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1. Introduction 

In the Draft Adit Discharge Engineering Evaluation/Cost Analysis (EE/CA): New World Mining District 
Response and Restoration Project (Tetra Tech, 2006) several alternative treatment technologies for acid 
rock drainage (ARD) and acid mine drainage (AMD) were evaluated and the recommended treatment 
technology was selected for each source in the New World Mining District.  The reader is referred to that 
document for site history and detailed information regarding the New World Site.   
 
The recommended treatment technology for the collective flow from the McLaren Pit subsurface drains 
was a passive or semi-passive bioreactor system.  Passive or semi-passive treatment of acid mine 
drainage has been shown to be a relatively effective and low-maintenance alternative to active treatment 
under favorable conditions including providing an acceptable energy source and proper water quality 
conditions conducive for bacterial growth as discussed in detail in this report.  This type of treatment 
takes advantage of natural chemical and biological processes and is particularly suited for remote 
locations and those which may be inaccessible during a portion of the year as is the case for the McLaren 
subsurface drains and the McLaren Adit discharge.   
 
This review is a reexamination of the anaerobic bioreactor system proposed for the McLaren drains in the 
EE/CA.  A passive solid substrate bioreactor (SSBR) and a semi-passive liquid substrate bioreactor 
system (LSBR) are compared.  The water flow rate and quality data have been reevaluated for each 
source.  An estimated cost analysis for bench scale pilot studies is presented, and the sensitivity of the 
system to changing flow and chemistry conditions is discussed.  Finally, the construction, operations and 
maintenance cost analysis presented in the EE/CA has been updated to provide further detail and refined 
cost estimates for the SSBR and LSBR systems based on these analyses.   
 
2. Site Description 

The nature of the McLaren massive sulfide ore deposit, history of the open-pit mine  and general site 
characteristics are detailed in the Adit EE/CA.  Briefly, the site is located immediately north of Daisy Pass, 
on the west side of Fisher Mountain about four miles north of Cooke City, Montana.  The open pit mine 
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occurs at elevations between 9,600 to 9,800 feet, and access to the site is limited to only a few months 
each year due to adverse weather and snow conditions.  As a result of the site conditions, a bioreactor 
treatment system for water treatment of flow from the drains was recommended as a possible treatment 
alternative in the EE/CA to reduce metals-loading to Daisy Creek.  The technology is well-suited for 
remote locations, which are inaccessible for a portion of the year and where active treatment may not be 
feasible.  The technology has been shown to be effective for treatment of AMD under favorable 
conditions, and improvements in long term operation of these systems are routinely being made.  
Although the currently constructed bioreactor treatment systems have not been in operation for more than 
a few years, in theory under the optimal operating conditions, passive or semi-passive bioreactor systems 
should operate effectively for many years without requiring a major system overhaul or ongoing 
construction, and should require only minimal operator input. 
 
3. McLaren Pit Subsurface Drains 

In July 2002 as a result of the McLaren Pit Response Action, the historically operated open pit was re-
graded and capped with an impermeable geomembrane cover to minimize surface run-on, and the effects 
of precipitation and snowmelt infiltration into mine wastes back-filling the pit; thereby mitigating some of 
the acid generation and potential metals-loading to nearby Daisy Creek.   
 
Four bedrock-hosted springs were encountered during excavation and drains were constructed during re-
grading efforts to redirect subsurface drainage away from mine waste back-filled areas of the pit and the 
construction site.  These drains were constructed to collect water in a perforated drain-pipe in a geotextile 
lined and covered, gravel-filled trench.  The trenches were laid-out to bring the spring-fed groundwater 
near the base of the pit to the westernmost and downhill edge of the pit.  These drains were left in place 
after regrading and completion of the capping.  Three of the terminal ends are accessible as they drain 
into two separate constructed surface water tributary channels to Daisy Creek, immediately down-
gradient of the pit.    These three discharges to surface water are referred to as sample locations DCSW-
101, DCSW-102 and DCSW-103 as shown in Figure 1.  Construction of the McLaren cap was completed 
in October 2003. 
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The data for the combined flow of the three drains (see Appendix A) indicate an overall downward trend 
in combined peak flow since 2004, with the exception of the high flow sampling event in 2008, as shown 
in Figure 2.  The sampling event on 7/15/2008 shows higher flow rates for the combined drain flow and 
indicate that 2008 precipitation and subsequent snowmelt was greater than that of 2006 or 2007.  
Although the flow rates measured in July 2008 indicate that the peak flow for this year was higher than 
peak flows measured in 2006 and 2007, the rapidly peaking flows generated by very high winter 
snowfalls/snowmelt quickly dropped back down to expected flow values for this time of year by the 
8/12/2008 sampling event.   
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Figure 2 - Combined Flow for DCSW-101, -102, -103 Post-Capping 
 
The combined metals concentrations show similar decreasing trends from the under-drains as seen in the 
combined drain concentration determined as a weighted average based on the flow rates for the three 
contributing drains (Figure 3) for each metal sampled. The exception to this relationship is lead during 
high flows of 2008, which was higher than any sample dating back to 2004.  Typically, the total metals 
concentrations during the high flow periods decrease, due to the larger volumes of water, which act to 
dilute the metals and then increase during the lower flow periods.  With the exception of lead, the overall 
trend for metals concentrations shows that the peak metals concentration decreases from each of the 
subsequent year over the period from 2004-2007.  This trend indicates that the cap is effectively reducing 
the exposure for water to the source rock beneath the cap. 
 
While a geo-synthetic membrane and revegetated cover soil prevent meteoric water and snowmelt from 
infiltrating into the backfilled McLaren Pit, groundwater continues to flow into and through the pit backfill.  
Spring 101, located along the pit margin at the base of the high wall, is the most upgradient source of 
groundwater entering the pit.  Spring 101 flows at the most consistent flow rate compared to other flashier 
flowing springs originating further down gradient in bedrock, beneath the overlying pit footprint.   
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Figure 3 – DCSW-101, -102, -103 Combined Metals Concentrations   
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Flow from these springs and other springs that does not get captured by the sub-drain system, along with 
a seasonally fluctuating groundwater table, is the source of groundwater accumulation in the pit backfill.  
The elevation of this water is measured in two backfill monitoring wells, DCGW-105 close to the high wall 
near the middle of the pit, and DCGW-104 near the down gradient edge of the pit (Figure 1).  Rising and 
falling water elevations are measured seasonally at each backfill well and also in nearby bedrock wells.  
Both the onset of rising and falling water elevations are initially detected first at DCGW-105 and about two 
to three weeks later at DCGW-104.  Well DCGW-105 typically reaches its lowest level of the year in early 
November, whereas DCGW-104 often lags behind with the annual low water level being reached in late 
January.  
 
Fluctuating water levels within the pit backfill promotes formation and subsequent dissolution of oxidation 
products and mobilization of soluble metals.  Periods of falling groundwater head within the mine waste 
drives seepage of the resulting solute-rich water back into bedrock beneath the pit.  This water is then 
sampled in both in groundwater wells within the pit, and from portions of the springs as it exits the pit at 
the three under-drain outlets.   
 
Installation of the pit cap has decreased the overall maximum head of water in the pit backfill (7 feet lower 
at DCGW-104).  The decrease in head reduces the magnitude of the backfill water level fluctuation, and 
therefore, reduces the volume of material that is intermittently saturated.  Because less material is 
intermittently saturated, fewer oxidation products are generated and dissolved, therefore reducing the 
solute load delivered to groundwater underlying the pit.  Reduced solute loading to groundwater beneath 
the McLaren Pit is believed to be the reason for decreasing trends in metal concentrations measured in 
under-drain water samples. 
 
The original analysis presented in the Adit EE/CA for the drain flow and chemistry data used the data 
collected in June 2006 during the high flow sampling event.  This analysis indicated that a substantial 
portion of the metals loading to Daisy Creek was from the McLaren drains.  For the analysis presented in 
this report, the average metals loading at the nearest down-stream Daisy Creek sampling location (DC-2) 
was determined using the 2004-2007 mean flow data, average high flow and average low flow data from 
the various sampling events.  Using these values, the total metals contribution to Daisy Creek from the 
under-drains ranged from 22.5% at mean flow rates to 39.3% at average low flow rates as shown in 
Figure 4 and detailed in Table 1.  Using the average data for flow is likely to give a better overall picture 
of volumes that would need to be treated in a SSBR or LSBR system, rather than using one point in time 
for evaluation such as was done with the 2006 data in the Adit EE/CA.  However, for system sizing and 
cost purposes, rather than using high flow data, the mean flow data will be used in the analysis presented 
in this report.  A provision for a system bypass will be included for the relatively short high flow period 
each season.  This will minimize cost and system footprint, while ensuring that the greatest metals 
loading, during lower flows will be treated as effectively as possible.  It is assumed for this analysis that 
the water quality will remain consistent from the under-drains.  Under this assumption, the average 
combined drain flow and water quality values were used for analysis in the balance of this report.   
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Figure 4 - Metals Loading at DC-2 from McLaren Pit Subsurface Drains 

 
The combined total metals loading from the subsurface drains and the percent contribution at DC-2, the 
nearest down-stream sampling location in Daisy Creek, are shown in Table 1 below for the June 2006 
high flow and September 2006 low flow periods as presented in the EE/CA, as well as the loading using 
the average high flow and average low flow water chemistry data for 2004-2007.  Also shown are the 
mean flow metals loading values used for the current analysis. 
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Table 1.  Metals Loading from the McLaren Subsurface Drains 

 
Average 

High Flow 
Metals 

Loading 
(kg/month) 

Average 
Low Flow 

Metals 
Loading 

(kg/month) 

Mean 
Flow 

Metals 
Loading 

(kg/ 
month) 

June 2006 
Metals 

Loading 
(kg/month) 

September 
2006 Metals 

Loading 
(kg/month) 

Aluminum 215.5 27.9 123.8 190.6 22.2 
Cadmium 0.087 0.010 0.049 0.071 0.007 
Copper 106.6 13.3 61.5 101.0 9.2 
Iron 928 148 592 809 112 
Lead 0.047 0.005 0.026 0.046 0.002 
Manganese 26.26 3.80 16.03 24.62 3.12 
Zinc 14.63 1.82 8.45 12.81 1.30 
Total 1291.4 194.6 802.2 1138.0 148.2 
% Contribution at 
DC-2 

21.3% 39.3% 22% 39.1% 55.4% 

 
This table indicates that while the percent contribution at DC-2 is higher for the 2006 sampling event data, 
the total metals loading to Daisy Creek is less when using 2006 data than for the data using average high 
flow values.  This is a result of the average high flow and average low flow, 39.6 gpm and 4.6 gpm 
respectively, being greater than the 2006 high flow and 2006 low flow, 37.2 gpm and 3.2 gpm, 
respectively.  The design flow rate used in the EE/CA was 22 gpm for the combined flow for the drains.  
The current analysis also indicates an average mean flow of 22 gpm which will be the flow rate used for 
the current analysis.  The average values for metals concentrations  determined as a weighted average 
based on the flow rates for the three contributing drains will be used for system sizing and design 
considerations in this evaluation as shown in Table 2 and detailed in Appendix A. 
 

Table 2.  Mean Flow Rate and Water Quality Data for McLaren Drains 

Station 
Name 

Flow 
(gpm)(1) 

Aluminum 
(mg/L) 

Cadmium 
(mg/L) 

Copper 
(mg/L) 

Iron 
(mg/L) 

Lead 
(mg/L) 

Manganese 
(mg/L) 

Zinc 
(mg/L) 

DCSW-101 13.5 28.6 0.010 14.0 139 0.009 3.20 1.78 
DCSW-102 7.2 30.6 0.016 17.3 145 0.003 4.74 2.72 
DCSW-103 1.3 91.7 0.025 35.8 432 0.003 12.7 4.35 
Combined 22.0 32.8 0.013 16.3 157 0.007 4.2 2.2 

(1) Combined mean flow rate used for full scale design 
 

4. Sulfate Reducing Bioreactor Systems 

a. Anoxic Limestone Drains 
 
In the Adit EE/CA it was suggested that the bioreactor systems incorporate an anoxic limestone drain 
(ALD) into the design, in order to add alkalinity and increase the pH of waters prior to entering the 
bioreactor.  It is well known that armoring of the limestone can occur quickly when high levels of iron and 
aluminum are present and thereby risk clogging of the influent piping by their precipitation. In addition, 
armoring of the limestone with these chemical precipitates in the ALDs greatly reduces its effective acid 
buffering potential.  It has been recommended that ALDs not be used when high levels of aluminum are 
present due to the complexity and lack of understanding of aluminum chemistry (Gusek, 2001).  As an 
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alternative to an ALD, limestone is typically incorporated into the matrix of a SSBR system to add 
alkalinity to the water and raise the pH.  When the limestone is incorporated into the matrix, the 
precipitation of metals which leads to the armoring effect in an ALD is minimized by effectively distributing 
the area for precipitation throughout the reactor rather than allowing precipitation to occur primarily at the 
location of the inlet pipe.  This also reduces the armoring effect of the limestone at the inlet piping as 
discussed above.  As a result, the ALD has been eliminated for consideration in the proposed design.  
For addition of alkalinity and increase in pH for a LSBR, in addition to the limestone incorporated into the 
matrix, sodium hydroxide is metered into the influent water upstream of the bioreactor and the resulting 
iron and aluminum precipitates formed are allowed to settle out of suspension in a settling pond prior to 
flowing through the bioreactor. 
 
b. Solid Substrate Bioreactor  
 
There are two types of sulfate reducing bioreactor systems commonly employed for treatment of AMD.  
The first, a solid substrate bioreactor (SSBR) is considered a passive system in that once the system is 
set up and running, there is little support needed for operations, assuming the conditions of the reactor 
bed are conducive for bacterial growth.  There are challenges associated with this type of system as well, 
which are discussed below.  The SSBR employs a solid matrix of organic material, which serves as both 
a physical support and carbon energy source for bacteria.  The bacteria are used to oxidize the carbon 
source, which in turn results in a subsequent reduction of dissolved oxygen (DO), sulfate and ferric iron.  
As the DO is reduced, this system begins to operate as an anaerobic (without oxygen) system, where 
sulfate reducing bacteria biochemically reduce sulfate and iron to form iron-sulfides.  The sulfate reducing 
bacteria function best at a pH of 5.5 or higher (URS, 2003), and typically the pH acidic waters at a mine 
site must be increased for successful operation of a bioreactor.  The pH in a passive SSBR system is 
typically increased and alkalinity added to the system using limestone.  The limestone also acts to oxidize 
and precipitate much of the iron present as an iron hydroxide phase, which in turn minimizes the load of 
metals that needs to be reduced biologically.  In a SSBR, many of the metals in the pH adjusted water are 
reduced to metal sulfide precipitates within the reactor, and the treated water is then typically sent to an 
oxic limestone drain where additional alkalinity and oxygen are added to the water prior to discharge.  
This is important for maintaining conditions of pH and DO in the receiving stream favorable to aquatic life. 
 
c. Liquid Substrate Bioreactor  
 
The second type of bioreactor system considered is a semi-passive system called a liquid substrate 
bioreactor (LSBR).  The LSBR is more complex and may require more operational support (semi-passive) 
than a SSBR in order to be successful.  Like the SSBR, a LSBR also reduces metals in an anaerobic 
system; however, the support media for the bacteria is typically a mix of large and small rock, and the 
carbon source for the bacteria is a liquid carbon source, such as ethanol, that is fed into the system with 
the influent wastewater.  As discussed above, the bacteria are more productive at a pH greater than 5.5.  
In a LSBR, the pH is typically raised through the upstream addition of sodium hydroxide (NaOH) liquid to 
the waste water stream and the resulting bulk metal precipitates allowed to settle from suspension in a 
settling pond prior to entering the bioreactor.  This settling of precipitates reduces the metals load in the 
LSBR and results in a smaller metals load to be biologically treated in the reactor.  The effluent from the 
LSBR is also sent to an oxic limestone drain to add alkalinity and oxygen to the water before discharge. 
 
d. Discussion 
 
The main differences between the SSBR and LSBR are the materials used for the support matrix for the 
bacteria and the nature of the carbon used as an energy source by the bacteria.  A typical support matrix 
for a SSBR consists of a mixture of solid organic materials (i.e.,  hay, wood chips, etc.), manure for the 
establishment of a bacterial population, and limestone for addition of alkalinity.  Theoretically, the bacteria 
will continue to reduce sulfate and form metal sulfide precipitates as long as there is sufficient limestone 
to ensure the incoming water is not too acidic for bacteria survival, and there is enough available organic 



 

Mary Beth Marks
US Forest Service

April 6, 2009
  

 

Tetra Tech 10 

material to facilitate bacterial growth.  The most common operational problems encountered with the 
SSBR are; invasion of plants resulting in the introduction of oxygen to the subsurface treatment system, 
creation of preferential flow pathways due to compaction and low permeability of the organic matrix, 
inundation of acidity and metals loading due to storm surges, and system desaturation (URS, 2003).  It is 
possible that a passive system could run unattended for decades without intervention due to the small 
amount of process sludge generated, relative to active systems. In addition, it should be standard practice 
that passive treatment systems be designed to treat for several decades without a major system overhaul 
or substrate reconstruction (Gusek, 2001); however this has not been the case to date. 
 
The system design for a SSBR may incorporate measures intended to mitigate some of these challenges 
such as burying the reactor below the root zone for most native plants at the site or covering the reactor 
in oxygen impenetrable membranes, providing a surge pond to minimize fluctuations in flow rate and 
metals loading to the bioreactor, and providing a bypass when the flows are too high to mitigate with a 
surge pond.  Due to one or more of the problems cited above, the longest reported run time for a SSBR 
has only been 3 to 4 years before significant modifications were required (URS, 2003). 
 
Many of the difficulties typically associated with the SSBR systems have been overcome through 
implementation of LSBR systems.  The use of rock for the solid support matrix in the LSBR for bacterial 
growth allows for sufficient pore space for infiltration of wastewater to the system and steady-state 
permeability conditions for metals precipitation without forming preferential flow pathways such as those 
that form in a SSBR.  Constant permeability is not possible in a SSBR because the organic matrix breaks 
down over the course of systems operation as the carbon source is used by the bacteria and results in a 
collapse of the matrix and filling of the pore spaces.  Over time, the system is unable to treat the design 
flow of wastewater, and the system must be shut down for removal and replacement of the substrate.   
 
In a LSBR the pH of the water is raised with the addition of NaOH liquid to the influent water.  The NaOH 
can be added and the water sent to a settling pond where the metal hydroxides (primarily iron) are 
allowed to precipitate out of solution before entering the bioreactor.  This reduces the metals loading in a 
LSBR from what is seen in a SSBR where the limestone is an integral part of the solid matrix.  The carbon 
source in a LSBR is a liquid alcohol carbon substrate, such as ethanol, which is added to the influent 
water after pH adjustment and eliminates the problems associated with the breakdown of carbon 
substrate as discussed above for a SSBR.  An additional benefit of using a liquid carbon source in a 
freezing climate is that the alcohol will act to reduce or eliminate freezing of the system during winter 
operations and result in higher bacterial efficiency.  A full scale LSBR has been successfully operated at 
the Leviathan Mine in California from 2003-2007 (Zamzow, 2008) and indicates that continued operation 
of the system is feasible into the future. 
 
5. Bioreactor System Sensitivity to Changing Parameters 

When designing a treatment system, it is important to consider how changing conditions may affect the 
performance and effectiveness of the system.  The flow rate and water chemistry, namely metals loading 
and sulfate concentration, are important in designing a bioreactor system.  It is necessary for sulfate to be 
present in excess of the total metals for successful metals removal in this type of system.  The pH and 
temperature of the influent water are critical to the health of the bacterial population.  If the pH is too 
acidic (<5.5) or the temperature too low, the bacteria are less likely to flourish.  It has been found that the 
effectiveness of a bioreactor treatment system is lower in the winter months than in the warmer months 
(Johnson & Hallberg, 2002); however, for the LSBR, this temperature fluctuation would be less important 
due to the addition of alcohol acting as an anti-freeze in the influent water.   
 
The flow rate will affect the dynamics of a bioreactor system.  If the system should become overwhelmed 
due to a higher flow rate than the design allows for, the bacterial population will be unable to treat the 
metals load and a severe die-off of the bacterial population may be seen in the system.  It is also possible 
that at too high a flow rate, a portion of the bacterial population may be washed out of the system.  In 
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either case the population may be unable to recover once the flow rate returns to normal and the bacterial 
population would therefore have to be reestablished.  It is recommended that a holding pond be installed 
upstream of the bioreactor to minimize flow fluctuations during high flow events, and the system design 
should include a bypass should the holding pond have insufficient capacity to store high flows.   
 
At a low sustained flow rate, some of the anaerobic substrate in a SSBR may become oxidized and 
precipitated metals may be flushed out of the system into the effluent.  For the current design, it is 
suggested that in order to minimize the difficulties presented by flow variations, the system design should 
regulate flow through the use of a holding pond, and placement of a layer of inert gravel covering the 
SSBR to accommodate fluctuations in head (URS, 2003).  To strike a balance between treating the high 
metals load to Daisy Creek present during the low flows, while accommodating higher flows when 
needed, the current system sizing is based on the average flows and water chemistry with a holding pond 
to provide surge protection to the system, and a system bypass to eliminate excessively large flows 
through the system.  The SSBR design also contains a layer of inert gravel to further accommodate head 
fluctuations. 
 
6. Bioreactor Bench-Scale Pilot Studies 

The ability to size and design the proper bioreactor treatment system depends on the influent water 
quality, including flow rate and metals loading.  Whether a SSBR or a LSBR is chosen, it is important to 
determine the operating conditions best suited for the particular AMD of concern.  These factors are best 
determined through pilot studies.  Through pilot testing, the determination of which carbon source is most 
effective under what pH conditions can be tested for each type of bioreactor, and the systems sensitivity 
to varying conditions may be verified. Using this information, combined with the cost analysis, the 
appropriate full scale treatment technology for the McLaren under-drains can be best evaluated.   
 
It is assumed for purposes of the bench and pilot scale testing cost analyses that since this bioreactor 
technology has been established in the literature to be appropriate for the type of AMD from the McLaren 
drains, a laboratory-scale pilot test may be omitted and that a bench scale study would first be conducted.  
The bench scale testing can be performed in the laboratory or in the field; however, for this cost analysis, 
it is assumed that the testing for this phase would be performed in the laboratory to minimize travel and 
labor costs due to the location of the site.  The bench scale testing would be conducted using the AMD 
collected in proper proportions from the three drains.  At the bench scale, it is necessary to determine for 
a SSBR the mixture of organic materials best suited for this discharge as well as the optimal 
configuration; and for a LSBR, which liquid carbon source and dose is optimal for use by the bacteria.  
The ability to vary the water flow and quality for testing purposes are also much more controllable in a 
laboratory, prior to testing under field conditions.  During the bench scale testing phase, the optimal pH 
can be determined and factors affecting the bioreactor such as temperature and flow fluctuations can be 
controlled and evaluated.  The goal of the bench scale testing is to determine whether a SSBR or a LSBR 
would be the more appropriate technology for this site and to focus subsequent field scale pilot studies on 
one of these technologies. 
 
The costs associated with laboratory scale testing include; raw materials necessary for each type of 
bioreactor including test units, carbon sources, limestone and/or chemical addition of NaOH; collection 
and shipment of source waters; setup and operating time for the laboratory technician; and sampling 
costs.  Bench scale test units can typically be put together using items readily found in a hardware store 
such as trash cans and kiddie wading pools (Gusek, 2001).  The assumed testing matrix includes a 
control reactor for each SSBR and LSBR, as well as one reactor for each SSBR and LSBR to study the 
effects of pH, temperature, flow variations and chemistry variations, for a total of 10 bioreactors. 
 
The time required for inoculation and acclimatization of the bacteria can be on the order of weeks to 
months depending on the available carbon source and bacteria present.  The bench scale testing design 
and setup is assumed to take approximately one week.  The inoculation and establishment period for the 
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bacteria is assumed to be six weeks.  During this period, one effluent sample per week per reactor should 
be sufficient to determine the establishment of a suitable bacterial population in each bioreactor, and in 
addition one influent sample should be collected each week, for a total of 11 samples/week.  Once the 
bioreactors are established, the variable factors can be changed to determine the dynamic responses of 
the system.  It is estimated that this may take up to an additional ten weeks.  The cost for labor includes a 
full one week set up time, one hour per week during the acclimatization period and three hours per week 
during the ten week run time with changing variables. 
 
The following table (Table 3) details the estimated cost for a bench scale pilot test for water from the 
McLaren under-drains. 

Table 3.  Cost Estimate for Bench Scale Testing 

Component Unit Unit Cost Quantity Total Cost 
Bioreactor/Raw 
Materials 

each $150 10 $1,500 

Labor hour $110 76 $8,360 
Sampling week $2,200 16 $35,200 
Total Bench Scale  
Costs 

   $45,060 

 
7. Bioreactor Field-Scale Pilot Studies 

Once the appropriate type of bioreactor is determined through the bench scale testing, a field pilot scale 
test would be suitable to get a better picture of how the actual operating conditions at the site may affect 
the bioreactor.  The cost associated with each type of bioreactor is discussed and costs presented below.   
 
If during bench scale testing, it is determined that a SSBR is the desired technology for the McLaren site, 
the costs associated with the setup and pilot testing in the field include raw materials delivered to the site, 
travel to the site, shipping of miscellaneous items, mobilization/demobilization, chemicals, sampling and 
labor.  For the field scale pilot test for a SSBR, AMD Treat software Version 4.1c was used for sizing and 
preparation of the cost estimate.  Results from AMD Treat and system costs are found in Appendix B.   
 
The assumptions for the SSBR field scale pilot testing system are as follows: 
 

• The water chemistry used for sizing was taken directly from the mean values recorded during site 
sampling from 2004-2007 (Table 1), 

• Flow rate is 2 gallons per minute, 
• All raw materials for the system are delivered directly to the site, 
• System setup requires two technicians, two weeks to install, 
• Acclimatization time for the bacteria is six weeks from startup, 
• System setup would commence in early July and would run through September (approximately 

10 weeks run time after acclimatization), 
• Sampling would be done weekly from startup for both influent and effluent and require one full 

day each week to complete, 
• SSBR sizing from AMDTreat Software 
• SSBR costs obtained from RSMeans and experience, 
• Travel to the site for sampling is from the Tetra Tech Bozeman office, 
• Freezing will not be an issue for the duration of the testing and therefore the reactor will be above 

ground, 
• Once the system is set up, there is no additional maintenance or modification required for the 

duration of the testing, 
• Some engineering would be required for system design, 10 percent of total is assumed. 
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Table 4.  Cost Estimate for Field Pilot Scale SSBR 

Component Unit Unit Cost Quantity Total Cost 
Organic/Limestone Fill for Bed Ls $6,871 1 $6,871 
Shipping/Delivery of Materials ls $2,500 1 $2,500 
Bed Liner ls $2,587 1 $2,587 
Miscellaneous Building Materials ls $1,500 1 $1,500 
Labor hour $110 288 $31,680 
Travel (mileage) week $135 18 $2,430 
Estimated Per Diem day $112 18 $2,016 
Sampling week $2200 16 $35,200 
Sub Total Field Pilot Scale Costs SSBR    $84,784 
Engineering ls $8,234 1 $8,478 
Total Field Pilot Scale Costs SSBR    $93,262 

 
The assumptions made for determining sizing and cost for a pilot scale LSBR are as follows: 
 

• The residence time in the reactor is 2 days (Zamzow, 2008), 
• The water chemistry used for sizing was taken directly from the mean values recorded during site 

sampling from 2004-2007 (Table 1), 
• Flow rate is 2 gallons per minute, 
• Bed porosity is 35 percent, 
• All raw materials for the system are delivered directly to the site, 
• System setup requires two technicians two weeks to install, 
• Acclimatization time for the bacteria is six weeks from startup, 
• System setup would commence in early July and would run through September (approximately 

10 weeks run time after acclimatization), 
• Sampling would be done weekly from startup for both influent and effluent, 
• LSBR costs obtained from RSMeans and experience, 
• Travel to the site for sampling is from the Tetra Tech Bozeman office, 
• Freezing will not be an issue for the duration of the testing and therefore the reactor will be above 

ground, 
• Once the system is set up, there is no additional maintenance or modification required for the 

duration of the testing, 
• Some engineering would be required for system design, 10 percent of total is assumed. 
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Table 5.  Cost Estimate for Field Pilot Scale LSBR 

Component Unit Unit Cost Quantity Total Cost 
Rock Fill for Bed cy $25 82 $2,050 
Shipping/Delivery of Materials ls $2,500 1 $2,500 
Bed Liner sy $3.00 110 $330 
Miscellaneous Building Materials ls $1,500 1 $1,500 
Chemical Costs ls $450 1 $450 
Labor hour $110 288 $31,680 
Travel (mileage) week $135 18 $2,430 
Estimated Per Diem day $112 18 $2,016 
Sampling week $2200 16 $35,200 
Sub Total Field Pilot Scale Costs LSBR    $78,156 
Engineering ls $7,810 1 $7,816 
Total Field Pilot Scale Costs LSBR    $85,972 

 
8. Full Scale Bioreactor Design Considerations and Cost Analysis 
Several considerations must be taken into account for a full scale design of a bioreactor treatment 
system.  The water quality and flow rate data are essential for design of either type of SBR system.  In 
addition, the location must allow for a large area to accommodate the footprint of the system complete 
with holding pond, bioreactor unit and oxic limestone drain.  It is also necessary to consider a settling 
pond for a LSBR system.  The site near the McLaren drains is relatively steep at the location where they 
currently discharge.  The slope decreases west of the drains, down towards the valley bottom and this is 
likely the best location for placement of the bioreactor system.  The groundwater tends to be shallow 
along the hillside south of the sub-drain discharge points and as one moves closer to the tributary 
drainage to Daisy Creek, and is generally deeper west of the drains and north of the tributary drainage, 
again down towards the valley bottom; however while this valley bottom area may be a possible location 
for sighting of the facility, a detailed analysis of available land and water levels must be considered during 
the project engineering design phase. 
 
The following general assumptions are made for either type of substrate bioreactor (SBR): 
 

• All bulk fill materials are delivered directly to the site, 
• Subsurface drain flows are combined at the existing discharge locations and piped downhill to the 

holding pond for the SBR, 
• System flow rate is 22 gpm based on combined mean flow data, 
• A geotextile will cover the holding pond and SBR to minimize infiltration of runoff, precipitation 

and snowmelt and to minimize oxygen infiltration, 
• The holding pond, SBR and oxic limestone drain are lined with geotextile to minimize water loss, 
• The holding pond hydraulic retention time is 24 hours at design flow, 
• The holding pond will be filled with geochemically inert gravel so that pond can be buried, 
• The holding pond and SBR will be buried and covered with 4 feet of soil to minimize freezing, 
• Soil cover for the holding pond and SBR will be obtained locally, perhaps from the borrow area, 
• The system would not require maintenance and sampling would be unnecessary during the 

winter weather months. 
• Conservation of mass upon mixing of the drains is assumed, 
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Solid Substrate Bioreactor Costs 
 
As discussed previously, the location of the discharge of the drains is in an area which is not conducive 
for placement of a bioreactor treatment system.  It is assumed that a single pipe conveying the combined 
flow from the drains would extend from the existing drain outlets approximately 400 feet down slope to the 
west.  The design allows for piping and associated valving for water conveyance to the system.  The 
combined drain flow will feed the front end of the reactor system at the lined and covered holding pond 
(Figure 5), which will serve to minimize flow fluctuations into the SSBR.  The influent will flow from the 
holding pond to the SSBR, which consists of a layer of geochemically inert gravel at the top to 
accommodate head fluctuations and at the bottom to minimize metals plugging of the piping at the 
influent to the SSBR.  The SSBR will be lined and consist of a mix of limestone, organic substrate and 
manure.  The limestone will add alkalinity and raise the pH, the manure is incorporated to provide an 
inoculum of bacteria necessary for sulfate reduction, and the organic substrate is the matrix which 
provides the carbon energy source and support for the bacteria.  It is assumed that the organic substrate 
is a mixture of hay and wood chips, although the optimal material and mixture would be determined 
during the bench scale testing.  The effluent from the SSBR is directed to an oxic limestone drain (OLD) 
before discharging to  Daisy Creek.  The system is fitted with a bypass from the holding pond to the 
discharge at the OLD for flows which may not be accommodated by the treatment system at the highest 
flow rates. 
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The total area required for the SSBR is just over 1 acre for the holding pond and the SSBR and a 100 foot 
long channel for the OLD. 
 
It has been reported that sulfate concentrations typically do not drop below a few hundred milligrams per 
liter (mg/L) in a sulfate reducing bioreactor (URS, 2003).  The measured sulfate in the combined drains is 
804 mg/L.  It is assumed that the sulfate reduction is 500 mg/L for purposes of design.  The longest 
operating period for an SSBR has been reported to be only three or four years without requiring 
replacement of the organic substrate (URS, 2003).  The expected life of the SSBR for this study is 
assumed to be five years before cell replacement is necessary.  The present worth analysis for system 
operations and maintenance was assessed assuming a 20 year life for the project. 
 
The SSBR was sized using AMDTreat Software Version 4.1c and cost estimates that would be expected 
for this type of project are provided using AMDTreat, RSMeans Building Construction Data for 2008 and 
project experience as detailed in Appendix C.  A cost summary presented below in Table 6. 
 

Table 6.  Capital and Operational Cost Estimate Summary for Solid Substrate Reactant Bioreactor 
(SSBR) for Typical System 

Total Direct Capital Costs $329,632 
Total Indirect Capital Costs $144,682 
O&M Costs (Present Worth) $1,277,955 
Total $1,752,270 
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Experience at the New World site has proven that construction costs commonly exceed those typically 
expected.  As a result, a comparative cost analysis was performed using construction cost data from 
former projects at the New World site.  The cost analysis using information from the New World McLaren 
Pit Response Action Construction Report (Civil Consulting Services, PLLC, 2006) and the Selective 
Source Response Action Construction Report (Civil Consulting Services, PLLC, 2006) is presented in 
Appendix E.  The changes from the above cost analysis are indicated in red.  A summary of the project 
costs using this data is presented in Table 7. 
 

Table 7.  Capital and Operational Cost Estimate Summary for Solid Substrate Reactant Bioreactor 
(SSBR) Using New World Cost Data 

Total Direct Capital Costs $543,642 
Total Indirect Capital Costs $272,189 
O&M Costs (Present Worth) $1,623,790 
Total $2,439,622 

 
Liquid Substrate Bioreactor Costs 
 
Again, it is assumed that a single pipe conveying the combined flow from the drains would extend from 
the existing drain outlets approximately 400 feet downhill to the west.  The design allows for piping and 
associated valving for the conveyance of water to the treatment system.  The combined drain flow will 
feed the front end of the reactor system at the lined holding pond (Figure 6), which will serve to minimize 
flow fluctuations into the LSBR.  The sodium hydroxide (NaOH) will be added to the effluent from the 
holding pond to increase the pH of the water to sustain the bacterial community and provide conditions 
conducive for bulk metals precipitation.  The freezing temperature of 20% NaOH is -15°F.  It is likely that 
the temperature at the McLaren site will reach temperatures lower than this during the winter months and 
a solar system or propane tank would be necessary to run heat tape to keep the solution from freezing 
and to run the chemical injection pump and has been included in the cost analysis.  It is possible to 
design the system, such that should a problem occur with the chemical feed system, the operator of the 
site would be notified.  
 
The holding pond effluent is directed into the lined settling pond.  The settling pond is sized for a 14 day 
hydraulic residence time for metals precipitation, and will be buried to provide frost protection and lined 
and covered to minimize in/exfiltration.  It is assumed that both ponds will be covered with four feet of soil 
cover from the borrow area at the site.  The pH adjusted water will flow from the settling pond into the 
LSBR and the carbon source, assumed to be ethanol, added just before the flow enters the reactor.  The 
reactor is lined and filled with a mixture of smaller and larger rock to balance the need for greater surface 
area while providing sufficient porosity to prevent plugging.  The design also incorporates manure for 
inoculation of bacteria necessary for sulfate reduction.  The hydraulic residence time for the LSBR is two 
days. 
 
The treated water from the LSBR flows through a lined oxic limestone drain to further increase the pH and 
to add oxygen back into the discharge prior to discharging to Daisy Creek. The system is fitted with a 
bypass from the holding pond to the discharge at the OLD for flows which may not be accommodated by 
the treatment system at the highest flow rates.  The expected life of the LSBR is assumed to be fifteen 
years before cell replacement is necessary.  The present worth analysis for system operations and 
maintenance was assessed assuming a 20 year life for the project.  
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The total area required for the SSBR is just over 2 acres for the holding pond, settling pond and the LSBR 
and a 100 foot channel for the OLD. 
 
Cost estimates that would be expected for this type of project are provided using AMDTreat, RSMeans 
Building Construction Data for 2008 and project experience as provided in Appendix D.  A cost summary 
is presented below in Table 8. 
 

Table 8.  Capital and Operational Cost Estimate Summary for Liquid Substrate Reactant 
Bioreactor (LSBR) for Typical System 

Total Direct Capital Costs $476,917 
Total Indirect Capital Costs $194,999 
O&M Costs (Present Worth) $544,817 
Total $1,216,733 

 
Experience at the New World site has proven that construction costs commonly exceed those typically 
expected.  As a result, a comparative cost analysis was performed using construction cost data from 
former projects at the New World site.  The cost analysis using information from the New World McLaren 
Pit Response Action Construction Report (Civil Consulting Services, PLLC, 2006) and the Selective 
Source Response Action Construction Report (Civil Consulting Services, PLLC, 2006) is presented in 
Appendix E.  The changes from the above cost analysis are indicated in red.  A summary of the project 
costs using this data is presented in Table 9. 
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Table 9.  Capital and Operational Cost Estimate Summary for Liquid Substrate Reactant 
Bioreactor (LSBR) Using New World Cost Data 

Total Direct Capital Costs $1,177,089 
Total Indirect Capital Costs $492,664 
O&M Costs (Present Worth) $602,807 
Total $2,272,559 

 
Comparison of SSBR and LSBR 
 
The tables above indicate that while the capital cost of a solid substrate bioreactor is less than that of a 
liquid substrate bioreactor, the operations and maintenance costs result in greater overall project 
expenditure.  This is due mainly to the breakdown of the organic matrix in the SSBR and the requirement 
of replacement of the entire bed at intervals assumed to be every five years.  The cost information 
provided in the construction reports for the New World site indicate that the costs associated with 
construction are considerably more than what is expected for this type of project.  The analyses indicate 
that the cost for the SSBR may be 140% and the LSBR almost 190% of what was determined using 
standard cost estimate data.   
 
Summary and Comparison of Various Cost Estimates for SSBR and LSBR 
 
Table 10 compares the cost estimates for the construction of the SSBR and LSBR prepared for this 
report, using New World Cost data (revised for the remote New World location and under more extreme 
climatic conditions), vs. those generated in the original EE/CA for the same site conditions (Tetra Tech 
2006).    
 

Table 10.  Comparison of Cost Estimates. 
 

 SSBR LSBR 

Cost 
2005 

EE/CA 
Costs 

This Report
New World 
Cost Data 

2005 
EE/CA 
Costs 

This Report
New World 
Cost Data 

Direct Capital $573,046 $543,642 $865,525 $1,177,089
Indirect Capital $315,175 $272,189 $471,089 $492,664
Total Capital $888,221 $815,831 $1,327,614 $1,669,733
O & M Cost $2,350,000 $1,623,790 $3,535,485 $602,807

  
When comparing costs in Table 10, it is important to note that for the EE/CA, cost analysis were 
developed for a system designed to treat an average flow of 35 gallons per minute that included flow from 
the combined McLaren Adit as well as the McLaren under-drains; whereas, the costs developed for this 
report were for a system designed for an average flow of 22 gallons per minute from the under drains 
only.  Overall, direct and indirect costs from the two reports for the SSBR are reasonably similar; 
however, in the case of the LSBR the cost generated for this report are slightly higher. 
 
Operational costs (Table 10) for the LSBR in the EE/CA assumed replacement of the entire system every 
10-years, whereas; in this report the cost of the LSBR using adjusted New World costs assumed 
replacement of the liquid substrate portion of system only every 15-years. Therefore, the reason for the 
rather large discrepancy in operational and maintenance cost results principally from the frequency of 
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replacement of the liquid substrate and because the costs developed for both systems in this report did 
not call for replacement of the piping supply portion of the system, replacement of the gravel/rock 
materials contained in the holding or settling ponds, or site specific sampling costs, whereas the EE/CA 
did.   In addition, bench and pilot scale testing costs for this report are not included in the overall cost of 
either the SSBR or the LSBR in Tables 6 through 10. 
 
Expected Improvement in Water Quality at DC-2 
 
The percent reduction in metals concentration for the LSBR treatment were taken from the results from 
the Leviathan Mine (EPA, 2006) and for the SSBR from the results of the Golinsky Mine (Golder 
Associates, 2007), and are presented in Table 11.   
 

Table 11.  Removal Efficiencies for Metals Concentrations 

Parameter SSBR Removal (%) LSBR Removal (%) 
Aluminum 99.0 99.0 
Cadmium 99.0 65.3 
Copper 99.0 99.0 
Iron 92.0 98.0 
Lead 90.0* 35.8 
Manganese 10.0* 10.0* 
Zinc 96.0 99.0 

*Removal efficiencies assumed 
 
While the results indicate a significant overall metals reduction from the McLaren under-drains (Figure 7), 
there is still a major contribution of metals loading from other sources.  The total overall metals loading to 
DC-2 before treatment from the under-drains is 22 percent.  This contribution drops to a total metals 
contribution post-SSBR treatment to 2.2 percent and post-LSBR treatment to 0.8 percent.  While this 
reduction shows that the bioreactor treatment system is both appropriate and successful at metals 
removal from this type of discharge, the overall results indicate that the total reduction in metals loading to 
Daisy Creek will not be impacted significantly by implementing this technology.   
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Figure 7.  Total Metals Percent Contribution to DC-2 Before and After Treatment 

 
The impact to the DC-2 sampling station after biological treatment is presented in Figure 8.  The total 
metals loading from all sources including the McLaren under-drains to DC-2 prior to bioreactor treatment 
of the McLaren under-drains is 3,653 kilograms per month (kg/month).  After SSBR treatment of the 
McLaren under-drains, the total metals contribution from all sources to DC-2 drops to 2,915 kg/month, an 
overall reduction in loading of only 20.2 percent.  After LSBR treatment of the McLaren under-drains, this 
value drops to 2,873kg/month total metals loading resulting in an overall total metals reduction to DC-2 of 
21.4 percent. 
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Figure 8.  Total Metals Loading to Daisy Creek (DC-2) 

 
The ideal situation of meeting or attempting to meet the Circular WQB-7 for aquatic life standards is 
unrealistic through treatment of the McLaren under-drain discharges.  Table 12 indicates the expected 
combined water quality from all sources to DC-2 before and  after treatment and compares these values 
to the standards. 
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Table 12.  Water Quality Standards(1) and Expected Water Quality After Treatment 

Parameter 

WQB-7 Chronic Aquatic 
Life Standard 

(Calculated for Hardness 
= 50 mg/L) 

WQB-7 Chronic Aquatic 
Life Standard 

(Calculated for Hardness 
= 100 mg/L) 

Mean Measured 
Concentration at 

DC-2 without 
Treatment 

Estimated 
Concentration 

After SSBR 
Treatment(2) 

Estimated 
Concentration 

After LSBR 
Treatment(2) 

Concentration (mg/L) 
Al 0.087(3) 0.087 8.1 7.4 7.4 
Cd 0.00016 0.00027 0.0026 0.0023 0.0025 
Cu 0.005 0.009 1.82 1.48 1.48 
Fe 1 1 8.88 5.82 5.59 
Pb 0.001 0.003 0.004 0.003 0.003 
Mn 0.05(4) 0.05 1.33 1.32 1.32 
Zn 0.07 0.012 0.38 0.33 0.33 

(1) Values as Reported in Tetra Tech EE/CA, 2006.  
(2) Based on removal efficiencies presented in Table 8.   
(3) Aluminum standard is based on dissolved concentrations and is applicable to water with pH between 6.6 to 9.0.  
(4) Manganese standard is a secondary MCL based on aesthetic qualities.   
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The results clearly indicate that the $2.44 million and $2.28 million expenditures for the SSBR or LSBR 
system, respectively, would do little to bring the water quality in Daisy Creek near the values, which would 
make a significant impact to the water quality.  The most to be gained from implementation of a bioreactor 
treatment system would be some reduction in metals loading resulting in modest improvement in the 
overall water quality to the creek. 
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