backwash was conducted on Reactors 1 and 2 at Panoche 
WD.  Both bioreactors were fitted with 6” discharge hoses to accommodate the 
increased flow rate needed to fluidize the carbon bed.  The bioreactors were 
flushed for 20 min at 280 gpm using raw drainwater.  The backwash produced 
5,600 gallons of water.   After 1hr settling time, the liquid was drained and about 
400 gallons of sludge remained at the bottom of the settling tank.  Samples were 
taken of the backwash source water, settling tank liquid phase and settling tank 
sludge.  The samples were sent to Energy Laboratories, Inc. in Wyoming for 
analysis and the results are presented in Tables B.1 and B.2.  An inspection of 
dissolved selenium data for the backwash source water and backwash supernatant 
indicated that there was no significant increase in selenium concentration.  This 
would indicate that there was no significant resolubilization of selenium from the 
sludge to the backwash supernatant.  Samples of the backwash sludge were also 
delivered to Andritz Laboratory to estimate the dewatering efficiency for a 
centrifuge and a belt filter press. 
 
 
 
Reference 
Zenon (2006), USBR Pilot System Backwash and Inoculation Field Report, Zenon 
Envorinmental, Salt Lake City, UT, February 2006.  
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Table B.1:  Panoche WD Reactor 1 Backwash Analysis 
Analyses Sourc

e 
 Source Filtered Supernatant R1 Supernatant R1 

Filtered 
Solids R1 

Major Ions Result Units Result Units Result Units Result Units Result Units 
Alkalinity, Total as CaCO3 230 mg/L 230 mg/L       
Carbon Dioxide as Co2-
Total 

ND mg/L ND mg/L       

Carbonate as CO3 ND mg/L ND mg/L       
Bicarbonate as HCO3 281 mg/L 281 mg/L       
Chloride 1090 mg/L 1070 mg/L       
Nitrogen, Ammonia as N 0.24 mg/L 0.23 mg/L 0.92 mg/L 0.66 mg/L   
Nitrogen, Nitrate+Nitrate as 
N 

58 mg/L 59.3 mg/L 41 mg/L 40 mg/L   

Phosphorus, 
Orthophosphate as P 

0.036 mg/L 0.034 mg/L 0.333 mg/L 0.343 mg/L   

Sulfate 3310 mg/L 3350 mg/L 3260 mg/L 3290 mg/L   
Non-Metals           
Organic Carbon, Total 
(TOC) 

5.2 mg/L 5 mg/L 6.8 mg/L 4.2 mg/L 14 % 

Metals-Dissolved           
Aluminum ND  mg/L ND mg/L ND mg/L ND  mg/L   
Antimony ND  mg/L ND mg/L ND mg/L ND  mg/L   
Arsenic 0.005 mg/L ND mg/L 0.004 mg/L 0.001 mg/L   
Barium ND mg/L ND mg/L ND mg/L ND mg/L   
Boron 19.2 mg/L 19.8 mg/L 19.7 mg/L 16 mg/L   
Cadmium ND mg/L ND mg/L ND mg/L ND  mg/L   
Chromium 0.06 mg/L 0.06 mg/L ND mg/L ND mg/L   
Copper 0.01 mg/L ND mg/L 0.02 mg/L ND mg/L   
Iron ND mg/L ND mg/L ND mg/L ND  mg/L   
Manganese 0.01 mg/L ND mg/L 0.03 mg/L 0.02 mg/L   
Mercury ND mg/L ND mg/L ND mg/L ND mg/L   
Nickel NDL mg/L ND mg/L ND mg/L ND mg/L   
Selenium 0.239 mg/L 0.281 mg/L 0.227 mg/L 0.267 mg/L   
Strontium 8.3 mg/L 8.1 mg/L 8.2 mg/L 8.2 mg/L   
Zinc 0.02 mg/L ND mg/L 0.03 mg/L 0.02 mg/L   
Metals-Total           
Aluminum ND mg/L   ND mg/L   4670 mg/kg-dry 
Antimony ND mg/L   ND mg/L   ND mg/kg-dry 
Arsenic 0.001 mg/L   0.006 mg/L   1.9 mg/kg-dry 
Barium ND mg/L   ND mg/L   49.8 mg/kg-dry 
Boron 20.5 mg/L   19.7 mg/L   150 mg/kg-dry 
Cadmium ND mg/L   ND mg/L   ND mg/kg-dry 
Chromium 0.06 mg/L   ND mg/L   341 mg/kg-dry 
Copper ND mg/L   ND mg/L   47.7 mg/kg-dry 
Iron ND  mg/L   0.14 mg/L   7650 mg/kg-dry 
Lead ND mg/L   ND mg/L   13.5 mg/kg-dry 
Manganese ND mg/L   0.03 mg/L   110 mg/kg-dry 
Mercury ND  mg/L   ND mg/L   1.2 mg/kg-dry 
Nickel ND mg/L   ND mg/L   13.6 mg/kg-dry 
Selenium 0.257 mg/L   0.244 mg/L   197 mg/kg-dry 
Strontium 8.5 mg/L   7 mg/L   651 mg/kg-dry 
Zinc ND  mg/L   0.02 mg/L   78.2 mg/kg-dry 
Trace Metals - Total           
Selenium 0.235 mg/L   0.274 mg/L     
Trace Metals - Speciated           
Selenium-IV ND mg/L   0.274 mg/L 0.02 mg/L   
Selenium-VI 0.235 mg/L   0.253 mg/L 0.247 mg/L   
Agronomic Properties           
Ammonia as N, K CL 
Extract 

        523 mg/kg-dry 

Nitrogen, Nitrate+Nitrite as 
N 

        2.6 mg/kg-dry 

Sulfate         15100
0 

mg/kg-dry 

Physical Properties           
Ash         54.3 % 
Loss on Ignition at550C         45.7 % 
Moisture         87.4 % 
Solids, Total         12.6 % 
Solids, Total Volatile         46 % 
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Table B.2:  Panoche WD Reactor 2 Backwash Analysis 

Analyses Supernatant R2 Supernatant R2 
Filtered 

R2 Solids  

 Result Units Result Units Result Units 
Major Ions       
Nitrogen, Ammonia as N 9.3 mg/L 4.1 mg/L   
Nitrogen, Nitrate+Nitrate as N 33.9 mg/L 19 mg/L   
Phosphorus, Orthophosphate as P 1.77 mg/L 1.45 mg/L   
Sulfate 3150 mg/L 3080 mg/L   
Non-Metals       
Organic Carbon, Total (TOC) 18.6 mg/L 21.7 mg/L 27 % 
Metals-Dissolved       
Aluminum ND mg/L ND mg/L   
Antimony ND mg/L ND mg/L   
Arsenic ND mg/L ND mg/L   
Barium ND mg/L ND mg/L   
Boron 19.8 mg/L 20.7 mg/L   
Cadmium ND mg/L ND mg/L   
Chromium ND mg/L ND mg/L   
Copper 0.01 mg/L ND mg/L   
Iron 0.38 mg/L 0.47 mg/L   
Manganese 0.08 mg/L 0.07 mg/L   
Mercury ND mg/L ND mg/L   
Nickel ND mg/L ND mg/L   
Selenium 0.197 mg/L 0.191 mg/L   
Strontium 8.3 mg/L 8.3 mg/L   
Zinc 0.02 mg/L 0.02 mg/L   
Metals-Total       
Aluminum 0.4 mg/L   1090 mg/kg-dry 
Antimony ND mg/L   ND mg/kg-dry 
Arsenic ND mg/L   7.9 mg/kg-dry 
Barium ND mg/L   81.6 mg/kg-dry 
Boron 21.3 mg/L   231 mg/kg-dry 
Cadmium ND mg/L   0.7 mg/kg-dry 
Chromium ND mg/L   53.3 mg/kg-dry 
Copper 0.1 mg/L   242 mg/kg-dry 
Iron 6.39 mg/L   17300 mg/kg-dry 
Lead ND mg/L   20.1 mg/kg-dry 
Manganese 0.1 mg/L   162 mg/kg-dry 
Mercury ND mg/L   ND mg/kg-dry 
Nickel ND mg/L   33.9 mg/kg-dry 
Selenium 0.558 mg/L   1470 mg/kg-dry 
Strontium 9.3 mg/L   1750 mg/kg-dry 
Zinc 0.09 mg/L   116 mg/kg-dry 
Trace Metals - Total       
Selenium 0.312 mg/L 0.199 mg/L   
Trace Metals - Speciated       
Selenium-IV 0.09 mg/L 0.01 mg/L   
Selenium-VI 0.22 mg/L 0.188 mg/L   
Agronomic Properties       
Ammonia as N, K CL Extract     2520 mg/kg-dry 
Nitrogen, Nitrate+Nitrite as N     11.2 mg/kg-dry 
Sulfate     74400 mg/kg-dry 
Physical Properties       
Ash     49.6 % 
Loss on Ignition at 550 C     50.4 % 
Moisture     91.3 % 
pH 1:1     7.79 s.u. 
Solids, Total     8.7 % 
Solids, Total Volatile     50 % 
pH   7.54 s.u.   
Solids, Total Suspended TSS @ 105 C   34 mg/L   
Phosphorus, Orthophosphate       
Phosphorus, Orthophosphate as PO4     1900 mg/kg-dry 
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