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SOURCE CONTROL - SURFACE WASTE PILE DEMONSTRATION PROJECT

A.Lynn McCloskey,' D. ByrneKdly,! and John Gilbert*

ABSTRACT

The Source Control - Surface Waste Pile Demongtration Project will demonstrate the feasihility
of using an innovative source control technology for in Situ stabilization of a surface waste pile a
an abandoned mine. The work is being conducted under the Mine Waste Technology Program
(MWTP), which is funded by the U.S. Environmenta Protection Agency (EPA) and jointly
administered by the EPA and the U.S. Department of Energy through an interagency agreement
(IAG). The project addresses EPA:=stechnica issue of Mobile Toxic Constituents B Water
by performing afiedld demondration a aremote, inactive mine.

The source control technology(s) being demonstrated is designed to prevent the influx of water,
whether precipitation or groundwater, through a surface waste pile, thus decreasing acid mine
drainage (AMD) formation. Site characterization, materids testing/evauation, and field
emplacement were performed to define the optima material and materia application method for
the demongtration. The dternate method used to sed the surface of the waste pile and inhibit
infiltration of precipitation involved the spray application of amodified verson of Generd
Polymers 4994 K OBAthane grout directly onto the surface waste pile. A French drain that
functions as a hydraulic barrier was congtructed to divert the groundweter away from the
surface waste pile.

! MSE Technology Applications, Inc., P.O. Box 4078, Butte, Montana, 59702



INTRODUCTION

Acid mine drainage typicaly results from sulfide-rich ore bodies and metal- sulfide minerd
[particularly pyrite (iron disulfide)] coming into contact with oxygen and water. Thisreaction
occursin many surface waste piles resulting in increased acidity (lowered pH) of the water and
increased metd mobility. Conventiondly the surface wagte pile a the mineis physicdly
removed and deposited in adesignated repository to prevent acid formation, heavy metd
leachate, and suspended solids from entering the aquifer or adjacent surface water system. This
solution can in some ingtances be very expensive, envasive to the environment, or not feasble
due to the lack of a suitable repository location. The MWTP Source Control - Surface Waste
Pile Demongration Project was performed to find an dternate method(s) other than physica
remova of the surface wadte pile as a reclamation solution. Application of the MWTP source
control technology was designed to provide a solution that could be gpplied in Situ, be less
envasive to the environment, be more cost effective than the remova option, and could be easily
applied. This project was divided into three phases:

Phase |, Mine Site Sdection/Site Characterization
Phase|l, Maerias Testing
Phase I11, Fiedd Emplacement

Phase | resulted in the selection of the Peerless Mine as the demondtration Site. Prominent
features resulting from historic mining activities include surface waste piles that were
characterized as eroding, contaminated sediments, and two discharging adits. The water from
the mine dte flows into the East Fork of Banner Creek, which is part of the City of Helena,
Montanars water supply system. Additionaly, AMD formed within the surface waste pile was
affecting the surface water quality at the headwaters of Banner Creek. During Phase I,
materids testing was performed at the M SE Technology Applications, Inc. (MSE) Testing
Facility and IT Geotechnicd Laboratories, Inc. (IT). During Phase 111, the field emplacement
consgsted of the congtruction of a French drain system to hydraulicaly control the groundwater
system and the gpplication of the cap system using Genera Polymers 4994 KOBAthane grout
reinforced with awoven jute materid.

PHASE I, MINE SS'TE SELECTION/SITE CHARACTERIZATION

In 1998, the MWTP sdlected the Peerless Mine as a demonstration site for the field
implementation and evauation of the Source Control - Surface Waste Pile Technology
Demondtration. Water discharging from the surface waste piles at the Peerless Mine was
considered to be amain source of pollution to Banner Creek. The surface pile discharges range
from 2.6 to 22.6 gdlons per minute (gpm) and contained zinc, manganese, and cadmium at
levels exceeding the Nationd Drinking Water Maximum Contaminant Standards.



From these reaults, it was determined that the adit discharge from the Peerless Mine infiltrates
into the downgradient surface piles and is the main source of groundwater flow, see Figure 1.
However, other contributions to groundwater flow within the pile include the losing streams that
flow on either Sde of the surface waste piles and infiltration by precipitation. Because surface
water and groundwater both contribute to the AMD problems at the Peerless Mine, a multi-
phase solution was considered for the field demonstration.

Rain water and water discharging from mine systems have a pH close to neutral and do not
carry large percentages of heavy metas or suspended solids. When this water travels across
the surface waste piles and becomes exposed to oxygen and sulfide ores, AMD isformed. To
reduce and/or diminate water from infiltrating the hydraulic connectionsg’ voidsin the surface
wadte piles, this demonstration proposed to place stabilization materia(s) into the voidsin the
wadte pile and hydraulic interconnections as an in Stu sabilization technology forming an
impervious barrier. This barrier will reduce or eiminate the amount of water infiltrating into the
mine surface waste pile and decrease the generation of acidic and metal-laden waters.

PHASE I, MATERIALSTESTING

Phase Il evauated and compared the effectiveness of approximately 50 different stabilization
materias under smulated field conditions. The objective of the materids testing was to provide
araiond set of measurements and results by which decisions could be made regarding
dabilization materids. Although many of these tests were site specific to the Peerless Mine,
they could be generdized and modified for other gpplications. However, specific treestment
requirements depend on the performance gods defined for a specific Ste. Theinitia feasibility
of the potentid stabilization materias was determined in the laboratory using the selected tests
described in the Ste Characterization and Materials Testing Report: Surface Waste Piles
Source Control Demonstration Project.

The primary success criteriafor the potentia stabilization materids required thet it 1) be
environmentaly benign; 2) achieve a hydraulic conductivity when mixed with the mine waste
materias of 10-6 centimeters per second; 3) be able to withstand acidic mine water having a
pH of 3 for an extended period of time; 4) be able to be applied for afield demongtration; and
5) be cost effective. The secondary success criteriafor the potentid stabilization materiads were
that the materid's could withstand both wet-dry cycling and freeze-thaw cycling tests for 12
cydes maintaining less than 50% materid |oss over the duration of thetesting. The gahilization
materids were evauated for performance, durability, applicability, and economics for the field
demongtration. These tests were performed by MSE and at IT Laboratories. Each materid
was ranked as ether passing or failing each test with three materiads passing dl tests. The three
gabilization materials that passed dl tests then underwent preliminary fidd testing to etablish
fina gpplication and cost parameters. After performing application testing and a cost andysis of
the selected materids, the 4994 K OBAthane grout was sdected asthe fina stabilization
materid.
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PHASE |11, FIELD EMPLACEMENT

Field emplacement was performed during October and November 1999. As part of the fidd
emplacement, a French drain system was consiructed to act as a hydraulic barrier to help
eliminate the flow of groundwater through and benegth the surface waste pile, see Figure 2. In
generd, the French drain condtruction included: 1) excavating a420-foot by 4-foot by 10-foot
(on average) trench around the up-gradient perimeter of the surface waste pile; 2) ingdling 420
feet of 6-inch, dotted, high-dengty polyethylene (HDPE) pipe wrapped with geotextile filter
cloth surrounded by 1¥2-inch minus washed gravel; 3) ingdling to surface grade, 6-inch minus,
screened river-run, rip-rap over the previous smaler grave; and 4) ingtaling two concrete end
plugs to anchor the wrapped pipe and to connect the dotted pipe to 200 additiona feet of
smooth bore HDPE drain pipe.

Once the French drain had been ingtalled, a surface water collection channd was constructed
on the ingde perimeter of the drain. The collection channel, gpproximately 640 feet by 6 feet by
2 feet deep was lined with 40-mil HDPE liner and keyed into the surface waste pile. The
collection channd was congtructed to collect runoff from the surface waste pile.

To prevent infiltration of precipitation into the surface waste pile, Generd Polymers 4994
KOBAthane grout was spray applied. Approximately 930 gallons of 4994 KOBAthane grout
(atwo-component aromatic membrane urethane grout) was used to cover the 16,828 square
feet of surface area. After gpplying the grout, the pile was covered with a heavy woven jute and
burlap materid. The surface waste pile is scheduled to be covered with soil and seeded in the
summer of 2000.

Additional monitoring equipment (three large 60E trgpezoida flumes) was ingtaled to monitor
the flows from the French drain and collection channel and the flow from the toe of the surface
wadte pile. Reflectometers were ingtalled to monitor the moisture content of the surface waste
pile under the stabilized cap.

EMPLACEMENT OBSERVATIONSAND RESULTS

During the congtruction of the French drain system and the emplacement of the 4994
KOBAthane grout, visua observations and flow measurements were logged. The observations
below were made.

1) Thesurface waste pileis very heterogeneous, the waste materia contains amixture of very
finedlt to large 6- to 12-inch rocks. The pile was disturbed during the emplacement of the
collection channel and during preparation of the surface waste pile for acceptance of the
4994 KOBAthane grout. The disturbed aress of the pile were difficult to spray because the
fine, disturbed soil would didodge or roll down the dope and follow preferentid pathways
down steeply doped aress.
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2)

3)

4)

5)

6)

7)

8)

In the steeply doped portions of the pile, the 4994 KOBAthane grout followed the
preferentid pathways and sagged agreet ded. Thiswas partialy due to the spray tip being
too large and partialy due to the lack of thixothropy in the grout product.

It was observed that 4994 KOBAthane grout agpplied directly to the surface waste pile was
farly successful. Many areas achieved a sedl and served to stahilize the pile; however,
voids could be observed around larger rocks.

In areas where the grout materia was applied over areas of snow and ice, curdling
occurred. In some areas the curdling effect caused the coating to be breached.

It was observed that after the 4994 KOBAthane grout had cured for at least 24 hours,
people were able to walk on the stabilized surface. The binding of the 4994 KOBAthane
grout to the surface waste pile materia alows for precipitation to occur without erosona
effects. The cap formed by the spray-applied 4994 KOBAthane grout over the surface
waste pile provides erosion control in areas that are not accessible by motorized vehicle.

In some areas of the surface waste pile, the 4994 K OBAthane grout was sprayed onto the
woven burlap and jute materia instead of being Sorayed onto just the surface waste pile. In
those aress, less grout was required to cover the surface of the jute and burlap, and the find
stabilized area produced an impermeable, continuous capped layer that bonded to the
surface waste pile. The holesin the stabilized materid applied directly to the surface waste
pile were not present in areas with the jute and burlap.

Once the French drain was indtalled, the mgority of the water flowing from the toe of the
surface waste pile was reduced to only 2 gpm. However, once the water from the adit was
placed back into its origind flow regime, the flow at the toe of the surface waste pile
increase to gpproximately 3 gpm, and flow was measured at .5 gpm at the large 60°
trgpezoida flumes connected to the French drain system.

The pH before the demongtration was gpproximately 3.8; however, a month after the
demongtration project was completed, the pH reading was 5.78. Two months after the
demondtration project, the pH reading was 7.28. Long-term monitoring will determine
whether the pH will remain at 7.28.

CONCLUSIONSAND RECOMMENDATIONS

The objective of the technology demondgtration is to show the effectiveness and feasihility of
using a source control technology to provide in Situ stabilization/encapsulation to reduce and/or
diminate infiltration of surface and shdlow groundwater into the surface waste pile. From the
data taken to date, it gppears that the placement of the French drain system and the 4994
KOBAthane grout cap have improved the qudity of the water flowing from the toe of the



surface wagte pile. Thisis gpparent from therisein pH levelsfrom 3.8 to 7.28, the decreasein
water temperature of gpproximately 2 degrees, and the change in the water quality at the toe of
the surface waste pile.

It was ds0 determined that if the jute and burlap materia were applied to the surface waste pile
before the 4994 K OBAthane grout was sprayed over the pile, most of the soil instability
problem and the rock bridging would be solved. Also, less 4994 KOBAthane grout would be
used to acquire the desired coverage of the surface waste pile because the grout bindsin the
woven fibers of the jute and burlgp materia, does not flow down the dope, and forms a smooth
and consstent surface.

In areas where the dope was very steep, the grout should be made more thixotropic, dlowing
the grout to adhere to the soil on the areain which it was sprayed rather than flow down the
dopein apreferentid pathway.

For future applications, the spray equipment and tips should be optimized to determine which
applicators would provide the best cover and il provide ease of gpplication. By optimizing the
equipment, this grout materia could be applied at locations that are inaccessible by large earth

moving equipment.

From the work performed, it is apparent that the 4994 KOBAthare grout not only works as a
capping materia to reduce infiltration through the surface waste pile, but the grout was very
effective a reducing and iminating eroson of waste materid into adjacent receiving surface
waters.
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CYANIDE HEAP BIOLOGICAL DETOXIFICATION

Diane M. Jordant and Tom M. Malloy*

ABSTRACT

A large-scae column test utilizing bacteria and a sulfide ore was conducted at McClelland
Laboratories, Inc., in Sparks, Nevada, as part of the Mine Waste Technology Program
(MWTP).

Through a Request for Proposd, four technology providers were subcontracted to provide their
respective technology for participation in this demondration. The sulfide ore, process effluent,
and make-up water were provided by a Nevada mining company. A process effluent column
and a hydrogen peroxide column, dong with columns for each of the four biologica
technologies tested, were set sSide-by-sde on a pad adjacent to the McCldland Laboratory
building. The process effluent and hydrogen peroxide columns were used as experimenta
controls. The 9x, 4-foot outside diameter columns measuring 22 feet in height were constructed

of high-dengity polyethylene pipe.

The project=s god was to evauate the viability and feaghility of the aforementioned

bi odegradation technologies to reduce wesk acid dissociable cyanide concentration to the
regulatory leve of 0.2 parts per million (ppm) within an acceptable time and with low
operationa costs.

The MWTP isfunded by the U.S. Environmenta Protection Agency (EPA) and isjointly
adminigtered through an interagency agreement with the U.S. Department of Energy (DOE).
Thiswork was conducted through the DOE Nationa Energy Technology Laboratory at the
Western Environmenta Technology Office under DOE contract Number DE-ACC22-
96EW96405.

1 MSE Technology Applications, Inc., P.O. Box 4078, Butte, MT 59702



INTRODUCTION

Cyanide iswiddly used in the mining industry to dissolve precious metals. Since certain cyanide
gpecies are hazardous to the environment, numerous cyanide detoxification processes have been
developed. Mogt of these processes involve chemica oxidization and are expensive to
construct and operate. Therefore, biologica detoxification has been indtituted as a replacement
for chemica degradation.

The purpose of this demonstration was to obtain performance data and evaluate efficiencies of
four biologica technologies rdative to achemica rinse sage. Although biologicd detoxification
technologies are commercidly avalladle, questions remain regarding efficiency, capitd and
operating cogts, gpplicability to multiple ore types, and effects of biologica trestment on related
discharge parameters.

Principa cyanide heap neutrdization rinsing data include: the extent and rate of week acid
dissociable (WAD) cyanide neutralization; decrease and rate of decrease in rinse effluent pH;
and find rinse regulated contaminant concentrations.

TECHNOLOGY PROVIDERS

Four technology providers were sdected to participate in this demonstration: 1) Applied
Microbiology & Biotechnology Inc.; 2) Compliance Technology; 3) Little Bear Laboratories,
and 4) Whitlock & Associates.

They were responsible for providing a bioreactor system, biological/bacteriologica cultures,
nutrients, and inoculation media.

TECHNOLOGY

Process water rinseis the smplest method of dl the technol ogies as the process water is Smply
recirculated continually through the heap.

Hydrogen peroxide, frequently combined with a catalys, is commonly used in the mining
industry to detoxify hegp leach solutions.

Biologicad cyanide detoxification is accomplished by introducing cyanide-metabolizing bacteria
to a contaminated source or by stimulating indigenous bacteria through nutrient addition.

PROJECT OBJECTIVES
The primary objective of the project was to demongtrate if biological technologies are capable

of reducing WAD cyanide concentration in the treated effluent to <0.2 milligrams per liter
(mg/L) WAD cyanide.



Secondary objectivesincluded:

B determining the effectiveness of the biologica detoxification technologies in reducing heavy
metds in the process solution,

B monitoring the variaion in tota metds in the trestment effluent over the test cycle; and

B determining cost in comparison to conventiona technologies.

DEMONSTRATION

The demondtration took place at the McClelland Laboratories Inc. facility (MLI) in Sparks,
Nevada. The demongtration conssted of six large-scae high-density polyethylene (HDPE)
columns each measuring 22 feet in height with a4-foot outside diameter. The columns were
each loaded with approximately 9.1 tons of ore in November 1998. Cyanide-bearing process
solution flowed to the columns a arate of 0.004 gpnV/ft? of column cross-sectiona areaand
was recirculated for 2 weeks dlowing finer particles to settle, thus, smulating actua heap
conditions. On December 4, 1998, the four biologica columns were inoculated, hydrogen
peroxide solution was gpplied to the fifth column a a’5:1 soichiometric ratio. The Sixth column
was the process water rinse.

RESULTS AND DISCUSSION

Operation of the columns began on December 4, 1998 and continued until May 17, 1999. The
total solution applied to each column charge was equivaent to 4.3 tons solution per ton of solids
(between 38 and 41 tons of solution per column). Parameters monitored during the test period

included: WAD and total cyanide, heavy metal, and nitrate concentrations, pH and temperature.

WAD Cyanide

All six columns were effective in decreasing WAD cyanide concentration in the find rinse
effluentsto lessthan 1.3 mg/L. Over 99.9% of the WAD cyanide contained in the process
water was neutralized by the rinsing processes. WAD cyanide concentration in the find rinse
effluent from the chemica rinse and Whitlock & Associates were below the current drinking
water maximum contaminant level (MCL) of 0.2 mg/L.

Effluent pH
Effluent pH decreased with al ringng processes with the find effluent pH of the chemicd rinse

and Whitlock & Associates columns being within the MCL range. The process water rinse
column required alonger rinse to meet the pH MCL.



CONSTITUENTS

Condtituent anayses during the fidd demongtration included:  arsenic; cadmium; cobalt; copper;
iron; manganese, magnesum; mercury; nicke; selenium; slver; and zinc. With the exception of
selenium, the Six ringng processes demongtrated were effective in decreasing process water
congtituent concentrations. Fuoride and magnesium concentrations, however, were below the
secondary MCL. Manganese was mohilized in the hydrogen peroxide, Applied Microbiology
and Whitlock & Associates columns. A decrease in manganese was noted in the process
water, Compliance Technology and Little Bear Laboratories columns.

Copper

Copper vaues steadily dropped within the effluent for dl six columns. The process water
added to the columns contained soluble copper cyanide. In the hydrogen peroxide column,
copper precipitated as a copper hydroxide or as cuproferro cyanide complex. Thisreduction
of copper in the hydrogen peroxide rinse was dependent upon pH and available copper.

Biologica technologies attack soluble copper cyanide causing the bond between copper and
cyanide to break; copper is adsorbed or absorbed into the biomass where bacteria collect
copper a the cell membrane. 1n the biological aerobic systems, copper deposited asa
hydroxide is minimd.

Gold

Gold concentration in al sx columns decreased as available cyanide concentration was
reduced. Gold recovery decreased from 350 Fg/L to between 35 to 50 Fg/L within the first
two to three weeks of the demongration in dl sx columns. There was no sgnificant difference
in gold recovery between the smple water rinse, hydrogen peroxide rinse, and biologica rinse
columns.

M agnesium

The magnesium vaue from the six columns was low at startup and dowly decreased for
gpproximately 107 days showing no significant variation among the six columns. On March 29,
aggnificant increase in magnesum was noted in the hydrogen peroxide rinse column. The
remaining five columns showed a dight and steedy increase after 107 days of testing. This data
trend corresponds with the trends in column discharge pH. As pH decreases, magnesium
hydroxide dissolves from the ore causing an increase in effluent magnesum.



Nickel

The nickel value in the Sx column discharges decreased as the concentration of available
cyanide was reduced. Nicke readily complexes with cyanide; in the absence of available
cyanide, soluble nickel vaues decrease.

In the first two weeks of the demongtration, nickel values decreased from 2,500 Fg/L to
gpproximately 1,000 Fg/L in dl sx columns. The soluble nickd stabilized for gpproximatey six
weeks, and then three of the Sx columns began to show a ggnificant variation in nickel
discharge.

During the first week of February, nickel vaues in the hydrogen peroxide rinse column
decreased coinciding with the decrease in cyanide. The process water rinse column and the
four biologica columns remained dightly higher until cyanide concentrations gpproached low
levels

Nitrate/Nitrite-N

Nitrate discharge levels in the process water rinse, hydrogen peroxide rinse, Compliance
Technology, Applied Microbiology and Little Bear Laboratories columns did not vary
ggnificantly. However, the Whitlock & Associates column showed a Sgnificant decrease in the
nitrate discharge level. Permit nitrate discharge limits were low and it was necessary for the
level to be reduced.

Selenium

Vaiationsin sdenium discharge levelsfor dl sx columnsincreased or decreased a the same
rate.

Silver

Siver vauesin the six columns discharges decreased as the concentrations of available cyanide
decreased. Silver readily complexes with cyanide; thus, in the absence of available cyanide,
dlver levels decrease repidly.

Sulfate

During the first sx weeks of the demondiration, al six columns produced smilar sulfate levels.
After 6 weeks, sulfate vaues began to increase dowly in the hydrogen peroxide rinse column.
Thistrend continued until the demondration ended. The biologica columns showed adow
increase in sulfate discharge vaues with adightly higher increase than the process water rinse
column. The increased sulfate concentration is believed to be caused by the oxidizing nature of



hydrogen peroxide which converts sulfides to dissolvable sulfates. Theincreasein sulfates
corresponded closaly with the increase in hydrogen peroxide concentration.
Zinc

The zinc levelsin the Sx columns discharges reedily decreased as the concentration of the
available cyanide decreased. Zinc readily complexes with cyanide. Therefore, in the absence
of avallable cyanide, zinc levels rapidly decrease.

Zinc levels decreased from 60,000 Fg/L to gpproximately 6,000 Fg/L within the firg month of
the demongtration.

COSsT

A cost comparison of the demonstrated cyanide destruction technologies was based upon a
previous study by MSE in November 1998. Detoxification of an abandoned heap woud
produce similar comparisons between technologies.

Process Water Rinse

The process water rinse requires the following capita costs: pumping systems, cyanide andyzer;
piping and didribution sysems, indrumentation; andytica equipment; sampling equipment;
holding ponds; and afixed or temporary facility. In addition operating fundsinclude: personnd;
andytica support; make-up water; and power.

Hydrogen Peroxide Rinse

The capital and operating cogts of usng hydrogen peroxide would require, in addition to the
cogts described for a process water rinse: holding tanks, mixing tanks, mixing equipment;
process level control; storage area; procurement of the hydrogen peroxide; procurement of
cataysts (if needed); additiona equipment power; and additiond labor.

Biological Rinse

Capita and operating cost requirements for a biological heap rinse operation, in addition to the
cogts of a process water rinse are: bioreactor tank(s); heaters (if necessary); clean water
dorage tank; live-culture holding tank; culture circulaion pumps; process leve control; ar
compressor; mixing and/or aeration equipment; additional piping; microbe isolation and/or
procurement; nutrients; additiona labor; and additiona power.

Common Heap Rinse Costs

Depending on the technology used, costs for acommon heap rinse vary. Labor rates
associated with trestment system operation vary depending on the complexity of the treatment



system. Process water rinse labor costs are low due to smplicity. However, process water
rinse requires longer retention time to reduce cyanide compared to hydrogen peroxide rinse and
biologicd degradation. It isassumed that hydrogen peroxide rinse and biologica degradation
would require gpproximeately the same amount of time. However, hydrogen peroxide costs are
ggnificantly higher than materia costs associated with biological degradation. Hydrogen
peroxide is copper catalyzed; therefore, more time and energy is expended with process
control. Sludge produced by chemical systems can be an order of magnitude greater than
biologicd systems.

Biologica systems can utilize existing lined ponds or tanks. Microbe generation may be
important for initid startup; however, biologicd growth is a sdf-sustaining process.
Biologicd systems can be smplified to a greater degree than chemica systems and normaly
produce an effluent compatible with the environment. Biological syslemswill change with
conditions; chemica rinse systems will not which can cause expensive upset conditions.

CONCLUSIONS

The hydrogen peroxide rinse column had the highest WAD cyanide degradation rate as the
regulatory limit of <0.2 mg/L was reached in 36 days. This performance was expected as
hydrogen peroxide is a strong oxidizer and readily degrades available cyanide. The process
water rinse column showed a cyanide degradation curve of approximately one-third the rate of
the hydrogen peroxide rinse column. All of the biologica columns demonsrated hed
degradation rates higher than the process water rinse. Three of the biologicd columns were
gpproaching the regulatory limit a the termination of the demondration; however, one
technology provider reached the regulatory limit in 151 days.

It isimportant to note that this was a demondtration of a difficult scenario for the biological
technologies. Under optima conditions, it is believed that the biologica processes would have
exhibited sgnificantly higher rates of cyanide reduction. Severd factors which added to the bio-
difficulty of this demondration were:

$ Theoreand process water used for this demongtration contained elevated cyanide
concentrations far above the level normaly associated with bio-destruction. Some strains of
bacteria can tolerate cyanide levels above 250 mg/L ; however, many srains of bacteriaare
severely inhibited at high concentretions.

$ The extreme cold weather conditions greetly reduced the degradation rate of the biological
columns. Low temperatures inhibit the growth rate of cyanide degrading bacteria.

$ The oretype selected for this demongtration was a highly sulfidic, polymetdlic ore.
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MICROBIAL CAPPING BARRIER FOR THE CONTROL OF
ACID MINE DRAINAGE

G. James! P. Surman,? B. Warwood,? and J. Gilbert®

ABSTRACT

Acid mine drainage from mining wastes has been responsible for the degradation of
surface and groundwater quality at many locations in Montana and throughout the world.
Oxidation of sulfide minerals in mine tailings and waste-rock occurs when oxygenated
water infiltrates tailings, resulting in acid generation and the solubilization of metals.
Microbial capping technology involves the stimulation of beneficial bacteria at the
surface of the tailings or waste-rock pile to remove oxygen from water infiltrating the
waste, thereby, reducing acidic drainage and stabilizing dissolved metal ions.
Laboratory-scale experiments were conducted using tailings collected from an abandoned
hard rock mine and placed in six 0.3 m diameter columns that were 1.2 m long. Clean
water was added to the top of the columns using a timer-controlled peristaltic pump.
Effluent water from the columns was monitored for pH, oxidation-reduction potential,
dissolved metals, and bacterial populations. Although field samples indicated acidic
conditions, none of the six columns developed acidic effluents. Test columns received
nutrient treatment applications to stimulate beneficial bacteria, while identical control
columns were not treated. Nutrient treatments applied to the test columns were effective
for stimulating the removal of oxygen from infiltrating water. The oxidation-reduction
potential of treated columns was maintained below -250 mV, while the control columns
remained in an oxidized-state. Populations of total bacteria and sulfate reducing bacteria
showed a significant increase following the nutrient treatment. However, a measurable
increase in the populations of heterotrophic bacteria in the treated columns was not
observed. Overall, these results indicate that the nutrient treatments were effective for
generating anaerobic conditions within the test columns. Column tests are currently
being performed using tailings from an alternative site. This work is being conducted as
part of the Mine Waste Technology Program under Interagency Agreement Number
DW89938513-01-0 between the U.S. Environmental Protection Agency and the U.S.
Department of Energy, Contract Number DE-AC22-96EW96405.

1 MSE Technology Applications, 920 Technology Blvd. Suite C, Bozeman MT 59718
2 Center for Biofilm Engineering, Montana State University, Bozeman, MT 59717
3 MSE Technology Applications, Inc., P.O. Box 4078, Butte, MT 59702



INTRODUCTION

The oxidation of sulfide-containing minerdsin mine tailings has resulted in acid
production and the liberation of dissolved heavy metas to form acid mine drainage.
Acidic drainage from mine tailings has been detrimenta to surface and groundwater
qudlity in current and former mining areas. Cogt-€effective trestments are required to
gabilize mine tailings and prevent the formation of acidic drainage. Microbia capping
barrier technology involves usng nutrient trestments to stimulate beneficid bacteria
within the tailings, cregting a biologicaly active zone within the tailings thet consumes
oxygen and prevents the oxidation of sulfide mineral deposits.

Abiatic oxidation of sulfide-containing mine tallings occurs when oxygen-rich rainwater
or surface water infiltrates tailings impoundments. Pyrite (FeS;), a common congtituent
of mine tailings, undergoes the following reaction under these conditions:

4FeS, + 150, + 2H,0 ® 4Fe** + 8S0,% + 4H' (1)

Ferric iron produced in this reaction is a srong oxidant, which further abioticaly oxidizes
pyrite (or other minerd sulfides) asfollows

FeS, + 14Fe* + 8H,0 ® 15F€* + 2S0,> + 16H* 2)

These reactions generate ferrousiron and large quantities of acid, which favor the growth
of acidophillic, chemalithotrophic bacteria The role of iron and sulfur-oxidizing becteria
(such as Thiobacillus ferrooxidans) in acceerating the production of acidic drainage from
aulfide-containing mine tailings has been known for decades (Silverman and Lundgren,
1959). Populations of this or other naturaly occurring and environmentaly ubiquitous
chemolithotrophs colonize open tailings after placement and accelerate acid production
through the cycling of ferrousto ferric iron (Brierley and Brierley, 1996):

4Fe* + Oy + 4H" ® 4Fe®™ + 2H,0 (3)

Though this reaction consumes some acidity, the overdl effect is the regeneration of

ferric iron, which can then oxidize more pyrite and generate much more acidity (via
reaction 2). It has been estimated that an active population of T. ferrooxidans increases
the rate of pyrite oxidation up to 6 orders of magnitude over smple abiotic oxidation
(Brierley, 1978). The acidity generated in these reactions further asssts the growth and
downward migration of Thiobacilli through the tailings column by providing the low pH
conditions necessary for their growth.

The key to controlling the generation of acid mine drainage is preventing theinitid
oxidation of pyrite. Bound with iron, the sulfur in pyriteis unable to participate in the
microbially catalyzed reactions that cause acid generation. Prevention of oxygen
infiltration into tailings then is necessary to prevent oxidation of pyrite and subsequent
acid generation. An innovative method to prevent oxygen trangport into tailings is the



congtruction and maintenance of abiologicaly active barrier on the surface of the
talings.

The badis of biologica capping barrier technology isthe formation of abiologicaly
active zone occupying the free pore space in the uppermost layer of thetailings. This
zone conggts of bacteria and other microorganisms enmeshed in amatrix of extracelular
polymeric substances (EPS). The metabolism of aerobic and facultative microorganisms
in the capping layer removes oxygen from infiltrating water resulting in adecreasein
pyrite oxidation and subsequent acid generation and metal solubilization. Furthermore,
the presence of the microorganisms and EPS may reduce the hydraulic conductivity of
the tailings, thereby, decreasing the flux of water through the tailings. Stabilization of the
tallingsis dso enhanced by the remova of oxygen and production of fermentation
products by the capping layer, which promotes the growth of sulfate reducing bacteria
(SRB) degper within thetallings. The growth of SRB resultsin apH increase due to
carbonate production and precipitation of heavy metas as metd sulfides.

A previous laboratory study used small-scale tests with tailings columns and
demondrated that nutrient trestments to stimulate bacteriad growth resulted in an increase
in pH, reduction of permeability, and the generation of anaerobic conditions within the
columns (Blenkinsopp et al., 1992). This study reports the preiminary results of
relatively large- scale column tests with tailings collected from a proposed demongtration
gtefor the fidd-scde implementation of biologica capping barrier technology. The god
of these experiments was to determine if nutrient additions could simulate indigenous,
aerobic bacteriain the soil columns, resulting in increased effluent pH and decreased
metas mobility. Specific objectives wereto: (1) determine the effects of nutrient
addition on the oxidation-reduction potentia (ORP), pH, and meta's content of column
effluent; (2) determine the longevity of these effects from a sngle nutrient addition; and
(3) determine the effects of nutrient addition on the microbid consortiaactive in the
columns.

A series of Sx columns were packed with tailings from an abandoned mine Ste and
irrigated daily with clean water. After stabilization, four of the columns received nutrient
trestments, while two served as untreated controls. The nutrient treetments resulted in a
sgnificant decrease in ORP and an increase in the populations of total bacteria and
aulfate-reducing bacteria. However, neither the test nor control columns generated acidic
effluent or sgnificant concentrations of dissolved metals. Nonetheless, the results
demondtrate the effectiveness of nutrient trestments for generating anaerobic conditions
within the test columns

MATERIALSAND METHODS

Tailings from an abandoned hardrock mine near Rimini, Montana, were studied for acid
production potentiad and the applicability of amicrobia capping barrier for mitigation of
acid mine drainage. Field measurements of tailings surface water runoff indicated acidic
conditions (pH under 4.0) and high concentrations of duminum, iron, lead, and zinc. In
October, 1998, gpproximately 1 cubic yard of tailings material was trangported from the



mine Ste to |aboratories a the Center for Biofilm Engineering at Montana State
Univergty in Bozeman, Montana. The tailings were packed into PV C columns

(12 inchesin diameter and 48 incheslong). Six tailings columns were congtructed and
began operating in February 1999. In May 1999, after background conditions had been
fully established for the columns, nutrient trestments were applied to four of the columns.
Two control columns did not receive nutrient additions.

Each of the sx PVC columns (C1- C6) was filled to a depth of 40 inches with tailings
from the mine ste. After placement in the columns, the tailings were flooded and
drained twice to facilitate packing and dlow close approximation of actua sSte
permesbility. After each flooding, columns were dlowed to drain under gravity.

All sx columns were operated in an unsaturated condition with dechlorinated tap water
gpplied to the top of the column that was open to the amaosphere. Column influent was
adjugted to aflowrate of 10 milliliters'minute for 60 minutes each day. Columns were
dlowed to drain fredly under gravity. Drainage from the bottom of the columns was
collected on a periodic basis for pH, ORP, heterotrophic plate counts (HPC), direct
counts (DC) and SRB anayses.

The ORP and pH were measured with eectrodes. The SRB were enumerated using
Postgate B media and mogt- probable number (MPN) techniques. Direct counts were
taken via microscopy, and HPC were enumerated on Difco R2A agar usng serid dilution
technique.

On May 10, after two months of operation, 10 liters of nutrient solution was added to
columns 2, 3, 4, and 6. Columns 1 and 5 received an equa amount of unamended tap
water. A second treatment of nutrient solution (5 liters) was added to the treated columns
two weeks after the initia trestment.

RESULTSAND DISCUSSION

Although field samples indicated acidic conditions were present in ponded water atop the
tailings pile, acidic effluert did not develop in any of the Six tailings columns. Column
effluent pH varied from 6.5 to 7.2 prior to the nutrient trestments. This range narrowed
dightly, from 6.8 to 7.2 following trestment, but did not show significant change.

Despite thislack of acritical measure of the trestment effectiveness, the test was
continued to determine the effect of nutrient dosing on ORP and tailings microbiology.

As expected, the ORP dropped significantly in columns that received the nutrient
treatment. Prior to adding nutrient solution, ORP in the columns varied from
approximately —100 to +250 millivolts. Despite this high varigbility, ORP in dl trested
columns dropped significantly following trestment. Treated column ORP was generdly
in the range of —300 to —400 millivolts three weeks after the trestment occurred. The
high variahility inindividud column response to the nutrient addition is attributed to
natura variation in an unsaturated flow Stuation. The ORP in treated columns generaly
remained below —250 millivolts for at least 60 days following trestment.



Sulfate reducing bacterid (SRB) cdl numbers were observed to increase over timein the
effluent from columns receiving nutrient additions. Prior to nutrient addition, SRB were
observed in column effluents at concentrations ranging from 1 to 10 cdlgmilliliter.
Approximately two weeks following nutrient addition, test column effluents had SRB
concentrations ranging from 107 to 10* cdlg/milliliter. Interestingly, one of the control
columns remained at very low effluent SRB concentrations (column C5 at 10 cdls/
milliliter) and one exhibited devated levels (column C1 a 10° cdlgmilliliter). SRB
growth would be expected to follow the onset of anaerobic conditions. Column C1 was
observed to have a ORP indicative of dightly anaerobic conditions early in the
experiments, while the ORP in column C5 was consstently in the aerobic range. The
increase in SRB in the test columns is thought to result from the depletion of oxygen

from infiltrating water by aerobic bacteria Thisisahighly desirable result because SRB
produce hydrogen sulfide (H,S) as a product of metabolism. H,Sreadily reacts with
meta's present in solution to form insoluble and immobile meta sulfide phases.

Heterotrophic plate counts from column effluents were not observed to have a Sgnificant
response to adding nutrients to the tailings columns. The HPC isameasure of dl the
bacteria that are capable of growing on the nutrient agar under aerobic conditions. It was
expected that adding nutrients would incresse the total bacteria cdll numbers growing in
the column, hence, in the column effluent aswdl. The lack of measurableincreasein
HPC cell numbersin the effluents may have been due to the generation of anaerobic
conditions throughout most of the test column length, which did not favor the

proliferation of bacteria capable of aerobic growth. The population of aerobic
heterotrophic bacteriawas likely localized near the upper (inlet) sections of the columns.

Bacterial direct counts performed on column effluent indicated adight increasein cdlls
from test columns while showing mixed results from control columns. Direct counts are
intended as a measure of dl cdlsinasample, living and dead. Assuch, it would be
expected that DC results would be higher than HPC. Thiswas found to be the case with
DC levelsin the range of 10° to 10° cellmilliliter for all samples. In comparing HPC
and DC results, HPC levels were observed to drop in mid July (approximately 60 days
following nutrient addition), while no such drop was observed in DC results. This could
be due to the proliferation of anaerobic bacteria within the columns that were unable to
grow under the aerobic conditions of the HPC assay.

Effluent from dl columns was tested for dissolved metds (Al, As, Cd, Cu, Fe, P, Mn,
Zn) on May 10, 1999. At that time, the columns had operated with declorinated tap water
influent for approximately 10 weeks, yet no nutrient additions had yet been made.

Reaults from this sampling indicate the absence of eevated concentrations of any of the
eight andytes. In many cases, concentrations of target meta analytes were below
detection limits.

CONCLUSIONS

Because column pH remained in the neutrd range and metals were not mobilized from
the columns, the abandoned mine from which the tailings were collected was deemed an



inappropriate ste for demongtration of thistechnology. The data collected does
demongirate severd useful facts, however:

1. Dosng 15 liters of nutrient solution effectively reduced the ORP in minetailings
columnsfor aperiod of at least 60 days.

2. The €ffects of nutrient addition on HPC were not observable in column effluents, but
nutrient addition sgnificantly increased SRB in column effluents, suggesting the
potentia to precipitate dissolved meta's as metd- sulfide complexes.

3. Adequate populations of SRB and HPC bacteria exist in these mine tailings such that
bacterid additions to the columns were unnecessary. Simply adding a nutrient
solution was adequate to provide for sustained, measurable populations of these
organisms.

An dterndtive Ste for demondiration of this technology has been selected and column
gudies using tailings from this Site is currently being performed.
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ARSENIC REMOVAL AND LONG-TERM STABILIZATION FOR SOLIDS
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ABSTRACT

Three technologies were demonstrated and evaluated for arsenic removal and stabilization
of arsenic by-products. Each technology was evaluated treating two separate industrial
waste water streams. The baseline technology was ferrihydrite precipitation with
concurrent adsorption of arsenic onto the ferrinydrite surface. The two innovative
technologies demonstrated were: 1) an integrated adsorption membrane filtration process
that used activated alumina and micro filtration; and 2) a process called mineral-like
precipitation. Each of the technologies were evaluated for arsenic removal capabilities,
long-term stabilities of by-products produced, and process costs. The overall results will be
presented and discussed. MSE Technology Applications, Inc., managed the project and
demonstrated these technologies through the U.S. Department of Energy (DOE) and U.S.
Environmental Protection Agency’s Mine Waste Technology Program under Interagency
Agreement Number DW89938513-01-0. Work was conducted through the DOE National
Energy Technology Laboratory at the Western Environmental Technology Office under
DOE Contract Number DE-AC22-96EW96405.

1 MSE Technology Applications, Inc., P.O. Box 4078, Butte, MT 59702

2 Department of Metallurgical Engineering, Montana Tech of the University of Montana,
Butte, MT 59701

3 Zenon Environmental Inc., Burlington, Ontario, Canada L7N 3P3



INTRODUCTION
Project Management

This paper describes the research that was conducted and summarizes the technical results
that were obtained by the Arsenic Removal Demonstration Project The Arsenic Removal
Demonstration Project was performed for the U.S. Environmental Protection Agency’s
(EPA) Mine Waste Technology Program (MWTP). MSE Technology Applications, Inc.
(MSE) implements the MWTP and owns/operates the MSE Testing Facility in Butte,
Montana. The Arsenic Removal Demonstration Project was funded by the U.S. EPA
MWTP.

Project Purpose

The purpose of the Arsenic Removal Demonstration Project was to demonstrate alternative
water treatment technologies capable of effectively removing arsenic. Two innovative
technologies, mineral-like precipitation and alumina adsorption with microfiltration, and
one conventional technology, ferrihydrite adsorption, were chosen to be evaluated under
the Arsenic Removal Demonstration Project.

Scope of Problem

Acidic, metal-bearing water draining from remote, abandoned mines has been identified by
the EPA as a significant environmental/ health hazard in the Western United States (U.S.
EPA).

Arsenic compounds and solutions are frequently an unwanted byproduct of the mining and
metallurgical extraction of metals such as copper, gold, lead, and nickel. Arsenic waste
problems will continue to grow as high-grade ores with low-arsenic content are depleted,
and the processing of sulfide ores with high arsenic content becomes increasingly common.
An example of arsenic-bearing solid wastes from the processing of gold and base metal
ores is the flue dust produced from roasting and smelting unit operations. The flue dust is
often concentrated in arsenic, and the arsenic is usually present as arsenic trioxide. Large
quantities of flue dust from past and current mineral-processing operations are being kept in
temporary storage pending the development of safe disposal methods.

Dissolved arsenic has two common valence states (111 and V). Generally, arsenic in the
arsenite state (I11) is more soluble than arsenic in the arsenate state (V). Due to this
chemical trait, arsenic is generally removed more effectively from solutions in the oxidized
or arsenate state (Robins, 1983).



The U.S. National Drinking Water Standard for arsenic is 50 parts per billion (ppb). Due
to concerns for cancer risk associated with arsenic, the World Health Organization recently
revised the guideline for arsenic in drinking water from 50 to 10 ppb in 1993 (Rosengrant
and Fargo, 1990).

Statement of Project Objectives

The primary objective of the field demonstration project was to assess the effectiveness of
the chosen processes for removing arsenic from solution. Another objective of the project
was to evaluate the products formed from each process to determine if they are
environmentally stable. More specifically, the project objectives are:

* Reduction of the concentration of dissolved arsenic in the effluent waters to a level less
than the National Primary Drinking Water Regulation Limit for arsenic established by
the EPA of 50 ppb, or reduce the concentration of dissolved arsenic by 50% if the
influent concentration was less than 50 ppb.

» Production of the concentrated arsenic-bearing solids from the processes that are
environmentally stable by demonstrating that arsenic results using toxicity characteristic
leachate procedure (TCLP) will be below the maximum concentration for toxicity of
5.0 milligrams per liter.

TECHNOLOGY DESCRIPTIONS

The three arsenic removal technologies demonstrated during the Arsenic Removal
Demonstration Project were 1) mineral-like precipitation; 2) alumina adsorption with
microfiltration; and 3) ferrihydrite adsorption.

Mineral-Like Precipitation

Mineral-like precipitation has been extensively investigated on bench-scale by Dr. Larry
Twidwell, a Montana Tech of the University of Montana (Montana Tech) professor. The
research has been performed over 10 years on several different arsenic-bearing waters.

The objective of the mineral-like precipitation technology is to strip arsenic from solutions
in a way so as to produce mineral-like precipitated products that are stable for long-term
storage in outdoor pond environments. Arsenic is incorporated into a mineral matrix that is
stable against atmospheric reagents such as carbon dioxide. The precipitation of the
mineral-like products can remove arsenic from solution to well below the U.S.
Environmental Protection Agency (EPA) regulatory discharge standard as well as remove
other heavy metals.



Alumina Adsor ption with Microfiltration

Alumina adsorption is a widely recognized technology for removing arsenic from water.
An innovative approach using alumina adsorption combined with microfiltration has been
developed by ZENON Environmental Inc. (ZENON) of Canada.

Ferrihydrite Adsorption

The ferrihydrite adsorption process is EPA’s Best Demonstrated Available Technology to
remove arsenic from industrial waters. This technology was used as the baseline
technology for comparative purposes to the innovative technologies of alumina adsorption
with microfiltration and mineral-like precipitation.

DESCRIPTIONS OF TREATED WATERS

The pilot-scale demonstrations were performed on three waters: 1) scrubber blowdown
water, and/or 2) thickener overflow water from the gas cleaning system prior to entering an
acid plant of a lead smelter, and 3) an abandoned mine water. Chemical profiles of these
waters is presented in Table 1.

Table 1. Constituents of treated waters.

Constituent Dissolved Species

microgramg/liter (F/L)*

Scrubber Blowdown Water

As(111) 3,913,000

As(V) 702,000

Thickener Overflow Water

As(111) 4,060

As(Total) 5,810

Abandoned Mine Water

As(V) 366

As(Total) 362 (range was 366-670)

!Dissolved concentrations (i.e., sample filter through a 0.2 micron high-density

polyethylene filter disk).

Field testing of these processes was conducted by MSE, Montana Tech, and ZENON
personnel. Monitoring of pH, E,,, and flow rates were performed at both sites.

Inorganic chemical analyses for samples collected at both sites were conducted at the
MSE-HKM Analytical Laboratory, which is located in Butte, Montana. Long-term
stability tests are being conducted on the solids produced from the ferrinydrite process and
the mineral-like precipitation process at Montana Tech.



DEMONSTRATION RESULTS
Mineral-Like Precipitation
Scrubber Blowdown Water Analytical Results
Removing arsenic from the scrubber blowdown water by the mineral-like precipitation
technology was very effective. The effluent water from the settler (after 24-hours
continuous operation) contained <10 ppb arsenic [the goal was to remove the arsenic to

below 50 parts per billion (ppb)]. The influent and effluent experimental results are
summarized in Table 2.

Table 2. Mineral-like precipitation analytical results.

Influent Arsenic (ppb) Effluent Arsenic (ppb)

Scrubber Blowdown Water 3,300,000 <10
Thickener Overflow Water 5,800 <15
Abandoned Mine Water 420 <10

Thickener Overflow Water Analytical Results

Removing arsenic from the thickener overflow water by the mineral-like precipitation
technology was very effective [e.g., the effluent water from the settler (after 8-hours
continuous operation) was <15 ppb arsenic (the goal was to remove the arsenic to below
50 ppb)]. The influent and effluent experimental results are summarized in Table 2.

Abandoned Mine Water Analytical Results

Removing arsenic from the abandoned mine water by the mineral-like precipitation
technology was very effective [e.g., the effluent water from the settler (after only 1 hour of
continuous operation) was <10 ppb (one sample was 25 Fmg/L, the goal was to remove
the arsenic to below 50 ppb)]. The influent and effluent experimental results are
summarized in Table 2.

Toxicity Characteristic L eachate Procedure (TCLP)

The TCLP was performed on the composite solids produced at the end of each
demonstration. The product solids produced from the demonstration on each passed the
TCLP test; therefore, these solids are considered to be nonhazardous with respect to
handling and land disposal.



Long-Term Stability

The solids that are produced by other technologies (lime precipitation and ferrihydrite
adsorption) may not be stable for long-term outdoor storage. The mineral-like precipitation
technology solves the storage problem because the product is thermodynamically stable
against conversion to calcium carbonate by carbon dioxide in atmospheric air.

To validate that the mineral-like product is indeed stable, long-term stability testing was
initiated and will be continued for 2 years. Test slurries of the solids produced from the
Arsenic Removal Demonstration Project were prepared and set up so air could be sparged
into the slurries. Solution pH, Eh, and temperature are monitored monthly. The solubility
of the solids will be determined after 1 and 2 years of exposure.

Alumina Adsor ption with Microfiltration Results
Four tests were conducted treating thickener overflow water and one test treating
abandoned mine water. A summary of the analytical results is presented in Table 3. High
concentrations of sulfate [up to 2,500 parts per million (ppm)] in the thickener overflow
were competing with arsenic for adsorption sites on activated alumina.

Table 3. Alumina adsorption with microfiltration analytical results.

Initial Arsenic (ppb) Final Arsenic (ppb)
Thickener Overflow Water 5,800 180-1,420
Abandoned Mine Water 420 <20

Ferrihydrite Adsor ption
Thickener Overflow Water Analytical Results

For removing arsenic in thickener overflow water, two separate parameters were used. An
iron to arsenic mole ratio of both 8 and 10 was used for ferrihydrite adsorption. The
removal of arsenic from thickener overflow water is dependent on the amount of iron
inputted into the system. Ferrihydrite adsorption technology was performed at the lead
smelter site using their existing facility.

Low Iron Demonstration

Using an iron to arsenic mole ratio of 8, arsenic concentrations were lowered from 5.8 ppm
to 100 ppb at a pH of 7. Ferrihydrite absorption was effective for arsenic removal;
however, the established drinking water standard of 50 ppb was never achieved at this iron
to arsenic mole ratio. The analytical results can be observed in Table 4.



Table4. Ferrihydrite adsorption analvytical results.

I nfluent Arsenic (ppb) Effluent Arsenic (ppb)
Thickener Overflow Water 5,800 100
(Fe/As ratio = 8)
Thickener Overflow Water 5,800 <20
(Fe/As ratio = 10)
Abandoned Mine Water 420 <20
(Fe/As ratio = 10)

High Iron Demonstr ation

Increasing the iron content was very effective for removing arsenic from the thickener
overflow water. Concentrations were lowered from 5.8 ppm to less than 20 ppb. The
influent and the effluent water analytical results are summarized in Table 4.

Abandoned Mine Water Analytical Results

Removing arsenic using abandoned mine water by ferrihydrite adsorption was very
effective. Results indicate arsenic concentrations were lowered from 420 ppb to less than
the drinking water standard of 50 ppb. The arsenic to iron mole ratio used for this
demonstration was 10, which proved to be sufficient. Analytical results are summarized in
Table 4.

ECONOMIC ANALYSIS

One objective of this study was to perform a first order cost estimate for each of the
treatment flow sheets. The cost estimate presented here is not a detailed engineering cost
analysis; it is a first order cost estimate that should be within +30%.

The three different technologies, mineral-like precipitation, alumina adsorption with
microfiltration, and ferrihydrite adsorption, were economically evaluated for a system that
contained 0.5 ppb arsenic at a flowrate of 300 gallons per minute. The comparative results
can be seen in Table 5.



Table 5. Economic evaluation for selected technologies.

Mineral-Like Alumina Ferrihydrite

Precipitation Adsorption Adsorption
Capital $250,000 $396,000 $250,000

+$75,000 +$118, 800 +75, 000
Operations and $41,080 $130,700 $78,904
Maintenance per Year
Operations and $0.30 £ 0.09 $0.70 £ 0.30 $0.55 +0.16
Maintenance per
1,000 gallons treated
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