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Abstract The US Environmental Protection Agency’s

Mine Waste Technology Program (MWTP) has empha-

sized the development of biogeochemically-based treat-

ment technologies for mitigation of acid rock drainage

(ARD). Progressive technology demonstrations by the

MWTP over the past 15 years have resulted in improved

operation of sulfate-reducing bacteria (SRB) bioreactors.

Although using SRB to treat ARD is now fairly wide-

spread, it was uncommon in the early 1990s when the

MWTP used this innovative biotechnology. The first and

longest running demonstration was an in situ bioreactor

installed within the flooded subsurface workings of the

Lilly/Orphan Boy Mine in 1994. The second project, at the

Calliope Mine, compared the performance of several SRB

bioreactor configurations and operational attributes,

including lime pretreatment and reactor temperature. The

third demonstration, at the Golden Sunlight Mine, con-

sisted of two treatment steps with a recycle stream. The

fourth project was an investigation of existing bioreactor

designs and resulted in an improved bioreactor configura-

tion. Significant findings included: (1) a mineshaft could be

used as a long-term, in situ bioreactor, (2) SRB thrive in

temperature extremes, (3) sulfide recycle effectively avoids

contact of ARD with bacterial populations, and (4) ideal

bioreactor substrate provides short-term and long-term

nutrients, good support matrix, and enhanced permeability.
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Introduction

Thousands of remote abandoned hardrock ore mines in the

United States and around the world discharge acidic, metal-

laden waters to receiving streams. The combination of

acidity, heavy metals, and sediment loading associated

with the acid rock drainage (ARD) from these abandoned

mines can have severe detrimental environmental impacts

on receiving ecosystems. Pollution prevention, emphasiz-

ing at-source control when possible, is the best long-term

solution to this problem.

The Congressionally Mandated Mine Waste Technology

Program (MWTP) emphasizes the development and dem-

onstration of treatment technologies that provide

satisfactory short- and long-term solutions to the remedial

problems facing abandoned ore mines and the ongoing

compliance problems associated with active mines

throughout the United States. Technical direction for the

MWTP is provided by the US Environmental Protection

Agency (EPA) Office of Research and Development’s

National Risk Management Research Laboratory in Cin-

cinnati, Ohio. The MWTP is administered by the

Department of Energy’s Western Environmental Technol-

ogy Office in Butte, Montana and implemented by their

performing contractor, MSE Technology Applications, Inc.

(MSE).

Field demonstrations and research conducted by the

MWTP and many others (Figueroa et al. 2004; Gusek

2002; McGregor et al. 1999; Skousen et al. 2000;
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Tsukamoto and Miller 2002; Wildeman and Updegraff

1998) have shown that sulfate-reducing bacteria (SRB) can

be used to effectively treat ARD. The SRB use organic

carbon (i.e., CH2O) as an electron donor to reduce sulfate

to sulfide (as H2S) and produce alkalinity in the form of

bicarbonate (Reaction 1). The H2S then reacts with dis-

solved metal cations to precipitate relatively stable metal

sulfides (Reaction 2). Besides lowering the concentrations

of sulfate and dissolved metals, SRB produce bicarbonate

buffers and decreases the acidity of the ARD. This is a well

documented process (Doshi 2006; Elliot et al. 1998; Gusek

2004; Johnson and Hallberg 2005; Neculita et al. 2007;

Younger et al. 2002).

SO 2�
4 þ 2CH2O! H2Sþ 2HCO �

3 ð1Þ

H2SþMþ2 ! MSþ 2Hþ; where M ¼ metal ð2Þ

Biological sulfate reduction, with subsequent

precipitation of metal sulfides, is not the only metal

removal mechanism in organic-based treatment systems.

Other mechanisms include cation exchange of metals

(typically with lower valence cations) by the organic-rich

substrate, precipitation of metal hydroxides, and the

sequential adsorption of metals by precipitated ferric

hydroxide. Adsorption of metals by the organic substrate

plays an important initial metal removal role; however, in

most cases, it only causes a temporary retention of metals,

as the mechanisms are pH dependent and metals have

different adsorption affinities. Over time, less readily

sorbed metals, such as manganese, may be released back

into solution in exchange for more readily sorbed metals.

Adsorption of metals by organic materials is also limited

by the quantity of sorption sites in the organic matrix.

Mine Waste Technology Program Field SRB

Demonstrations

Many abandoned mine sites are located in difficult to

access, remote settings without networked power. Tradi-

tional treatment options, such as lime neutralization, can

be difficult and costly to implement at such sites. How-

ever, at-source control, passive technologies using SRB

offer many advantages, such as effectively removing

metals, requiring less maintenance, and being economical

to construct and operate. The following MWTP SRB-

based biotechnology projects consisted of anaerobic bio-

reactor designs, each with a unique aspect that made it

innovative.

(1) SRB subsurface bioreactor: an in situ passive biore-

actor installed within the flooded subsurface workings

of the Lilly/Orphan Boy Mine in Montana and

operated for 11 years between 1994 and 2005;

(2) On-site SRB bioreactor comparison: several on-site

SRB bioreactors were configured in parallel at the

Calliope Mine in Montana, which allowed design and

operational attributes, such as lime pretreatment and

temperature, to be evaluated;

(3) SRB-driven sulfide precipitation demonstration: an

SRB-based process with an innovative solution

recycle loop conducted at the Golden Sunlight Mine

in Montana; and

(4) Improvements in engineered bioremediation for

ARD: an innovative portable modular bioreactor

configuration demonstrated at Black Hawk, Colorado.

The lessons learned from these projects addressed

engineering design criteria, including the selection of dif-

ferent organic media, maintenance of system permeability,

and strategies for mitigation of ARD. The projects are

described in chronological order below.

Project 1: SRB Subsurface Bioreactor

(Lilly/Orphan Boy Mine)

From 1994 to 2005, the MWTP demonstrated an innova-

tive, passive, in situ biological technology to treat and

control ARD emanating from the remote, abandoned Lilly/

Orphan Boy Mine near Helena, Montana. Platforms were

suspended about 9 m (30 ft) below the static water level in

the mineshaft and two injection wells were drilled into the

tunnel near the shaft intersection. An organic substrate

consisting of approximately 70% cow manure, 20%

decomposed wood chips, and 10% alfalfa straw was placed

in the shaft and supported by the suspended platforms; the

remainder was pumped into the tunnel through holes dril-

led from the surface. The upwelling ARD in the shaft

passed through the organic matter. A cross-sectional view

of the underground configuration is shown in Fig. 1. Bio-

logical treatment took place in the substrate regions, and

the treated water subsequently flowed out of the mine

through the portal. The bioreactor was installed in August

1994 and analytical data was collected for 11 years.

This field demonstration was conducted to evaluate the

use of SRB to mitigate metal-contaminated ARD in situ. A

literature search (Gusek 2002) found that this project was

the first to use the novel approach of employing the

underground mine as a treatment vessel. Using monitoring

wells, the performance of the SRB system was monitored

through the collection and analysis of samples from within

the mine tunnel (shaft sampled) and at the portal (Fig. 1).

Key parameters measured to ascertain the treatment efficacy

of the design included concentrations of dissolved metals,

total metals, alkalinity, dissolved oxygen (DO), sulfate,

sulfide, biochemical oxygen demand, chemical oxygen

demand, and volatile fatty acids as well as temperature, pH,
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and redox potential (Eh). Nearly all of the analytical

parameters showed positive trends toward the treatment of

ARD (Canty 1999, 2000; Nordwick and Bless 2002).

Chemical parameters of treated and untreated Lilly/

Orphan Boy Mine ARD are shown in Table 1. Flow rates

varied from 8 to 30 L/min [2–8 gallons per minute (gpm)]

with the higher rates occurring during spring runoff.

Hydraulic residence time (HRT) was not calculated due to

uncertainties associated with the volume of substrate in the

mine workings. The pretreatment data is an average of

several samples taken from the shaft and portal of the mine

from September 1993 until August 1994. Post-treatment

data was collected from the portal and tunnel in March and

May 2001, 7 years into the demonstration. This data was

selected because it is typical for the demonstration and

illustrates the substantial changes in portal water chemistry

experienced during spring runoff. Tunnel sample data for

the same period shows much less seasonal variation.

Overall, the rates of contaminant removal (during non-

runoff periods) for aluminum, cadmium, copper, and zinc

were greater than it was for arsenic, manganese, and iron.

The data also indicated that higher metal removals were

obtained within the tunnel; by the time the water reached

the portal, an increase in metals had occurred. The pH of

the mine water increased almost immediately after imple-

mentation of the technology, which was attributed to the

buffering capacity of the organic substrate. During the

spring runoff period, pH and water quality were lower in

the portal than in the tunnel, where pH remained near

neutral. This was likely due to oxygenated surface water

runoff penetrating through the ground above the portal,

flowing into the tunnel, and then solubilizing historic metal

precipitates and becoming contaminated as it passed

through the tunnel. Water quality during the spring months

may also have been affected by a greater amount of ARD

infiltration from fractures within the tunnel walls.

To summarize, several lessons were learned from the

SRB subsurface bioreactor:

• It was initially envisioned that the life of this bioreactor

would be only a couple of years, at best. However, the

original carbon biomass placed in the Lilly/Orphan Boy

Mine was able to sustain SRB activity far longer than

expected. Valuable insight was gained into the longev-

ity of SRB treatment systems.

• Since the water was apparently re-contaminated with

metals as it passed through the tunnel and out the

portal, it is recommended that future designs for in situ

bioreactors account for this. Installation of a passive

bioreactor system downstream of the portal was

suggested to help alleviate this problem.

• A substantial decrease in most metals concentrations

and an increase in pH were demonstrated. Metals

effectively removed included zinc, aluminum, cad-

mium, and copper. The SRB treatment was not very

effective for removal of iron, arsenic, and manganese.

Fig. 1 Cross-section of

underground mine subsurface

SRB bioreactor at the Lilly/

Orphan Boy Mine

Table 1 Representative Lilly/Orphan Boy Mine water chemistry, dissolved metals, all concentrations in mg/L

Sample Month Fe Zn Al Mn As Cd Cu SO4 pH

Pretreatment shaft Several 27.7 26.1 9.7 6.2 1.07 0.33 0.32 277 3.0

Pretreatment portal Several 14.1 19.4 7.4 5.5 0.08 0.24 0.33 213 3.4

Treated tunnel water March 2001 9.3 \0.01 \0.02 1.4 0.02 \0.005 0.022 59 7.4

May 2001 13.2 0.06 \0.02 2.7 0.13 \0.005 \0.005 214 7.0

Treated portal effluent March 2001 30.8 10.1 0.2 5.5 5.26 0.040 \0.002 161 6.1

May 2001 11.2 28.8 11.2 6.4 0.05 0.301 0.686 394 3.4
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However, it should be noted that these metals were

removed at the subsequent Integrated, Passive Biolog-

ical Treatment System demonstration conducted at the

Surething Mine in Montana, where SRB treatment was

combined with an aerobic bioreactor optimized for

manganese removal (Nordwick 2008).

Project 2: On-Site SRB Bioreactor Comparison

(Calliope Mine)

The primary objective of the on-site SRB bioreactor

comparison project was to assess several bioreactor con-

figurations and monitor their ability to produce a high-

quality effluent at the ARD source. The bioreactors were

constructed at the Calliope Mine site near Butte, Montana.

Three horizontal flow SRB bioreactors were built, two

underground and one above ground. Each bioreactor was

filled with a combination of organic matter and cobbles

placed in two or four chambers. One of the underground

bioreactors (Bioreactor II) had a crushed limestone and

organic matter pretreatment section that was added to

evaluate its effect on SRB to improve pH and lower oxi-

dation-reduction potential (ORP). The other underground

reactor (Bioreactor III) had no pretreatment. The above

ground bioreactor (Bioreactor IV) also had a pretreatment

section composed of crushed limestone and organic matter

and was exposed to the atmosphere to evaluate the effects

of temperature variation and freezing. The bioreactors

operated from 1998 to 2001, and have been discussed in

more detail elsewhere (Zaluski et al. 2001, 2003). The

general layout of the bioreactors is shown in Fig. 2.

The below-ground bioreactor (II) with the pretreatment

section was 21.8 m (71.5 ft) in length and the other below-

ground bioreactor without a pretreatment component (III)

was 18.6 m (61 ft). Both were constructed in trapezoidal

trenches that were 4.3 m (14 ft) wide at the top and 1.2 m

(4 ft) wide at the bottom. The above ground bioreactor was

22.1 m (72.5 ft) in length and constructed in a 3.7 m

(12 ft) wide metal half-culvert. The chambers, filled with

organic matter or limestone, were each 1.5 m (5 ft) in

length. The flow rate of 3.8 L/min (1 gpm) corresponded to

a calculated 5�-day residence time for the ARD in the

bioreactors with the pretreatment section and a 4�-day

residence time for the other bioreactor.

The organic matter was a mixture of 80% cow manure and

20% cut straw by volume. The straw was added as a bulking

agent to provide secondary porosity to the mix. TerraCellTM

material, a high-density polyethylene commonly used in

landscaping for slope stabilization, formed a cellular con-

tainment system (CCS) to house the organic matter. Each

layer of TerraCellTM was positioned 608 from horizontal to

offset cells with respect to cells of adjacent layers. Each layer

was 15.2 cm (6 in.) thick and contained 27.9 cm (11 in.) by

21.6 cm (8.5 in.) rhombohedral-shaped cells (Fig. 3). The

CCS prevented organic matter from settling to the bottom of

the bioreactor, thus allowing the flow of ARD through the

entire cross-sectional area without channeling.

Bioreactor performance was monitored monthly by

recording pH, Eh, DO, and temperature of influent and

effluents. Analyses included SRB population numbers,

Fig. 2 Layout of on-site SRB

bioreactors

Fig. 3 Photographs of organic chamber of on-site SRB bioreactor III
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alkalinity, sulfate, sulfide, and dissolved metals concen-

trations. Chemical parameters of treated and untreated

Calliope water collected in June 1999 are shown in

Table 2. Results showed that the bioreactors effectively

removed aluminum, zinc, cadmium, and copper on a con-

sistent basis. Iron results were mixed: Bioreactors III and

IV were fairly effective, while Bioreactor II was not. While

the level of manganese was slightly reduced, none of the

bioreactors effectively removed sulfate. The level of

arsenic in the effluent was either unchanged or increased,

probably due to release of adsorbed arsenic from ferrihy-

drite due to reducing conditions, as described by Robins

and Huang (1988). Greater detail on this system can be

found in papers by Zaluski et al. (2001, 2003).

At the end of the project, the bioreactors were decom-

missioned and the solid matrix was sampled for total

metals, sulfate, sulfide, nitrogen, phosphorous, and total

organic carbon (TOC) (Zaluski et al. 2003). Figure 3 shows

before and after photographs of one of the organic cham-

bers. Bacteriological analyses were also conducted to

determine SRB population numbers in the organic sub-

strate and in the limestone. Aqueous samples were

collected from the previously inaccessible bottom of the

crushed limestone and cobble chambers and analyzed for

metals (Zaluski et al. 2003).

The autopsy of the bioreactors revealed that metal

removal mechanisms changed over time. Initially, prior to

establishment of SRB populations, processes occurred at

low pH and a reasonably high load of metals. Later, there

was evidence of reactions that were characteristic for water

of neutral pH with lower dissolved metal content (Zaluski

et al. 2003). The abundance of TOC (20% by weight) in the

organic matter chamber at the end of the project confirmed

that the project started with excess carbon. This assumed

that the residual nutrient was fully metabolizable. How-

ever, since the system was not operated until failure, exact

nutrient quantity requirements could not be calculated. In

addition, since cow manure organic matter reduced the

permeability of the matrix, it was recommended that future

designs reduce the ratio of manure to straw to enhance

flow.

The CCS worked well to prevent settling of organic

matter and ensure uniform flow of ARD throughout the

entire cross-section of the organic carbon with no obvious

preferential flow paths or channeling. The configuring of

the bioreactors to direct flow in a horizontal plane (rather

than in the vertical direction) was successful. Once SRBs

were established in the bioreactors and supplied with

organic matter, an active population was maintained at

temperatures ranging from 2 to 16�C.

Results also showed that only zinc, copper, and cad-

mium were removed as sulfides due to SRB activity. SRB

activity was verified by performing SRB-specific hetero-

trophic plate counts. It was also inferred by the production

of sulfide in the effluent of all reactors (Table 2) and the

pervasive characteristic odor of hydrogen sulfide emanat-

ing from the reactors. The data also showed that the sulfate

concentration was typically greater in each reactor effluent

than in the influent. The reason for this is unknown but was

possibly due to excess sulfate in the organic nutrient. Based

on physical appearances, it was assumed that iron, man-

ganese, aluminum, and arsenic were indirectly affected by

SRB by forming hydroxides and carbonates in response to

increased pH. Most of these compounds precipitated within

the organic matter. Greater detail is contained in the final

report for this project (Zaluski 2002).

Summarizing the results of the On-Site SRB Bioreactor

Comparison:

• Much of the metal removal observed during the first

few months of operation was attributed to adsorption by

the organic matrix. Once sorption sites filled and SRB

populations became established, metals, such as zinc,

copper, and cadmium, were effectively removed

(removal efficiencies C 85%) from the ARD as sulfides

as a result of SRB activity.

• A population of SRB greater than 103 cells/mL mea-

sured in the effluent was sufficient to maintain high

removal levels (removal efficiencies C 85%). Data

showed that winter freezing of a well-established SRB

population had little or no effect on their activity for the

remainder of the year.

• Although the limestone chamber slightly increased

effluent pH, it did not appreciably impact bioreactor

performance. Evidence of metal sulfides precipitating in

the organic carbon chambers, together with the obser-

vation of no precipitant attached to the cobblestones,

indicated that the cobble chamber was not essential.

Table 2 Calliope Mine site and bioreactor effluent water chemistry; dissolved metals, all contaminants in mg/L

Fe Al Mn As Cd Cu Zn SO4 Sulfide pH

ARD feed 2.96 8.77 2.86 0.003 0.031 2.09 7.89 200 0.0 3.6

Bioreactor II effluent 1.30 0.11 1.00 0.027 0.003 0.08 0.39 304 15.0 7.9

Bioreactor III effluent 0.20 0.02 1.94 0.003 0.003 0.04 1.19 197 2.2 7.6

Bioreactor IV effluent 0.30 0.01 0.98 0.026 0.003 0.04 0.42 457 1.3 8.3
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• Water that accumulated at the bottom of the bioreactors

contained large amounts of suspended ferric and

aluminum hydroxides that resulted from the increase

in pH caused by biological action.

• Bioreactor III, a below-ground reactor, had a repetitive

plugging problem. Examination of the plugged biore-

actor showed a light brownish color in the upstream

portion of the organic carbon adjacent to the ARD

inlets. The high percentage of iron and aluminum

hydroxides in the removed plug indicated that the

plugging was due to chemical reactions (i.e., hydroxide

precipitation) within the ARD distribution system.

• The high concentrations of metals detected in the solid

matrix of the bioreactors were further proof that these

systems efficiently remove metals from ARD.

• Best results were observed when the ARD residence

time in the organic matter was at least 12 h.

As a result of this project, several recommendations

were made to improve construction of future SRB biore-

actors. The first was to place a cover on top of the

bioreactors to provide a uniform reducing environment

within the entire vertical profile. Another suggestion was to

design a system to allow for occasional breakdown and

removal of plugging material from the bioreactor inlet. The

cobble chamber was not necessary and was not recom-

mended for future designs. Because of excess organic

matter, smaller quantities were recommended for similar

applications, with no change to the residence time. Finally,

future designs should raise the reactor outlet to favor

accumulation of precipitant in the bottom of the bioreactor.

Project 3: SRB-Driven Sulfide Precipitation

Demonstration (Golden Sunlight Mine)

The SRB-driven sulfide precipitation and recycle demon-

stration project had an innovative recycle loop. This

demonstration was conducted at the Golden Sunlight Mine

(GSM) near Whitehall, Montana. The system, designed

collaboratively by MSE and GSM, consisted of a two-step

process using a settling pond and a bioreactor (Figs. 4, 5).

It was determined that this type of configuration would

provide appropriate conditions for SRB growth by keeping

the low pH, metal-contaminated ARD from having direct

contact with the SRB. The demonstration goal was to

achieve a 75% reduction in the dissolved metals loading in

the effluent.

The settling pond had a design residence time of 32 days

based on the expected ARD flow rate of 11.4 L/min

(3 gpm). Metals were removed from the ARD through

precipitation of insoluble metal sulfides and metal

hydroxides. Biologically generated sulfide contained in the

recirculation stream from the bioreactor reacted with metal

ions to precipitate metal sulfides. As the bicarbonate

alkalinity was generated, the pH increased, and aluminum

and ferric iron ions were precipitated as metal hydroxides.

Two products were created in the settling pond: a metal

precipitate sludge and ARD-neutralized water. The sludge

was occasionally removed from the bottom of the settling

pond and the neutralized water was recycled back into the

bioreactor.

The bioreactor was used for SRB growth and generation

of sulfide and bicarbonate ions. This reactor had a design

residence time of 20 days based on the expected ARD flow

rate of 11.4 L/min (3 gpm), but was operated at 7.6 L/min

which resulted in a HRT of about 30 days. Initially, the

bioreactor was filled with a mixture of 75% crushed lime-

stone and 25% manure. The limestone had two functions:

substrate for biofilm growth and additional alkalinity source.

The manure also had two functions: seed the reactor with

SRB populations and provide initial labile carbon energy

source for microbiological activity. During the demonstra-

tion, methanol was added as a supplementary nutrient.

The field portion of this project began in late 2001.

The ARD was fed to the reactor system at a rate of

approximately 7.6 L/min (2 gpm). As shown in Fig. 5, a

Fig. 4 Photograph of the SRB-driven sulfide precipitation system

Fig. 5 Schematic for the SRB-driven sulfide precipitation process
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split-stream of the effluent was recycled to the settling

pond and the remainder of the treated effluent was dis-

charged to the mine site water treatment plant. The

recycle rate of the bioreactor effluent ranged from 42 to

83 L/min (11–22 gpm) and was adjusted to provide a pH

above 5.5 when mixed with the influent. The treated

water contained sulfide and bicarbonate ions. Monthly

samples were collected from the reactor influent, the

interface between the two reactors, and reactor effluent.

The quality of the effluent was greatly improved over

that of the influent. The system pH, ORP, DO, and tem-

peratures shown in Table 3 show reducing conditions and

reduced acidity typical of SRB processes. Sulfate was

reduced by 40% from influent values that were initially

over 30,000 mg/L, but was not optimized since sulfate

removal was not a project objective. Table 4 shows that the

75% reduction objective was easily achieved for alumi-

num, copper, iron, and zinc, but not for manganese.

To summarize:

• The innovative aspect of this project: avoiding direct

contact of the acidic, metal-laden ARD with the

bacterial population was very successful. This allowed

the bioreactor to start up quickly and operate more

efficiently than conventional bioreactor systems.

• The bioreactor started working almost immediately and

continued to be effective at very low temperatures

through the first winter. In May 2002, the bioreactor

began operating less efficiently due to plugging. Good

quality water was still being produced, but plugging

occurred because solids overflowed into the bioreactor

from the full settling pond. This situation was remedied,

and the bioreactor continued to operate until April 2003.

• Problems encountered with this system were associated

with reactor plugging; future designs of this nature

should allow for frequent cleanout of the precipitated

metals. In addition, larger rocks should be used in the

bioreactor to increase porosity and reduce plugging.

Project 4: Improvements in Engineered Bioremediation

for ARD

Another MWTP research project consisted of an investi-

gation to improve SRB bioreactor treatment performance.

The objectives of the laboratory portion of this project were

to: (1) develop a bioreactor design with a reactive material

not prone to plugging and easily replaceable if exhausted;

(2) develop a bioreactor cartridge system that is easily

transported to remote ARD sites; and (3) quantify reac-

tivity of organic material and develop software to optimize

bioreactor size and other design parameters.

To meet the first objective, a literature study was con-

ducted to develop a database of organic matter used as an

electron donor in SRB bioreactors. Analysis of this data-

base revealed that: (1) the best long-term bioreactor

performance is achieved by using a mixture of substrates

with varying degrees of biodegradability; (2) an easily

biodegradable substrate is essential for the startup of a

bioreactor; (3) a substrate with a low biodegradation rate

enhances long-term performance; and (4) loss of organic

carbon permeability decreases operation longevity.

After analyzing this information, it was determined that

a mixture of cow manure and walnut shells would consti-

tute an effective SRB substrate. Cow manure is easily

biodegradable and contains bioavailable nitrogen as

ammonium, essential for SRB growth. Walnut shells have

a high percentage of organic carbon (up to 60%) and an

ability to provide a long-term carbon source. Due to their

shape, walnut shells can also increase the porosity of the

substrate mix and provide an internal structure that pre-

vents settling, thus preserving high permeability of the

organic medium.

Off site bench-scale investigations were conducted on

the permeability of the manure and walnut shell medium.

This was done using cells configured for horizontal and

(upward) vertical flow fed with organic matter of different

walnut shells to manure ratios. Vertical distribution of

ARD flowing upward was measured in a 2.4 m (8 ft) tall,

1.8 m (6 ft) diameter cell filled with a 1:1 mixture of

walnut shells and manure. These measurements showed

that the hydraulic head declined rapidly in the lowest

portion of the organic medium, indicating reduced per-

meability. This, together with subsequent analysis of the

medium, confirmed that small particles of manure have a

tendency to migrate to the lower portion of the reactor,

reducing its permeability. This discovery made it clear that,

Table 3 Typical project parameters: 3 January 2003 samples

Parameter Influent Midpoint Treated effluent

pH (SU) 2.9 6.1 6.3

ORP (mV) 574 55.7 -58.0

DO (mg/L) 2.5 2.7 1.2

Temperature (�C) 7.5 2.0 2.1

Table 4 Summary of dissolved metals data at final sampling event:

12 March 2003

Metal Influent (mg/L) Treated effluent (mg/L) Reduction (%)

Al 1,740 0.126 99.99

Cu 81.4 0.001 99.99

Fe 198 2.62 98.68

Mn 117 67.8 42.05

Zn 39.5 0.011 99.97
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although the use of high permeability media is important,

horizontal flow is also critical to maintaining high reactor

permeability.

To meet the second project objective, a reactive car-

tridge consisting of a 2.4 m (8 ft) diameter tank filled with

bags each containing approximately 19 L (5 gallons) of the

cow manure and walnut shell mixture was proposed. Each

plastic netting bag had a loop on the top to be used for

lowering the bag into the tank and to allow for easy bag

removal for organic matter replacement (Figs. 6, 7). The

tank could be placed below or above ground. In addition,

the tank was fitted with inlet, outlet, and overflow pipes and

contained large vertical cleanup ports to remove accumu-

lated sediment and/or precipitated metal sulfides.

The third project objective was to quantify reactivity of

organic material and develop software to optimize design

parameters and bioreactor size. An experimental set-up was

developed to determine the sulfate reduction rate and a

routine was defined using the PHREEQC geochemical

model to simulate chemical reactions occurring as flow

proceeds through the system. A spreadsheet model called

BEST (bioreactor economics, size and time of operation)

was developed to size the bioreactors in conjunction with

PHREEQC. Model input variables included measured

concentration of metals in the ARD, pH of the ARD, sul-

fate reduction rate, an assumed rate of organic carbon

depletion, and flow rate. The BEST model is available from

the MWTP.

The replicate SRB bioreactors (RC-1 and RC-2) utilizing

this optimized design were built by MSE in cooperation with

the Colorado School of Mines and began operation at Black

Hawk, Colorado in January 2007. The reactors processed

ARD in parallel from the same feed source. Construction and

installation of these reactors were essentially identical. The

primary difference was that RC-1 was exposed to more

sunlight during operation than RC-2, which was located in a

more shaded area. Increased warming of RC-1 resulted in

slightly less freezing during the winter. Figure 8a shows that

excellent removal of cadmium, copper, and zinc from the

ARD was achieved, typically more than 99%. As with pre-

vious designs, consistent iron removal was not achieved in

these reactors (Fig. 8b).

Table 5 shows major water quality parameters measured

during the project. The samples are the most recent data

available, taken on January 16 2008, 1 year after the reac-

tors started. Copper, cadmium, and zinc were effectively

removed while iron, manganese, and sulfate were not.

Initially, the organic matter consisted of a ratio of 0.8

walnut shells to 0.2 manure by volume. After experimenting

with several mixtures and additives, the best performing

organic matter contained three components—walnut shells,

corn stover, and cow manure mixed at 0.75, 0.20, and 0.05

volumetric proportions, respectively. Another improvement

consisted of a separate chamber containing only walnut

shells located at the inlet of the bioreactor. This highly

permeable region was designed to precipitate most of the

ferric hydroxide, thus minimizing plugging in the main

portion of the reactor. The organic matter can easily be

removed periodically without jeopardizing the integrity of

the bioreactor.

This exercise identified the following major findings:

• The literature search identified 36 organic substrates

that were being used as SRB substrates. Of these, 29

were considered indirect (recalcitrant) organic sub-

strates since they require decomposition by other

microorganisms to provide SRB nutrition. Examples

are composts, wood/paper wastes, food production

byproducts (molasses, whey, and potato), hay, straw,

manure, and sewage sludge. The remaining seven

substrates were considered direct organic substrates

because they do not need decomposition by other

microorganisms to be usable by SRB. These include

methanol, ethanol, acetate, lactate, formate, pyruvate,

and sucrose.

• Substrate mixtures containing both easily biodegrad-

able materials and more recalcitrant materials are mostFig. 6 Design of reactive cartridge bioreactor

Fig. 7 Nineteen litres (5 gallon) plastic mesh bag with organic

matter
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effective for supporting SRB growth. Easily biode-

gradable substrate ensures a quick start of the

bioreactor and more recalcitrant materials provide best

long-term performance. Ideal substrate mixtures also

provide adequate surface area for biofilm development,

buffering and adsorption capacity, and good hydraulic

conductivity.

• The suitability of a substrate mixture for treating a

particular composition of ARD is best determined

empirically using laboratory-scale tests.

• A recalcitrant organic substrate containing walnut

shells and cow manure was developed that satisfies

most of the conditions defined in the literature study for

an efficient mixture to treat ARD. For the Black Hawk

bioreactors, this organic mix was optimized by replac-

ing some manure with corn stover, which is also easily

biodegradable but has more organic carbon than

manure. A small amount of cow manure was retained

in the mix for its SRB-essential ammonia.

• A modular SRB treatment system is recommended.

This consists of reactive cartridges configured in

parallel or in series depending on ARD flow rate and

quality (metal load and pH), cleanup objectives, and

available space. The configuration and number of

reactive cartridges can be determined through the

BEST computer simulator developed for this project.

• It is recommended that the reactive cartridge be a

commercially available HDPE or polypropylene plastic

tank to accommodate the organic medium and serve as

an SRB bioreactor. The tank can be installed either

above or below-ground, as required by the site condi-

tions, and an appropriate piping system installed to

convey the ARD into the reactive cartridge.

• The reactive cartridges should be filled with bags of

walnut shell, manure, and corn stover organic medium.

Bags made of plastic netting commonly used by

grocery shops for pre-packed fruits are recommended,

since these have loops at the top to facilitate placement

and removal of the bags from the reactive cartridge.

• A cleanup port, a sump for precipitate, an overflow

outlet, and a valve to control flow should be built into

the reactive cartridge. Anaerobic conditions are created

by placing a tarp on the top of organic medium. A rigid

lid with locks placed on the top of the reactive cartridge

will protect it from the weather and vandalism.

Overall Summary

This communication was written to inform readers about

four biological treatment projects conducted by the MWTP

at mine sites during the past 15 years. These field dem-

onstrations have shown that SRB bioreactors are a cost

effective, viable treatment alternative for ARD. Each

subsequent project benefited from the successes and fail-

ures of previous projects, both in the MWTP and

elsewhere. Significant findings for these projects included:

(1) a mineshaft could be used as an innovative, long-term,

in situ bioreactor, (2) SRB populations can thrive in tem-

perature extremes, (3) sulfide recycle is an effective means

of avoiding direct contact of ARD with bacterial popula-

tions, and (4) ideal SRB bioreactor substrate consists of one

that provides short-term and long-term nutrients, a good

support matrix, and enhanced permeability.

Fig. 8 Metals removal data for SRB bioreactors at Black Hawk, Colorado a cadmium and copper b iron and zinc

Table 5 Typical reactor data, dissolved metals, all concentrations in

lg/L

Parameter Influent value RC-1 effluent RC-2 effluent

Cd 5.32 0.013 0.013

Cu 43.9 2.14 0.669

Fe 51,200 43,300 29,800

Mn 21,800 20,700 21,500

Zn 8,130 71.6 15.4

SO4 1,000 917 939
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