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MANGANESE RESOURCE RECOVERY 
 

FINAL REPORT 
 

Brief Description of Project Work through Grant and Partnership Contributions  
 

• Compiled preliminary information on types and commercial sources of slag in western 
Pennsylvania; 

 
• Selected and collected samples from two slag sources and one limestone source for 

laboratory and bench-scale testing; 
 

• Conducted Bench-Scale “Bucket Tests”; 
 

• Installed four Pilot-Scale Test Tanks and conducted water monitoring to evaluate 
manganese removal using slag and limestone with installation support from the Jennings 
Environmental Education Center PA Department of Conservation and Natural 
Resources and student volunteer from Westminster College; (3 tanks included in grant 
proposal; extra tank installed and monitored without additional funding requested) 

 
• Conducted maintenance on Pilot-Scale Test Tanks as needed; 

 
• Collected metal precipitates from all four test tanks as well as three existing Horizontal 

Flow Limestone Beds, and one existing slag-only Vertical Flow Pond for laboratory 
analyses including X-ray diffraction, X-ray fluorescence, and bulk chemical analyses; 

 
• Conducted water monitoring of influent and effluent of test tanks with support from the 

PA Department of Environmental Protection Bureau of Abandoned Mine Reclamation for 
laboratory analysis;   

 
• Compiled water monitoring and metal precipitate data; 

 
• Conducted and compiled preliminary market research to identify and to evaluate 

potential uses of recovered manganese; 
 

• Demonstrated the use of recovered manganese as a colorant in ceramic glaze including 
the creation of about two dozen mugs and bowls; 

 
• Conducted an initial experiment with the use of recovered manganese as a soil 

amendment and as a component of fabricated soil; 
 

• Provided recommendations for slag usage in passive treatment, manganese recovery, 
and additional research needs; 

 
• Compiled photo log of project activities; 
   
• Submitted electronic updates, status reports, and a final report; administered contract. 

 
Funding Source:  $30,000 grant from the Southern Alleghenies Conservancy Resource 
Recovery III Initiative Fund through the PA Department of Environmental Protection from the US 
Dept. of Interior Office of Surface Mining, as appropriated by Congressman John Murtha.  
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PUBLIC-PRIVATE PARTNERSHIP 

 
Test Tank Design and Installation; Water Monitoring; Operation & Maintenance; 
Precipitate Recovery, Sampling, and Analyses; Slag and Manganese Research; 
Marketing Research; Project Management  
BioMost, Inc., 3016 Unionville Rd., Cranberry Twp., PA  16066 
DENHOLM, Clifford, Environmental Scientist; KEFELI, Valentine, PhD Soil Scientist; 
DANEHY, Timothy, QEP; BUSLER, Shaun, GISP; DURRETT, Kyle, Environmental 
Technician; DANEHY, Sylvia, Office Manager; DUNN, Margaret, PG (724) 776-0161 
 
Landowner; Construction; Site Maintenance 
Jennings Environmental Education Center  
PA Dept. of Conservation & Natural Resources  
2915 Prospect Rd., Slippery Rock, PA 16057 
JOHNSON, David, Center Manager; TAYLOR, Wilbur, Program Coordinator; JENKINS, 
Gary & LIBECCO, Wade, Maintenance; SHIRLEY, Cindy, Admin. Asst. (724) 794-6011 
 
Ceramic Glaze Experimentation and Pottery Creations 
MEC-Clay Studios, Bratenahl Village Community Center  
10300 Brighten Road, Bratenahl, OH 44108 
ESCH, Pam; MORRISON, Carl; CLAGUE, Sarah, Ceramic Artists (216) 346-7006 
 
Water Quality Laboratory Analyses and Project Coordination 
PA Dept. of Environmental Protection, Bureau of Abandoned Mine Reclamation 
Cambria Office, PO Box 149, Ebensburg, PA 15931 
SMOYER, Jon, PG; MILAVEC, Pam, Water Pollution Biologist IV (814) 472-1800 
 
Manganese Material Analysis; Geochemical and Passive Treatment Consultation 
Arthur W. Rose, PhD Geochemist, Professor Emeritus, Penn State University 
726 Edgewood Circle, State College, PA 16801 (814) 238-2838 
 
Grant Administration 
Southern Alleghenies Conservancy,  
702 West Pitt Street, Fairlawn Court, Suite #8, Bedford, PA 15522 
LICHVAR, Len, Executive Director; DIEHL, Branden, Project Manager (814) 623-7900  
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MANGANESE RESOURCE RECOVERY:  FINAL REPORT 
 

submitted to the 
 

PA Department of Environmental Protection Bureau of Abandoned Mine Reclamation 
Southern Alleghenies Conservancy 

 
EXECUTIVE SUMMARY 

 
BioMost, Inc. received a grant from the Southern Alleghenies Conservancy through the Pennsylvania 
Department of Environmental Protection to investigate the recovery of manganese as an economic resource 
from passive mine drainage treatment components that utilize steel slag or limestone.  The project was 
divided into several tasks that included identifying commercial slag sources; conducting bench-scale testing; 
installing pilot-scale test tanks; monitoring water quality and flow rate; collecting and analyzing precipitates 
from pilot-scale test tanks and full-scale passive components; investigating potential uses of recovered 
manganese; and conducting an initial market feasibility research.  Major conclusions and recommendations 
from this preliminary effort are as follows: 
 

• Slag can effectively treat mine drainage.  Slag use, however, should be limited to monitored and 
maintained components that, preferably, do not receive waters containing bicarbonate alkalinity.  The 
best use may be (1) as an alkalinity (from calcium hydroxide) generator for water with low dissolved 
solids or (2) as direct treatment of acidic drainage with pH <4.5 (lower limit of bicarbonate alkalinity).  
Additional research is recommended to further evaluate design criteria, long-term treatment 
effectiveness and efficiency, O&M requirements, and effluent characteristics. 

 

• Slag or limestone can be used to effectively remove manganese from mine drainage.   While 
the chemistry associated with manganese precipitation in slag appears to be understood, the 
mechanism in limestone-based systems is more complex.  Additional research is recommended to 
better understand these mechanisms and to improve passive treatment design. 

 

• Todorokite [(K, Na, Ba)(Mn, Al)  6O  12 • 3H  2O] and birnessite [(Na, Ca, K)(Mg, Mn)Mn  6O  14 • 5H  2O] 
were the major manganese minerals recovered from existing, full-scale, limestone and slag 
components.  Testing at additional sites with differing periods of operation, water quality, 
coal/overburden characteristics, and component designs is recommended to determine consistency.    

 

• Recovered manganese-bearing precipitates from full-scale limestone components contained 
>50% manganese on a dry-weight basis, which meets the classification for a medium- to high-
grade “ore”.  Additional research is recommended to verify consistency.  Precipitates from the test 
tanks, successful in removing manganese from mine drainage, contained abundant iron and 
aluminum and, therefore, less manganese.  (Iron and aluminum were precipitated prior to entering 
the full-scale limestone components.)     

 

• Manganese-bearing precipitates can be recovered; however, an economically viable method 
has not been demonstrated.  Future efforts to develop an efficient recovery process are imperative 
for viable economic recovery. 

 

• There are no known major domestic producers of manganese ore:  the United States is 100% 
dependent on foreign sources to supply the manganese used in the manufacture of steel 
(largest consumer), batteries, vitamins, etc.  With limited reserves from mine drainage to date, 
industries requiring large quantities of manganese are not considered for initial marketing efforts. 

   
• Early product development utilizing recovered manganese as a colorant in ceramic glazes and 

initial testing for use as a soil amendment have been completed.  Future efforts will also 
consider use in bricks and pigments.  Additional marketing to potential end users and further 
determination of reserves with estimated annual production, mineral/chemical forms, purity, and other 
economic factors are necessary. 



Manganese Resource Recovery  October 2005 
BioMost, Inc.  1191122 

1-2 

COMPREHENSIVE TIMELINE 
 
Abbreviations:  BioMost, Inc. (BMI); Bureau of Abandoned Mine Reclamation (BAMR); Horizontal Flow Limestone 
Bed (HFLB); Jennings Environmental Education Center (JEEC); Pennsylvania Department of Environmental 
Protection (PA DEP); Southern Alleghenies Conservancy (SAC); Vertical Flow Pond (VFP) 
Date Description 
01/07/03 Original Manganese Recovery proposal submitted to PA DEP 
03/06/03 Revised Work Plan submitted to PA DEP 
04/21/03 Discussion with Jon Smoyer, PA DEP BAMR re:  water sample analyses 
07/08/03 Revised proposal submitted to SAC 
07/10/03 Revised proposal submitted to PA DEP 
10/15/03 PA DEP forwards contract to BMI 
10/22/03 Phone conversation with SAC to revise contract 
11/05/03 Contract signed by BMI and submitted to SAC 
01/27/04 Begin slag type and source location research 
03/18/04 Revised Time Table submitted to SAC; Grant Extension Requested by BMI 
03/19/04 Grant Extension denied 
03/31/04 
04/01/04 Obtained steel slag and limestone samples for bucket tests and lab analysis 

04/28/04 Site Investigation at JEEC; field water quality monitoring; water collected for bench scale 
Bucket Tests from VFP due to low manganese content in wetland effluent 

04/29/04 
04/30/04 Conducted bench scale Bucket Tests 

05/03/04 Begin Test Tank design 

05/17/04 Communications with Jon Smoyer, PA DEP BAMR to establish water quality sampling 
protocols, sample pickup, and data return 

05/20/04 Field meeting with Dave Johnson, JEEC Park Manager to determine locations of Test Tanks  
05/26/04 Test Tank installation 

05/27/04 Test Tank installation; conducted porosity, effective porosity, specific retention, and specific 
yield testing 

06/02/04 Test Tanks placed on-line; flow rates set; project status emailed to SAC 
06/04/04 Test Tank Monitoring; adjusted flow rates 

06/08/04 Test Tank Monitoring; water level near or overtopping Tanks 1 & 4; iron accumulation within 
tanks noticeable 

06/14/04 Project Report and 1st Invoice submitted to SAC 

06/16/04 Test Tank Monitoring; Tanks 1 & 4 overflowing – problem appears to be development of air 
locks; air locks broken and tanks begin to flow; flexible tubing added to extend effluent pipe 

07/01/04 
Test Tank Monitoring; Tanks 1 & 4 with airlock and not flowing – begin flowing after airlock 
broken; Tank 3 not flowing – readjusted valve; tanks turned off after sampling for JEEC VFP 
maintenance 

07/06/04 JEEC begins draining VFP for maintenance 

07/21/04 
JEEC excavates sections through VFP treatment media for investigation and mixes existing 
media to increase permeability; Test Tanks: ¾” elbow replaced with ¾” Tee at each effluent 
pipe to prevent gas traps 

07/29/04 Tanks sampled to investigate effects of abnormally long retention times on water quality; 
tanks placed on-line; flow rates adjusted 

08/01/04 Harbison Walker Phase II Water Monitoring 
08/04/04 Project Report and 2nd Invoice submitted to SAC 

08/05/04 
Test Tank Monitoring; water level in Tanks 1 & 2 significantly increased due to decreased 
effluent flow rates; removed floating iron precipitate/algal mat and cleaned effluent pipes – 
flow rates increased 

09/01/04 Test Tank Monitoring; Slag Tanks 1, 2, and 4 overflowing; Limestone Tank 3 functioning well; 
lowered effluent pipes of Tanks 1, 2, and 4 to increase head 

09/02/04 Test Tank Monitoring; Tanks 1 & 2 overflowing; lowered effluent tubes to increase head 
09/23/04 Harbison Walker Phase II Water Monitoring 
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10/11/04 

Test Tank Monitoring; thick iron/algal mat on surface of Tanks 1, 2, and 3; effluent rates 
much lower than influent flow rates; flushed and backflushed (very minimal air pressure) to 
improve flow; Tanks 2 & 4 very difficult to backflush; treatment media suspected to be 
severely plugged in Tanks 2 & 4 

10/27/04 Harbison Walker Phase II Water Monitoring 

10/29/04 
Test Tank Monitoring; all tanks overflowing; large accumulation of leaves, iron precipitates, 
and algae; flushed and backflushed (very minimal air pressure); removed iron precipitates 
and algae as feasible; identified areas of possible manganese precipitates 

11/03/04 Backflushed with air compressor and then flushed Tanks 2 & 4  

11/18/04 
Test Tank Monitoring; flow through all tanks noticeably improved; no tanks overflowing; 
raised effluent pipes for Tank 1, 2, 4 decreasing head; water quality appeared decreased 
possibly due to development of preferential flow paths along sides of barrel from backflushing 

11/28/04 Harbison Walker Phase II Water Monitoring 

12/01/04 Test Tank Monitoring; Tank 4 overflowing – opened flush valve to remove precipitates and 
flow rate increased 

12/09/04 Test Tank Monitoring; Tanks 1 & 2 water levels high but not overflowing; Tank 4 overflowing - 
opened flush valve to remove precipitates - flow increased 

12/16/04 Harbison Walker Phase II Water Monitoring 
02/03/05 Grant Extension Requested by BMI; additional data requested by SAC for Extension Request 
02/10/05 Attempts to sample tanks revealed frozen tanks; manifold frozen and broken 
02/11/05 Additional information regarding need for Grant Extension submitted to SAC 
02/20/05 Grant Extension approved by SAC 

02/22/05 
PA DEP BAMR issues 90-day emergency contract for the Nickle Plate Mine Blowout, 
McDonald, PA; all work on Manganese Recovery temporarily suspended until after project 
completion 

05/23/05 Construction of Final Solution completed for Nickle Plate Mine Blowout 
06/30/05 Final Report submitted to PA DEP BAMR for Nickle Plate Mine Blowout 
07/15/05 Shut off flow to tanks; Began dismantling and replacing of manifold; 

07/25/05 Completed replacement of manifold; Sampled Tanks 1, 2, and 3 to investigate lengthy 
retention times; turned on flows to tanks; set flow rates for all tanks 

08/18/05 

Test Tank Monitoring; all tanks flowing; Tank 2 overflowing slightly; Tank 2 backflushed (very 
minimal air pressure) and flow increased significantly; skimmed floating iron/algal mat; 
calcium carbonate suspected to be forming in tanks as coating found in effluent pipe and on 
stone below outflow;  

08/24/05 Test Tank Monitoring; all tanks flowing; Tank 2 overflowing slightly; collected manganese 
precipitates from De Sale Phase I HFLB 

09/01/05 

Valve from VFP effluent pipe to Tanks 1, 2, and 3 shut by unknown person during previous 
week; valve turned to on position and flows reset; Tank 4 unaffected; precipitates collected 
from Tanks 1, 2, 3 by flushing into filter bags; minimal precipitate collected from Tank 2 after 
backflushing (minimal air pressure); investigation of treatment medium in Tank 2 revealed 
“concrete” layer re-established 

09/02/05 
Water Monitoring at Harbison Walker Phase II system; backflushed (air compressor) and 
captured precipitates from B1VFP slag VFP by flushing into pipe socks; collected precipitates 
from Harbison Walker Phase I HFLB 

09/07/05 
Test Tank Monitoring; all tanks flowing; no tanks overflowing; backflushed (air compressor) 
Tanks 2 & 4; captured precipitates from Tanks 2 & 4 by flushing into filter bags; effluent pipe 
tubing of Tank 2 burst during end of backflushing 

09/08/05 Replaced burst Tank 2 effluent pipe; conducted porosity, effective porosity, specific retention, 
and specific yield testing; reset flow rates 

09/09/05 Precipitate samples sent to RJ Lee Group Inc. & Activation Laboratories Ltd. 

09/15/05 Test Tank Monitoring; Tanks 1, 2, 4 flowing; no influent to Tank 3-reason unknown; reset flow 
rates; 

09/21/05 Test Tank Monitoring; all tanks flowing; no tanks overflowing 
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INTRODUCTION & BACKGROUND 
 
The extraction and use of natural resources have been occurring throughout human 
history.  In Pennsylvania, coal has been mined for over 200 years.  The first known 
commercial coal mine was opened in 1761 on Coal Hill now known as Mt. Washington 
in Pittsburgh, PA.  While coal has fueled our economy, heated our homes, and provided 
countless kilowatt-hours of electricity, historical mining activities have left a legacy of 
scarred landscapes and polluted streams throughout the world.  Forty-five of 
Pennsylvania’s sixty-seven counties have abandoned mine lands.  Estimates range 
from 2,500-4,000 miles of streams in Pennsylvania alone have been degraded by 
abandoned mine drainage.  Metal precipitates coat the bottom of streams destroying the 
habit of the macroinvertebrates that are so extremely important to the aquatic food 
chain.  Only the most tolerant of species are able to survive in such severely degraded 
streams if at all.   
 
Within the last 15 years, government agencies, watershed groups, nonprofits, 
universities, and private industry have developed and implemented passive systems to 
treat these abandoned discharges in a cost effective manner.  Combining remining, land 
reclamation, and the installation of passive treatment systems have resulted in restoring 
barren land to productive farmland and in turning streams that had been lifeless for 
decades to healthy aquatic habitats capable of supporting reproducing fish populations. 
 
In order to sustain these dramatic improvements in water quality, long-term operation 
and maintenance of these passive systems must be addressed and systems evaluated 
to improve future designs.  Thousands of tons of metal precipitates are being retained 
within numerous systems every year.  The accumulation of metal solids, with the 
potential to be either a liability or an asset, will need to be periodically removed in order 
to maintain effective treatment of the mine drainage.  The question then becomes “What 
to do with the metal precipitates that are removed?” 
 
One approach to address this issue is to develop markets for these “by-products” of 
passive systems.  Passive systems are essentially concentrating the metals within the 
treatment components, which could be viewed as creating a mineral deposit or ore.  
These “ores“ have the potential of being “mined” to extract the metals for economically 
viable purposes as opposed to being buried or placed in a landfill.     
  
BioMost, Inc. is a small environmental company that has designed and implemented 
over 40 and is maintaining over 20 passive treatment systems for numerous watershed 
groups, private industry, and the PA Department of Environmental Protection.  BioMost, 
Inc. recognizes the potential economic value of these metal “ores” as well as the 
importance of removing the metal solids in order to properly maintain treatment 
efficiency.  With one patent issued and a second pending, BioMost, Inc. is committed to 
the advancement of passive technology and to the recovery of metals as a resource.   
 
A contract was received from the Southern Alleghenies Conservancy to pursue the 
recovery of manganese from passive treatment components and to evaluate potential 
markets for this material.  The approach consisted of multiple phases.  First, bench-
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scale and then pilot-scale testing of manganese removal using both steel slag and 
limestone was conducted.  Precipitates were then collected from both pilot-scale and 
full-scale passive treatment components and sent for analysis to determine mineral 
phases and chemical constituents.  Research was conducted to determine potential 
uses and markets for these recovered materials.  Finally, a preliminary study was 
completed that successfully demonstrated the suitability of the recovered manganese-
bearing precipitate for use as a soil amendment.  In addition, a total of 45 simple cups 
and bowls were created by ceramic artists to demonstrate the suitability of the 
recovered manganese for use as a colorant in glazes.  (See photo section.) 
 
This report documents the progression of the project with selected data and 
photographs and provides preliminary conclusions and recommendations for the 
recovery of manganese from passive treatment systems. 
 
Development of Technology 
Removal of dissolved manganese from mine drainage has been historically problematic 
and costly.  Active treatment systems require continual addition of strong commercial-
grade chemicals to increase the pH to 9 or greater, which can result in the need for 
subsequent acidification prior to discharging into the receiving stream.  Often these 
chemical treatment systems are not properly monitored and calibrated and thus “over 
treat” to remove the manganese resulting in large sludge volumes as calcium and 
magnesium are unintentionally removed, increasing maintenance costs substantially.   
 
In the 1990s, early attempts to remove manganese passively utilized limestone beds 
with proprietary bacterial inoculations.  Since 1999, however, BioMost, Inc. has 
successfully designed and installed a Slag-Only Vertical Flow Pond and un-inoculated 
limestone-based components including 6 Horizontal Flow Limestone Beds (HFLB) and 
2 retrofitted Hybrid Flow Ponds.  BioMost, Inc. has recently been issued a patent (US # 
6,893,570) for the use of slag or limestone to remove manganese for resource recovery.  
All three types of passive components have demonstrated the ability to significantly 
decrease dissolved manganese concentrations in mine drainage during varying 
chemical and physical conditions.  For instance, pre-construction monitoring conducted 
by the PA DEP and BioMost indicated that a passive system at the Erico Restoration 
Area (Venango Twp., Butler Co.) in the Slippery Rock Creek Watershed should be 
designed to treat mine drainage with ~300-gpm average flow rate.  Since being placed 
online in 2003, however, the HFLB (9,000 tons, AASHTO#1, 90% CaCO3, limestone 
aggregate) has successfully treated an average of ~500 gpm with maximum flow rates 
reaching 750-1000 gpm.  Comparing influent with effluent characteristics indicate that 
15-20 tons per year (30,000 to 40,000 lb/yr) of manganese are being removed. 
 
Description of Selected Passive Treatment Components 
Horizontal Flow Limestone Beds (HFLB) are typically installed after removal of 
dissolved iron and aluminum as the final component in a passive treatment system.  
Unlike Anoxic Limestone Drains, however, the HFLB is not buried and no attempt is 
made to prevent or eliminate oxygen from entering the treatment medium, as dissolved 
oxygen is needed for manganese precipitation.  Initially these components were placed 
at the end of the system primarily to provide an alkalinity boost prior to discharging to 
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the receiving stream.  After several months of operation, however, water monitoring and 
visual observations demonstrated that the beds were removing manganese from the 
mine drainage without inoculation.  Whether this phenomenon is due to the correct 
geochemical conditions, biological activity or an autocatalytic process or some 
combination is not completely understood at this time, although factors such as 
dissolved iron concentrations, proper pH/Eh conditions, and sufficient dissolved oxygen 
concentrations appear to be relevant.  Some literature indicates that while 
microorganisms may not be necessary for manganese removal, certain types 
significantly increase manganese oxidation rates. 
 
Slag-Only Vertical Flow Ponds (SOVFP) are essentially Vertical Flow Ponds that use 
only slag as the treatment media.  This concept is part of the BioMost, Inc. patent.  Only 
one full-scale system has been installed to date.  Although the characteristics of slag 
are quite variable, steel slag contains calcium oxide, which readily dissolves in water.  
Dependent on contact time, slag aggregate size-consist, and water chemistry, high pH 
values are possible.  Once the pH increases above ~10, essentially all dissolved 
manganese and many other metals are removed.  This component combines the low 
maintenance and gravity flow of passive treatment with the high pH level associated 
with active chemical treatment systems.   
 
Hybrid Flow Ponds (HFP) are also capable of removing manganese by using either 
limestone or slag.  In essence, the component for which BioMost, Inc. received a patent 
combines aspects of the HFLB and a Vertical Flow Pond with an innovative piping 
system that directs the mine drainage to flow either horizontally or vertically.  This 
capability aids the flushing operation and discourages the development of preferential 
flow paths.  Two, limestone-only, Vertical Flow Ponds have been retrofitted to function 
as an HFP, which under low flow conditions do at times remove manganese.  This 
component may be able to replace HFLBs as the final treatment component and 
provide improved manganese recovery, although no HFPs have been installed for this 
purpose at the time of this report. 
 
Treatment Media 
Traditionally, media used in passive systems have primarily consisted of limestone and 
compost either individually or in combination.  Limestone, primarily composed of 
calcium carbonate (CaCO3), is used to neutralize acidity and raise pH to manipulate the 
chemistry of the water to promote the precipitation of metals.  Compost, is used both as 
an organic growth medium, such as in wetlands, as well as used to create reducing 
environments to encourage certain chemical reactions such as converting ferric iron 
(Fe+3) to ferrous iron (Fe+2) as well as biochemical reactions such as alkalinity-
producing sulfate reduction that is accomplished by bacteria.  While these treatment 
media are very effective, other materials can be used as well.  One potential material of 
interest in western Pennsylvania is steel slag. 
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SLAG 
 

Slag is generally defined as a nonmetallic byproduct of metal processing operations 
such as from the production of iron and steel.  There are many different types of slag 
with varying properties.  The physical characteristics of slag such as density, porosity, 
and particle size are affected by the cooling rates and chemical composition.  In the iron 
and steel industry the two major types of slag are blast furnace slag also called iron slag 
and steel furnace slag.   
 
Blast Furnace (Iron) Slag Production and Types 
Blast furnace slag is a by-product of making crude or pig iron.  The iron oxides are 
stripped of oxygen and other impurities by high temperature reactions with carbon-
reducing materials and fluxes.  A flux is a substance added to molten metal to react or 
bond with impurities that can then be removed.  The impurities and fluxing agents (such 
as limestone or dolomite) combine into a silicate melt, which floats above the liquid 
crude iron melt.  This melted silicate matrix is separated (“tapped off”) from the iron melt 
which then cools and hardens as slag.  The crude or pig iron is then transferred to a 
steel furnace. 
 
There are three main types of blast furnace slag.  Air-cooled (AC) slag, formed by 
slowly cooling the molten slag under ambient conditions, is generally hard and dense 
although the material may be vesicular.  After processing, AC slag is used as aggregate 
for roads, fill, concrete, asphalt, and railway ballast.  Expanded (EXP) slag also called 
foam slag is cooled by water jets resulting in the generation of steam and the creation of 
a vesicular lightweight slag that binds well with hydraulic cement.  The third type of blast 
furnace slag is granulated slag, which is formed by quenching the molten material in 
water. The rapid cooling solidifies the slag as sand-sized particles.  This material has 
moderate hydraulic cementitious properties, but when finely ground and in contact with 
free lime, the ground granulated (GG) blast furnace slag (aka GGBFS) develops strong 
hydraulic cementitious properties.  The GGBFS can be substituted for or mixed with 
portland cement.  Concrete containing GGBFS and portland cement often develops 
strength more slowly, but over time can have superior long-term strength and improved 
resistance to chemical exposure.  
 
Steel Slag Production and Types 
Steel slag, a by-product of steelmaking, is produced during the separation of the molten 
steel from various impurities.  The slag occurs as a molten liquid melt and is a complex 
solution of silicates and oxides that solidifies upon cooling. 
 
Almost all steel is now made in integrated plants using a version of the basic oxygen 
furnace (BOF) process or in specialty steel plants using an electric arc furnace (EAF) 
process.  The basic oxygen furnaces primarily use crude iron to make steel while the 
electric arc furnances mainly remelt scrap metal. The open hearth furnace (OHF) 
process is no longer used.  
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In the basic oxygen furnace process, hot liquid metal from the blast furnace, scrap, and 
fluxes, which consist of alkaline materials such as limestone, lime (CaO), dolomite, 
and/or dolomitic lime (CaO MgO or “dolime”), are charged to a converter (furnace).  A 
lance is lowered into the converter and oxygen is injected at high pressure.  The oxygen 
combines with and removes the impurities in the charge.  These impurities consist of 
carbon (gaseous carbon monoxide), silicon, manganese, phosphorus, and some iron 
(liquid oxides), which combine with lime and dolime to form the slag.  At the end of the 
refining operation, the liquid steel is tapped (poured) into a ladle while the slag is 
retained in the vessel and tapped into a separate slag pot.  
 
There are many different grades of steel that can be produced and thus the properties 
of the slag can vary significantly with each grade.  Steel grades are typically classified 
as high, medium, and low, depending on the carbon content. High-grade steels have 
high carbon content.  To reduce the amount of carbon in the steel, greater oxygen 
levels are required in the steelmaking process.  This also requires the addition of 
increased levels of lime and dolime flux for the removal of impurities which increases 
the amount of slag that forms.  
 
There are several different types of slag produced during the steelmaking process.  
These different types are referred to as furnace or tap slag, raker slag, synthetic or ladle 
slag, and pit or cleanout slag.  Figure 1 presents a diagram of the general flow and 
production of different slags in a modern steel plant.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Overview of slag production in modern integrated steel plant. Source US DOT 
 
The slag produced during the primary stage of steel production is referred to as furnace 
or tap slag.  This is the major source of steel slag aggregate.  The furnace or tap slag 
can be further classified as BOF, OHF, and EAF based on the type of furnace used in 
the process.  The term basic steel slag is sometimes used and refers to the BOF 
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process not the fact that the material is alkaline.  After being tapped from the furnace, 
the molten steel is transferred in a ladle for further refining to remove remaining 
impurities.  This operation is called ladle refining as the process is completed within the 
ladle by adding fluxes.  These slags are combined with any carryover furnace slag to 
assist in absorbing deoxidation products, for heat insulation, and for protection of ladle 
refractories.  The slag, produced at this stage of steelmaking, is generally referred to as 
raker and ladle slags.  
 
Pit and cleanout slag are other types commonly found in steelmaking operations.  They 
usually consist of the slag that falls on the floor of the plant at various stages of 
operation or slag that is removed from the ladle after tapping.  Because the ladle 
refining stage usually involves comparatively high additions of flux materials, the 
properties of this synthetic slag are quite different from those of the furnace slag and are 
generally unsuitable for processing as steel slag aggregate.  This slag must be 
segregated from furnace slag to avoid contamination of the aggregate produced.  
 
The liquid furnace and ladle slag are generally processed to recover the ferrous metals. 
This metals recovery operation (using a magnetic separator and conveyor and/or crane 
electromagnet) is important to the steel producer as the metals can then be reused 
within the plant as blast furnace feed material for the production of iron.  

 
Slag for AMD Passive Treatment  
In addition to typical uses such as road construction, railroad ballast, and as an 
ingredient in cements, there is interest in using slag for the treatment of AMD.  As 
mentioned above, the flux added to the melts in both the iron and steelmaking 
processes is typically limestone, dolomite, lime, or dolime.  All of these materials are 
alkaline.  The resulting slag is a calcium-alumino-silicate matrix with the calcium being 
primarily in the form of calcium oxide otherwise known as lime.  Lime is often the 
material of choice in AMD chemical treatment plants.  When hydrated, the lime forms 
calcium hydroxide that can result in much higher pH values in the treated water when 
compared to the bicarbonate alkalinity produced by limestone-based systems.  The high 
pH values allow for the efficient removal of metals especially manganese, which in 
chemical treatment requires a pH of about 9 and sometimes even higher.  While these 
chemical plants work very well, these systems are also extremely costly, often 
dangerous, and energy and manpower intensive requiring much more maintenance 
than a passive treatment system.  The use of slag in passive treatment essentially 
combines the benefits of efficient chemical treatment with the comparatively low 
operation and maintenance requirements of a passive system.   
 
While work had been previously conducted using slag in AMD treatment, the method 
typically involved directing unpolluted water sources such as rainwater or streams with 
circum-neutral pH and low dissolved metals concentrations through the slag to generate 
a highly alkaline, high pH, water that is then mixed with mine drainage.  BioMost, Inc., 
on the other hand, designed and installed a Vertical Flow Pond containing slag that 
receives partially-treated AMD water.  The original intention of the B1VFP was to 
generate a highly alkaline water to pre-treat another AMD discharge.  While the 
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component did not produce the alkalinity concentrations expected, the component did 
successfully remove manganese.  During flushing events as part of the O&M activities, 
the flush water had the appearance of black ink.  These events helped inspire the 
concept of recovering manganese from passive mine drainage treatment systems.  
 
Slag Sources in Pennsylvania 
One of the project tasks was to identify sources and types of slag produced in western 
Pennsylvania.  Table I identifies the slag processing company with contact information, 
the plant location, the steel company serviced, and the types of slag produced in 2004.  
"Various foreign" refers a facility that imports un-ground granulated blast furnace slag to 
crush onsite to make ground granulated blast furnace slag, commonly referred to as 
"slag cement”.  A steel company is not listed for any of the old slag pile sites.  Other 
potential sources of slag may include existing locations in Youngstown (OH) and 
Wheeling and Weirton (WV). 
 
Selected slag producers, listed in Table I, were contacted.  While some producers 
readily provided information on the quantity of material available, size consists, and 
chemical analyses, others did not.  Several providers noted that quantities varied based 
on productivity of the steel mill and some reported that slag was sold on “a first come 
first served basis”.  In addition, the data provided by various producers was not 
standardized as can be seen in Tables II and III, which made comparison of the 
different slag types and sources difficult.  Also, slag by its very nature is not 
homogenous or consistent especially with EAF slag where scrap metals of various 
qualities are the primary metal source.  It is recommended that individual sources be 
contacted as early as possible in the design phase to receive current data and quantity 
availability.  Although price did vary, typically aggregate producers were selling slag at 
$2-5 per ton.  These prices are from 2004 and do not include transportation costs.     
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Table I.  Processors of Iron and Steel Slag in Pennsylvania in 2004 

 
Slag and Furnace Type 

Blast Furnace  Steel Furnace  Slag Processing 
Company 

Plant 
Location 

(Pennsylvania) 
Steel Company Serviced 

AC GG EXP BOF OHF EAF 
Alexander Mill  
Services Inc. 
(724) 368-8005 

Hollsopple North American Höganäs      x 

Beaver Valley Slag 
724-378-8888 Aliquippa (old slag pile site) x    x  

Braddock U.S. Steel/Republic Tech.    x   
Butler AK Steel Corp.      x 
Coatsville International Steel Group, Inc.      x 

Koppel Koppel Steel Co. 
(NS Group, Inc.)      x 

Heckett MultiServ Co. 
(330) 501-7050 

Steelton International Steel Group, Inc.      x 
Bethlehem (old slag pile site) x  x x   

Bridgeville Universal Stainless &  
Alloy Products Inc.      x 

Midland J&L Specialty Products, Inc.      x 
Monroeville (old slag pile site)      x 
New Castle Ellwood Quality Steels, Inc      x 
Park Hill (old slag pile site)    x   
Pricedale (old slag pile site)    x   

Tube City-IMS  
IMS Division* 
(215) 956-5574 
 
 

Reading Carpenter Technology Corp.      x 
West Mifflin U.S. Steel LLC (ET Works) x      
West Mifflin  (old slag pile site) x      

Lafarge North America 
Inc. 
(703) 480-3600 Whitehall Various foreign  x     
Lehigh Cement 
(610) 366-4600 Evansville Various foreign  x     

* Formerly International Mill Services, Inc. (IMS) and was renamed following the December 2004 merger 
of IMS with Tube City, LLC; Source USGS 
 
Abbreviations:  air-cooled (AC), granulated (GG), expanded (EXP), basic oxygen furnace (BOF), open-
hearth furnace (OHF), electric-arc furnace (EAF). 
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Table II.  Chemical Analyses of Various Sources of Slag (% by weight) 
 

Slag Producer Alexander Mill Service Inc. Tube City - IMS Beaver Valley Slag 

Slag Source Hollsopple Slag 
Pricedale 

Slag 
Fines 

Park Hill 
Slag 
Fines 

2A 
 Low MgO 

ACBF 

2A  
Med. MgO 

ACBF 
Sample # 03-03-040 03-03-043 03-03-039 03-03-042 J-04-037 J-04-038 61 162
Sample date 4/17/2003 4/17/2003 5/29/2003 5/29/2003 2/17/2004 2/13/2004     
MgO 8.18 3.28 5.25 3.23 14.26 9.24 4.17 7.28
SiO2 10.16 24.87 22.26 27.00 14.35 30.15 30.25 29.26
Al2O3 2.21 3.60 5.46 4.36 13.10 9.11 7.16 7.92
CaO 45.30 42.90 53.23 46.13 30.01 27.48 45.42 44.37
Fe2O3 31.77 23.22 8.87 15.14 4.98 9.63 2.92 1.84
Cr2O3 0.23 0.10 0.09 0.07         
K2O <0.20 <0.20 <0.20 <0.20     0.36 0.38
TiO2 0.20 0.32 0.32 0.37     0.13 0.36
P2O5 0.21 0.16 0.15 0.08         
Na2O <0.05 <0.05 <0.05 <0.05     0.01 0.05
V <0.05 <0.05 <0.05 <0.05         
Fluorine <0.01 <0.10 <0.10 <0.10         
S 0.09 <0.05 0.09 <0.05     3.74 5.39
MnO 2.88 2.21 2.52 2.03 1.11 3.55 0.70 0.68
 

Table III.  Sieve (Gradation) Analysis (% by weight passing) 
 

Alexander Mill Service Inc. Tube City - IMS 
Sieve  
Size Hollsopple 

Fine Slag 
Hollsopple 

Medium Slag
Pricedale 
Slag Fines

Park Hill 
Slag Fines 

2.0"   100     
1.5"   93     
1.0"   75     
3/4"   53     
1/2" 100 29 100   
3/8" 99 21 99 100 
1/4"     97 98 
#4 88 16 93 90 
#8 77 14 81 48 
#10     74 39 
#16 67 13 61 26 
#20     54 22 
#30 59 11 47 19 
#40     41 16 
#50 51 10 34 13 
#60     30 12 
#100 37 8 20 8 
#200 27 5 10 5 
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BENCH-SCALE TESTING 
 
Bench-scale “Bucket Tests” are conducted to assist in the prediction of water treatment 
efficiency of the medium/media of interest to aid in determining design parameters of 
passive components.  In this case, the bench-scale testing was conducted to compare 
the effectiveness of each selected medium to be used in the pilot-scale test tanks and to 
assist in developing design guidelines.  As a control, limestone aggregate was used in 
one of the buckets. 
 
Treatment Media Tested 
Three different treatment media sources (Table IIIa) were selected for initial bench-
scale testing.  The two slag sources were from electric arc furnace (EAF) steel plants 
located in western Pennsylvania and the limestone source was the high quality, >90% 
CaCO3, Vanport limestone (Clarion Fm., Allegheny Gp.) that is often used in passive 
treatment systems.  Three, 5-gallon containers of slag from both slag producers and 
two, 5-gallon containers of limestone were collected.  A portion of each sample was 
sent to G&C Coal Analysis Lab. (Summerville, PA) for crushing and then sent to the PA 
DEP Laboratory (Harrisburg, PA) for testing.  The results of these tests can be seen in 
Table IV.  The following is a brief description of the three media sources used in the 
bucket tests: 
 

Table IIIa.  Treatment Media Sources 
 

Producer Management 
Company 

Type Size Cost 
(2004 f.o.b.) 

 Quantity 
Collected 

Koppel Steel  
(Plant 53)  
PO Box H  
Koppel, PA 16130  
(724) 843-9511 

Heckett MultiServ  
Bob Rimer  
1-800-374-7524 

EAF Slag 3” x 1” $4.75/ton 
 

 
15 gallons 
 

Quality Aggregates Inc.  
(Princeton Quarry) 
200 Neville Road 
Pittsburgh, PA 15225 
(724) 458-6167 

(same as Producer) Vanport 
limestone 

PennDOT 2B 
(AASHTO #57) 

1” x 8-mesh 

$10.00/ton 10 gallons 

North American Hoegannas 
(Hollsopple Plant) 
Hollsopple, PA 

Alexander Mill Service 
John Alexander  
(724) 368-8005 

EAF Slag Medium Slag 2” x 
200-mesh 

No charge 15 gallons 

Koppel slag (Container ID:  a, b, c); Hollsopple slag (Container ID:  f, g, h); Princeton Quarry limestone 
(Container ID:  d, e); Quantity collected used for bucket tests and for samples submitted to laboratories       
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Table IV.  Comparison of Major and Minor Elements of Selected Treatment Media 

 
Parameter Koppel Slag Hollsopple Slag Princeton Limestone 

Iron 251,701 89,116 7,533
Chromium 9,407 1,011 14
Nickel 294 262 11.8
Calcium 226,681 237,809 388,247
Beryllium <0.5 <0.5 <0.5
Thallium <1.0 <1.00 <1.00
Copper 204 170 5
Tin 20 <20 <20
Silver <0.500 <0.501 <0.502
Mercury <0.100 <0.100 <0.100
Sodium 123 225 142
Aluminum 15,913 31,390 2,823
Manganese 48,839 11,365 723
Cadmium <0.5 <0.5 <0.502
Lead 5.25 3.76 3.06
Cobalt 17.7 38.2 <2.51
Antimony <1.00 <1.00 <1.00
Zinc 207 166 231
Potassium 50 418 1,145
Barium 406 140 260
Arsenic 2.35 <2.00 <2.01
Vanadium 716 147 8.69
Magnesium 35,678 41,053 3,687
Selenium <3.50 <3.50 <3.52
pH 11.39 10.92 8.34

          metal values in mg/kg; pH in standard units 
 
Bench-Scale “Bucket Test” Method 
Bucket Preparation 
Before being placed within the test bucket, the treatment medium was loaded into an 
18-gallon tub and washed/rinsed several times with an estimated 30 gallons of tap 
water to remove as much fines as feasible.  Removal of fines is desirable before 
conducting a bench-scale test, as fines are significantly more reactive due to increased 
surface area.  These fines tend to be quickly consumed and/or flushed from a passive 
component and, therefore, are not indicative of long-term treatment.  Not attempting to 
eliminate the fines will most likely result in generating data that is unrepresentative of 
long-term treatment efficiencies that could lead to significantly undersizing a passive 
component.  The Hollsopple slag had a greater amount of fines than either the slag from 
Koppel or the limestone aggregate from the Princeton Quarry.  The test buckets (See 
Photos.), which consist of a 5-gallon bucket with an attached spigot, were washed, 
dried, and weighed empty (tare).  About 50 to 55 lbs of treatment medium was then 
placed in each bucket and weighed.  (See Table VIII.) 
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Influent Sampling 
The source of water for the bucket tests was partially-treated abandoned mine drainage 
collected at the effluent of the Jennings Environmental Education Center Vertical Flow 
Pond prior to entering the settling ponds and wetlands.  Field parameter tests, 
conducted onsite before water collection, included pH, alkalinity, dissolved iron, and 
dissolved manganese.  Water was collected in a 6.5-gallon plastic container, which was 
completely filled to help eliminate oxygen.  Water quality of the Vertical Flow Pond 
effluent on this date was as follows; - 
 

Table V.  AMD for Bucket Tests  
 

PH Alkalinity T. Mn T. Fe 
6.4 120 mg/L 16.2 mg/L 6.5 mg/L 

 
(Note:  The fourth pilot-scale tank was not included in the original proposal; therefore, 
raw AMD was not included in the bench-scale testing.  The decision to add the tank was 
made after bench-scale testing.)    
 
Bucket Test Procedure:  Approximately 2 gallons of partially treated AMD was added to 
each bucket and offset by 20 minutes to provide adequate testing time for the sample 
taken from each bucket at each time interval.  Testing was conducted hourly for 10 
consecutive hours.  Additional tests were conducted periodically over a 96-hour period.  
Testing consisted of pH, Phenolphthalein Alkalinity, Total Alkalinity, Dissolved Iron, and 
Dissolved Manganese.  Total Iron and Manganese were also periodically measured. 
 

Table VI.  Test Equipment for Water Quality Measurements 
 
Parameter  Measurement Method 
pH Oakton Double Junction pH Testr3+ 
Alkalinity (Phenolphthalein & Total) HACH Digital Titrator, model 16900, 1.600N H2SO4 
Total Manganese HACH Pocket Colorimeter Periodate Oxidation Method 
Dissolved Manganese  0.45-micron filter; HACH Pocket Colorimeter Periodate Oxidation Method 
Total Iron HACH Iron Test Kit Model IR-18B 
Dissolved Iron 0.45-micron filter; HACH Iron Test Kit Model IR-18B 
 
Quality Control:  A 5-mg/L Mn solution was created using 5 ml of 1000 mg/L + 10 mg/L 
as Mn+2 Manganese Standard Solution (Cat.# 12791-42; Lot# A4061) from HACH. This 
solution was used to check the accuracy of the factory setting before, during, and after 
testing.  The results were 5.2 mg/L, 5.3 mg/L, and 5.3 mg/L, respectively.  All results are 
within 10% of the expected value.  The pH meter reading was occasionally checked 
with a HACH color-wheel test kit.   
 
Bench-Scale “Bucket Test” Results and Discussion 
Results from the three, Bench-Scale Bucket Tests are included in Table VII and are 
illustrated in Figures 2-4.  As can be seen, each bucket of treatment medium resulted in 
the precipitation of most (89% or more) of the dissolved manganese.  While Buckets B 
(Koppel slag) and C (Hollsopple slag) had higher pH values throughout the length of the 
test, Bucket A (Princeton limestone) tended to have higher alkalinity values until 
between the 30th- and 96th-hour of the test.  The reason for the measured drop in 
alkalinity in Bucket A may partially be related to the continued decrease in dissolved 
manganese or other parameters or due to a misreading.  Note that in Buckets B and C, 
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there is a loss of total alkalinity once the pH exceeds an 8.3 where bicarbonate (HCO3
-) 

begins to convert to carbonate (CO3
-2) as reflected in the phenolphthalein measurement 

described in Equation 1.  In this alkaline environment with the presence of dissolved 
Ca+2 and CO3

-2, the solution may be reaching saturation with respect to calcite (CaCO3) 
as noted in Equation 2.  These reactions seem to continue until equilibrium is reached 
at which point the total alkalinity begins to increase again.  This chemical process may 
be responsible for plugging issues.  (See discussion in Pilot-Scale Test Tanks section. 
 
(Eq. 1)  CO2 + H2O === H2CO3 ===  H+ + HCO3

- ===  2H+ + CO3
-2 

                                                                      pH 4.5                                        pH 8.3 

(Eq. 2)  Ca+2 + CO3
-2  CaCO3 ↓  

 
As is typical in natural systems, there is most likely multiple chemical processes taking 
place that are responsible for the consumption of the bicarbonate alkalinity and the 
formation of calcite within the slag treatment medium.  As identified in Equation 3, 
dissolved carbon dioxide (CO2) generated by limestone dissolution in the Vertical Flow 
Pond could also be reacting with the calcium hydroxide [Ca(OH)2], which forms with the 
hydration of calcium oxide (CaO) contained in the slag, to precipitate calcite (CaCO3).  
Reactions may also be illustrated by Equation 4, where dissolved calcium (Ca+2) from 
limestone dissolution reacts with bicarbonate alkalinity (HCO3

-) and calcium hydroxide 
[Ca(OH)2] to precipitate calcite (CaCO3).  Other reactions may also be possible. 
 

(Eq. 3)  CO2 + Ca(OH)2  CaCO3 ↓ + H2O 
 
(Eq. 4)  Ca+2 + 2HCO3

-+ Ca(OH)2  2CaCO3 ↓ + 2H2O 
 
While all buckets demonstrated manganese precipitation, slag buckets B and C showed 
faster removal rates.  In Buckets B and C, dissolved manganese concentrations were 
reduced to less than 1 mg/L within 2 hours and 6 hours of retention time, respectively, 
while in Bucket A even after a retention time of 30 hours, concentrations were still about 
5 mg/L, and, after 96 hours were just under 2 mg/L.  Even though the reaction rate for 
the formation of manganese solids in the limestone bucket was observed to be slower 
than that in the slag bucket, the treatment efficiency of the limestone was encouraging, 
as observations of our full-scale, un-inoculated, Horizontal Flow Limestone Beds 
generally indicate that the components reach projected performance only after several 
months of operation.  This has been thought to be due to either the development of a 
sufficient population of microorganisms or the accumulation of manganese oxides on 
the limestone to facilitate the autocatalytic process or both.      
 
This single bench-scale test indicated that the use of slag for manganese removal may 
be preferred as less retention time and thus less treatment medium would be required in 
comparison with limestone.  The decrease in retention time and treatment medium may 
result in smaller components and ultimately reduce passive treatment costs.  These 
conclusions, however, could/should not be made based on one bench-scale test.    
 
The bench-scale test demonstrated that the two slag sources appeared to provide 
excellent treatment and, therefore, were used in the pilot-scale test tanks at Jennings 
Environmental Education Center in order to conduct further testing and evaluation of 
treatment efficiency and the recoverability of manganese for a longer period under field 
conditions.  Testing of additional slag sources was beyond the scope of this project.  
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Table VII:  Bucket Test Data 
 

pH P.  Alkalinity T. Alkalinity D. Mn T. Fe D. Fe Hr. A B C A B C A B C A B C A B C A B C 
0 6.65 6.65 6.65 0 0 0 104 104 104 16.6 16.6 16.6   5.6 5.6 5.6
1 6.70 7.88 9.23 0 0 0 148 116 88 11.8 7.6 4.4   2.8 0.9 0.0
2 7.17 8.68 9.85 0 0 29 147 93 83 11.2 5.0 0.6   1.5 0.0 0.0
3 7.05 9.01 10.26 0 0 47 153 85 78 9.9 2.8 0.0  3.3 1.4 0.8 0.0 0.0
4 7.30 9.33 10.46 0 0 58 162 69 76 10.0 2.7 0.0  2.2 1.0 0.5 0.0 0.0
5 7.31 9.46 10.60 0 17 57 160 69 79 9.9 1.0 0.0  2.0 0.7 0.3 0.0 0.0
6 7.36 9.67 10.67 0 26 57 160 66 83 9.2 0.7 0.0  2.0 0.0 0.0 0.0
7 7.38 9.76 10.67 0 35 66 162 66 90 9.0 0.2 0.0  1.8 0.5 0.0 0.0 0.0
8 7.51 9.93 10.77 0 35 68 163 63 90 8.6 0.0 0.0 0.4  0.5 0.0 0.0 0.0
9 7.28 10.08 10.84 0 36 70 165 66 93 8.3 0.0 0.0 0.4 1.4 0.4 0.0 0.0 0.0

10 7.38 10.18 10.86 0 44 75 164 73 98 8.0 0.0 0.0 0.2 1.2 0.4 0.0 0.0 0.0
20 7.41 10.79 11.11 0 62 96 158 83 126 6.5 0.0 0.0 0.2 0.4 0.4 0.0 0.0 0.0
27 7.48 10.79 11.00 0 81 104 152 99 129 5.2 0.0 0.0 1.2 0.6 0.4 0.0 0.0 0.0
30 7.60 10.78 11.06 0 86 110 160 110 138 4.6 0.0 0.0 0.8 1.4 0.4 0.0 0.0 0.0
96 7.78 11.23 11.28 0 125 140 116 150 192 1.8 0.0 0.0 1.0 0.4 1.2 0.0 0.0 0.0
 
Bucket A:  Limestone Aggregate (Princeton Quarry); Vanport limestone, 90% CaCO3 
 
Bucket B:  EAF Slag (Koppel Steel Plant) 
 
Bucket C:  EAF Slag (Hollsopple Steel Plant) 
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Table VIII summarizes the physical aspects of the bench-scale bucket tests and 
provides a calculated porosity value.  The porosity value (void space) could then be 
used in combination with a selected retention value and flow rate to provide theoretical 
sizing criteria. 
  

Table VIII.  Bench-Scale Bucket Tests Physical Parameters 
 

Bucket Medium Source 

Depth of 
Medium 

(ft) 

Bucket 
Diameter

(ft) 

Volume of 
Medium 
(cu ft) 

Weight of 
Medium 

(lbs) 

Volume 
of Water 
(gallons) 

Volume 
of Water 

(cu ft) Porosity
A Limestone Princeton 0.95 0.9 0.604058 54 1.81 0.24196 0.40
B EAF Slag Koppel 0.90 0.9 0.572265 55 2.00 0.26736 0.47
C EAF Slag Hollsopple 0.95 0.9 0.604058 52 1.75 0.23394 0.39
 
Long-Term pH Test 
Because treatment with slag can produce very high pH values, there was some concern 
of being able to discharge water with a pH value of 6 to 9.  An additional mini-
experiment was completed to examine pH values over time.  Selected samples from the 
bucket tests were saved in small paper cups and left open to the atmosphere.  
Periodically pH of the water in the cups was measured and noted. 
 
Long-Term pH Results and Discussion 
Based upon this single limited experiment (See Tables IX and X.), it appears that the 
high pH (> 9) levels from the slag treatment medium will decrease when exposed to the 
atmosphere to acceptable regulatory limits within a range of 1-15 hours.  This variability 
seems dependant upon the starting pH, and starting bicarbonate, carbonate, and/or 
hydroxide alkalinity present, which are a function of the influent water chemistry, slag 
size, and retention time within the component.  The data indicates that in most cases 
this should not be an issue; however, use of slag in a final component may not be 
appropriate, as the effluent may need to flow into a wetland or other component before 
discharging to a stream in order to lower pH.  In highly degraded streams this may not 
be an issue.  The state environmental regulatory/oversite agency may even welcome 
the high pH alkaline discharge to add alkalinity to a degraded stream, but discussions of 
this issue with the appropriate agency are strongly suggested before design completion. 
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Table IX.  Bucket B (Koppel Slag) Long-term pH 
Cup Date Time Hour pH T. Alkalinity 

12:20 0 7.88 116
14:35 2 8.01  
17:44 5 8.09  
18:25 6 8.14  

4/29/2004 

20:29 8 8.24  
10:12 22 8.14  

 
B1 

4/30/2004 
18:00 30 8.20  
13:20 0 8.68 93
17:42 4 8.19  
18:27 5 8.13  

4/29/2004 

20:30 7 8.16  
10:14 21 8.06  4/30/2004 
18:01 29 8.10  

B2 

5/03/2004 10:35 93 7.96  
14:20 0 9.01 85
17:29 3 8.52  
18:28 4 8.34  

4/29/2004 

20:31 6 8.13  
10:15 20 7.98  4/30/2004 
18:02 28 8.02  

B3 

5/03/2004 10:36 92 7.86  
15:20 0 9.33 69
17:29 2 8.99  
18:30 3 8.83  

4/29/2004 

20:31 5 8.43  
10:17 19 7.93  4/30/2004 
18:03 27 7.97  

B4 

5/03/2004 10:37 91 7.83  
18:20 0 9.76 664/29/2004 
20:32 2 9.14  
10:18 16 7.84  4/30/2004 
18:04 24 7.90  

B5 

5/03/2004 10:38 88 7.65  
4/29/2004 21:20 0 10.18 73

10:20 19 8.00  B6 
4/30/2004 

18:05 27 7.91  
08:44 0 10.78  
10:22 4 9.75  B7 

 
4/30/2004 

 18:06 10 8.10  

Table X.  Bucket C (Hollsopple Slag) Long-term pH
Cup Date Time Hour pH T. Alkalinity 

12:40 0 9.30 88
14:37 2 8.66  
17:47 5 8.31  
18:32 6 8.33  

4/29/2004

21:54 9 8.26  
10:24 22 8.04  4/30/2004
18:07 30 8.04  

C1 

5/03/2004 10:40 94 7.93  
13:40 0 9.85 83
14:39 1 9.23  
17:49 4 8.75  
18:33 5 8.56  

4/29/2004

21:54 8 8.19  
10:26 21 7.67  

C2 

4/30/2004
18:08 29 7.94  
14:40 0 10.26 78
17:51 3 9.35  
18:34 4 9.18  

4/29/2004

21:55 7 8.53  
10:27 20 7.83  4/30/2004
18:09 28 7.92  

C3 

5/03/2004 10:41 92 7.75  
17:52 0 9.67  
18:36 1 9.46  4/29/2004
21:55 4 8.71  
10:29 17 7.86  4/30/2004
18:10 25 7.89  

C4 

5/03/2004 10:42 89 7.65  
18:40 0 10.67 664/29/2004
21:56 3 9.74  
10:30 16 8.15  4/30/2004
18:11 24 8.02  

C5 

5/03/2004 10:43 88 7.67  
4/29/2004 21:40 0 10.86 98

10:31 13 8.68  4/30/2004
18:12 21 8.17  

C6 

5/03/2004 10:44 85 7.95  
09:35 0 10.11  
10:35 1 10.02  C7 4/30/2004
18:13 9 8.16  



Manganese Resource Recovery
BioMost, Inc.

October 2005
1191122

Figure 2. 3-8

Comparison of Water Quality Parameters During Bucket Test for Princeton Quarry Limestone
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Figure 3. 3-9

Comparison of Water Quality Parameters During Bucket Test for Koppel Slag

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Time in Hours

A
lk

al
in

ity
 (m

g/
L)

0

2

4

6

8

10

12

14

16

18

pH
 (s

.u
.),

  M
n 

(m
g/

L)
, &

 Ir
on

 (m
g/

L)

 Phenol Alkalinity
Total Alkalinity
pH
Dissolved Mn
Dissolved Iron



Manganese Resource Recovery
BioMost, Inc.

October 2005
1191122

Figure 4. 3-10

Comparison of Water Quality Parameters During Bucket Test for Hollsopple Slag
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PILOT-SCALE TEST TANKS 
 

The next step in this multi-phased project was to install three test tanks at the Jennings 
Environmental Education Center (JEEC).  These three tanks utilized the same 
treatment media as the bench-scale bucket tests in order to further evaluate the 
effectiveness relating to manganese removal and recoverability.   
 
A decision was made to add a fourth tank, with no additional funding requested, in 
which a tank filled with slag would receive raw untreated acidic mine drainage.  This 
decision was made primarily to evaluate effluent characteristics and the effectiveness of 
slag to treat raw AMD.  All data collected are considered very preliminary.    
 
Test Tank Location 
The Jennings Environmental Education Center (Pennsylvania Department of 
Conservation and Natural Resources) located in Brady Township, Butler County, 
Pennsylvania agreed to allow the test tanks be placed within their passive treatment 
demonstration site.  The Jennings site is an ideal location and has been the home of 
many pilot-scale research projects related to the development of passive treatment 
technology.  The Slippery Rock Watershed Coalition has often first experimented with 
new ideas at this site.  Both the first Anoxic Limestone Drain (ALD) and the first Vertical 
Flow Pond (VFP) completed by the SRWC were installed at this location.  This site was 
the first known demonstration of elevated dissolved aluminum concentrations causing 
plugging issues in ALDs.  Allowing the test tanks to be installed at the demonstration 
site was an outgrowth of the long-term commitment by the JEEC to education and 
outreach as well as the partnership approach to understanding abandoned mine 
drainage and demonstrating environmentally-friendly ways of effective treatment.  After 
selecting the final discharge of the VFP to be the influent to the test tanks, Cliff Denholm 
(BioMost, Inc.) met with JEEC Manager David Johnson in the field to select potential 
installation sites that would not interfere with ongoing projects, goals, or activities of the 
Center.  Tim Danehy (BioMost, Inc.) then verified that the placement of Tanks 1, 2 and 
3 had sufficient elevation drop to receive the VFP effluent by gravity flow.  The location 
of Tank 4 was chosen based on being able to plumb into an existing piping and 
manifold system that conveyed raw AMD to a former pilot-scale experiment. 
 
Test Tank Installation 
Once the location for the tanks was chosen, a pad was dug and leveled.  Pea gravel 
was then placed on the pad.  Volunteer, Colby King, a Westminster College student 
assisted in the tank installation.  A trench (installed as contributions in-kind by the 
JEEC) was dug to bury a 1-inch polyethylene (PE) pipe, which was connected to the 
VFP effluent pipe to convey, by gravity, the flow to the valve control box and pipe 
manifold system for Tanks 1, 2, 3.  The manifold “splits” the flow to the three tanks. 
 
Approximately 3 gallons of pea gravel was placed in the bottom of each tank to bed the 
underdrain.  Each underdrain (See photos.) was constructed of 4 sections of ¾”, 
Schedule 40, PVC connected by a ¾” cross.  Three of the four sections were ~9” in 
length with 5/32” perforations spaced about 1½” apart with an end cap at the opposite 
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end of the cross connection.  The 4th piece was ~6” in length with 5/32” perforations 
spaced about 1½” apart with no end cap.  The tanks were then filled with treatment 
medium to within ~4 inches of the desired water elevation.  Table XI below identifies the 
medium and the influent for each of the test tanks. 
 

Table XI.  Test Tank Treatment Media and Source Water 
 

Treatment Medium  Tank 
# 

Test 
Bucket # Type Size Source Influent 

1 B Electric Arc Furnace Slag 3” x 1” Koppel Plant VFP effluent 
2 C Electric Arc Furnace Slag 2” x 200-mesh Hollsopple Plant VFP effluent 
3 A Vanport Limestone 1½” x 8-mesh  Princeton Quarry VFP effluent 
4 (NA) Electric Arc Furnace Slag 2” x 200-mesh Hollsopple Plant Untreated AMD 

Test Bucket # provided to identify Tank # with same treatment medium.  Tank 4 contains the same 
medium as Tank 2; however, a bucket test for raw water treatment was not performed.   
 
Porosity and Specific Yield for Initial Flow Rate Determination 
Data were collected to calculate porosity and specific yield to aid in both flow rate 
determination and to evaluate effectiveness.  Once the pea gravel (non-calcareous river 
gravel) was placed in the tank and leveled, measured amounts of AMD were added to 
the top of the bedding.  The underdrain was then installed and the treatment medium 
placed in measured volumes.  Once the medium was placed, measured volumes of 
AMD were added until the water level was to the approximate top of the medium.  Water 
was then allowed to gravity drain.  The amount of water drained was measured.  
Porosity and specific yield were then calculated using the volume of medium, volume of 
water input into medium (does not include bedding), and the volume of water drained.  
(See Table XII.) 
  
Table XII.  Porosity and Specific Yield for Determination of Test Tank Flow Rates 

 

Tank Medium Source 

Volume of 
Medium 
(gallons) 

Volume of 
Water in 
(gallons)

Volume of 
Water out 
(gallons) Porosity 

Specific 
Yield 

1 EAF Slag Koppel 45 24 20½ 0.53 0.46
2 EAF Slag Hollsopple 45 19 18 0.42 0.40
3 Limestone Princeton 43 20 19 0.47 0.44
4 EAF Slag Hollsopple 45 17 14 0.38 0.31

 
This information was then used to determine an approximate initial flow rate (Table XIII) 
to be set for each tank based upon the desired water quality and the retention times 
observed during the bench-scale bucket tests.  As the tanks were pre-constructed, the 
range in volume of the treatment medium was determined by the size of the barrel.  The 
factor to be manipulated was the flow rate into the tank.  The initial flow rate to be set, 
therefore, was calculated by dividing the number of gallons of water gravity drained 
(specific yield) by the retention time.  This was considered an initial (very rough) 
estimate to set the flow rate.  It was anticipated that the flow rate would require 
adjustment both during start-up as well as over time.  Note that there are differences in 
porosity not only among the different media but also between tanks containing the same 
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medium (Tanks 2 and 4), indicating significant variability within the same load of slag.  
Initially the flow rates were set in oz/minute, but were quickly switched to ml/min for 
more accurate measurements.   
 

Table XIII.  Initial Flow Rate Determination 
 

Tank Medium Source 

Water 
Drained 
(gallons) 

Retention 
Time 

(hours) 

Flow 
Rate 

(gpm) 
Flow Rate 
(qts/min)

Flow Rate 
(oz/min) 

Flow 
Rate 

(ml/min)
1 EAF Slag Koppel 20½ 5 0.07 0.27 9 260
2 EAF Slag Hollsopple 18 5 0.06 0.24 8 230
3 Limestone Princeton 19 12 0.03 0.11 3 100
4 EAF Slag Hollsopple 14 5 0.05 0.19 6 175

 
Pilot-Scale Test Tank Monitoring 
The test tanks were installed on May 26th and 27th of 2004.  On June 2nd, the tanks were 
placed online with the initial influent flow rates set based upon Table XIII.  Water 
monitoring was conducted throughout the month of June.  On July 1st, the tanks were 
taken offline as JEEC and the SRWC decided to drain the VFP to conduct maintenance, 
as the hydraulic conductivity had decreased and the pond was beginning to overflow.  
Once the VFP was drained, sections were dug, samples collected, and observations 
conducted of the treatment media.  The VFP media was then re-mixed (similar to 
turning a compost pile) and the raw AMD was turned back into the system.  The VFP 
has not shown signs of permeability problems since.  Before restoring flow to the tanks 
on 7/29/04, water samples were collected from the tank effluent pipes to demonstrate 
the effect of abnormally long retention times on water quality.   
 
Once the tanks were placed back online, water monitoring continued on a regular basis 
until the winter, when the tanks froze.  In February 2005, the manifold had broken and 
monitoring ceased until the system could be repaired.  (Due to an emergency contract 
with PA DEP BAMR to address the Nickle Plate Mine Blowout in McDonald, PA, all 
resources of BioMost, Inc. needed to be directed to this project.  When the McDonald 
project was successfully completed on 6/30/05, work on the manganese recovery 
project was able to resume.)  On 7/25/05, the tanks were placed back online and 
monitoring has been ongoing since that time. 
 
Water monitoring has consisted of flow measurements, temperature, field pH, ORP, and 
field alkalinity.  Water samples are usually analyzed by the PA DEP Lab.  PA DEP 
BAMR has generously provided this service at no cost to the grant.  Water analyses 
included two sets of parameters.  One set consisted of mine drainage parameters that 
included lab pH, lab alkalinity, lab acidity, sulfates, total and dissolved metals (iron, 
manganese, aluminum), suspended and total dissolved solids.  The other set was more 
comprehensive in order to monitor for increases in trace element concentrations.  The 
data has been included in the appendix of this report and a discussion of the results can 
be found in the Pilot-Scale Test Tanks Performance Evaluation subsection.  
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Pilot-Scale Test Tank Operation and Maintenance 
As with any type of treatment system, the Test Tanks have required Operation and 
Maintenance from time to time.  Initially, there were problems with the development of 
“air locks” that prevented the tanks from discharging.  As soon as the “air lock” was 
“broken”, however, the tank would begin to flow, but in time (hours to days) the “air lock” 
would re-establish.  The cause of these “air locks” has not been determined; however, 
gases from the slag are suspected.  [The site manager (personal communication) at the 
Koppel Steel Plant advised not to enclose the slag (such as covering with blacktop) for 
up to a year as gases within the slag are slowly released.]  In order to prevent these “air 
locks” from occurring, the 90° elbow at the end of the effluent tube was replaced with a 
Tee to allow the gases to escape.  This appears to have worked, as no other “air locks” 
have been observed since this modification was implemented. 
 
Many vertical flow-type components incorporate some type of flushing mechanism to 
remove accumulated sludge to help maintain sufficient hydraulic conductivity.  Because 
the primary project goal was to investigate precipitation and recovery of manganese 
solids from AMD utilizing passive systems, flushing the tanks was not a desired O&M 
activity until metal precipitates were to be recovered for analysis. 
 
Shortly after the tanks were placed online following the JEEC VFP maintenance at the 
end of July 2004, water levels in the test tanks began to rise and eventually overflow.  In 
some cases, when this occurred the problem was easily solved by cleaning the small 
diameter effluent pipe.  When this was completed, effluent flow rates would instantly 
increase on a temporary basis.  An unexpected issue affecting the tanks was that after 
the VFP media was “stirred”, total and dissolved iron concentrations increased in the 
VFP effluent from the 6.5 mg/L measured during the pre-installation phase to an 
average of 35 mg/L.  This iron formed solids and settled on top of the treatment medium 
in Tanks 1, 2, 3.  In addition, an algal/iron mat continuously formed both on top of the 
treatment medium and, to a lesser degree, floating in the water cap.  Floating material 
was removed during each monitoring event. 
 
One of the most significant O&M issues has been the permeability of the slag treatment 
medium, which appeared to continually decrease over time.  To address this, the 
effluent tubing was periodically lowered to increase the head.  While this action would 
increase flow rates, the increase was temporary with effluent flow rates declining soon 
after.  Eventually, the tanks were flushed.  While Tank 3 (limestone aggregate treatment 
medium) gravity flushed very well, Tank 1 (coarser slag aggregate) required some 
minimal-pressure backflushing and then gravity flushed well.  Tanks 2 and 4, both filled 
with slag containing the higher percentage of fines, did not flush well.  When the flush 
valve was opened, there was no discharge.  Attempts to backflush with minimal 
pressure had very limited success.  Tanks 2 and 4 were then backflushed using an air 
compressor with pressures up to 75 psi.  Once the tanks were backflushed, the flush 
valve was opened and the tanks were gravity flushed with the flush water being 
primarily a reddish-orange iron color.  Afterwards, the permeability appeared to be 
significantly improved. 
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Following flushing, the top 6” - 12” of the treatment medium in each tank was examined.  
In Tank 2 that receives VFP effluent, a hard, dense, gray, concrete-like layer (See 
Photos.) was observed.  The cementing agent has not been determined by lab analysis; 
however, the formation of calcite and the presence of abundant fines in the slag are 
suspected to have created a type of concrete.  (Concrete, in this case, refers to a hard, 
compact substance made of sand- and gravel-sized aggregate, cement, and water.)  
The cement is expected to be calcite, formed by reactions such as described in 
Equations 2 and 3 of the Bench-Scale Testing section.  The filler is the fine and coarse 
slag aggregate.  Slag fines are considered to contribute to the problem, as Tank 1 with 
very little fines containing 3” x 1” slag, which also receives VFP effluent, did not show 
any signs of cementation.  The influent water quality is also related to the formation of 
concrete, as Tank 4, containing the same slag that formed concrete in Tank 2, did not 
show any signs of cementation, probably due to low concentrations of carbon dioxide 
and no bicarbonate alkalinity in the raw water.  Although some cementation may be 
occurring, plugging in Tank 4 was probably due in part to the fines and to sludge 
accumulation, as Tank 4 was precipitating a greater quantity of metals (Fe, Mn, Al, Mg) 
than Tanks 1, 2, 3 that received pre-treated AMD.     
 
As described earlier, another O&M issue addressed during the project was the freezing 
and breaking of the flow-splitting manifold system.  The manifold froze and broke 
reducing flow to the tanks and presumably resulting in the tanks “freezing over”.  (It is 
possible that the tanks froze first.)  The manifold was removed, a new one built and 
attached in July 2005.   
 
Pilot-Scale Test Tanks Performance Evaluation 
Despite the various O&M issues, sufficient data was collected for preliminary 
performance evaluations of the treatment media.  These evaluations were made based 
on a review of the individual water quality parameters.  Average data of selected 
parameters are provided in Table XIV.  All available collected data have been compiled 
and are included as an appendix.   
 

Table XIV.  Selected Effluent Characteristics for Pilot-Scale Test Tanks 
 

Flow Field Alk. Sample Point In Out 
Field 
pH Phenol Total 

Hot 
Acidity Fe Mn Al Ca Mg 

VFP NA 6.6 0 165 -22 28.4 17.1 0.3 221.9 56.0
  Tank 1 (coarser slag) 136 126 8.9 83 191 -124 0.2 4.6 0.2 265.7 29.3
  Tank 2 (finer slag) 109 40 10.8 340 402 -309 0.5 1.5 0.1 334.2 9.9
  Tank 3 (limestone) 131 109 7.3 0 166 -108 0.5 12.4 0.1 245.1 55.4
Raw NA 3.2 0 0 295 47.6 18.0 22.8 94.4 56.9
  Tank 4 (finer slag) 105 79 10.4 349 362 -167 1.1 2.1 2.0 350.1 6.9

VFP effluent is influent to Tanks 1, 2, 3.  Raw AMD is influent to Tank 4.  Average values; flow in ml/min; 
pH in standard units; alkalinity and acidity in mg/L as CaCO3; dissolved metals in mg/L 
 
Flow Rates 
Flow rates are always an important factor in passive system performance as 
components are generally designed to have a retention time based upon desired 
effluent water quality and type, size, and porosity of the treatment material, as well as 
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the AMD flow rate.  When the design flow rate is significantly exceeded, the system can 
be overwhelmed and lose treatment efficiency.  While flows in the natural world typically 
fluctuate throughout the year, the original intention of this project was to eliminate flow 
as a variable by controlling input into the test tanks.  This proved to be problematic at 
such low flow rates with the control devices used.  The tank influent could be set at 100 
ml/minute one day and a week later measured at 50 ml/minute or 200 ml/minute.  
Flows, therefore, could not be set to obtain the retention time to achieve the desired 
level of treatment.  This also makes comparison of the tanks difficult.  In addition, as the 
treatment media began to become plugged or cemented the permeability decreased, 
resulting in decreased effluent flow rates.  This is demonstrated by comparing the 
influent with the effluent flow rate.  Needless to say, when the influent was higher than 
the effluent, the tanks overflowed.  This was particularly true with Tanks 2 and 4.  In 
general, Tank 3 did not have this problem, probably because the limestone was not 
becoming cemented or plugged with excessive sludge.  
 
 pH, Alkalinity, and Acidity 
For all tanks, there was an increase in pH from the influent to the effluent.  (See Table 
XIV and Figure 5.)  Tanks 2 and 4 had the highest pH values, probably from the greater 
surface area of the fines resulting in the increased availability of the calcium oxide to 
raise pH.  (As the alkalinity generator in the slag is calcium hydroxide, a pH of 12 or 
more can result; while the bicarbonate alkalinity generated from the limestone results in 
a maximum pH value of 8.3.)   
 
While the total alkalinity from each tank increased from the influent concentration, it 
should be noted once again that the slag treatment medium actually depletes 
bicarbonate alkalinity generated by preceding passive components.  The consumption 
of the bicarbonate alkalinity can then result in the precipitation of calcite, as previously 
discussed.  On average the total alkalinity of Tank 3 (limestone treatment medium) does 
not appear to be significantly increased, but comparing the net acidity (hot acidity) of the 
influent with the effluent demonstrates that much alkalinity has indeed been generated 
by the component.  The net acidity decreases (i.e., net alkalinity increases) in all other 
tanks (See Table XIV and Figure 6.) as well.  Comparing the net acidity in and out can 
generally indicate how much alkalinity was actually produced.  While, on average, Tank 
2 had the highest total alkalinity in the effluent, Tank 4 actually produced the most 
alkalinity much of which was consumed by metal hydrolysis reactions.  
 
Iron and Manganese 
In general, all tanks, on average, decreased dissolved iron concentrations in the effluent 
to below 1 mg/L except Tank 4, which averaged 1 mg/L; however, Tank 4 also received 
on average 48 mg/L of dissolved iron compared with 28 mg/L received by Tanks 1, 2, 
and 3.  Tank 4 was also typically removing 20 mg/L or more of dissolved aluminum 
while the influent to Tanks 1, 2, 3 did not contain appreciable dissolved aluminum. 
 
As noted in Table XIV and in Figure 7, all tanks removed manganese at times.  In 
general, Tanks 2 and 4 were more successful at removing manganese than the other 
tanks; however, these tanks also generally had lower effluent flow rates probably due to 
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plugging/cementation of the treatment media and, therefore, more retention time.  Also, 
Tanks 2 and 4 were filled with slag containing a higher percentage of fines, increasing 
the availability of calcium oxide.  Both the increased retention time and the presence of 
abundant fines are expected to contribute to the higher pH values, resulting in 
manganese precipitation.  Tank 1 with the coarse (Koppel) slag was also capable of 
removing manganese when retention time was adequate to raise the pH sufficiently.     
 
Tank 3, containing the limestone aggregate, did not perform as well in terms of 
manganese removal as originally expected.  This could be due to several factors.  One 
possible reason is that the dissolved iron concentrations were too high.  It is generally 
accepted that significant manganese removal does not occur until the majority of the 
ferrous iron has been oxidized.  Available oxygen is thought to be consumed by 
oxidizing Fe+2 to Fe+3 before oxidizing Mn+2 to Mn+3 or Mn+4.  Another possible reason is 
that a sufficient population of microorganisms or manganese coatings for autocatalytic 
removal may not have developed.  In addition, retention time may not have been 
sufficient to facilitate reactions needed to precipitate manganese.  Evidence for this can 
be seen in samples collected when the tanks were idle (offline) for a period of time.  On 
7/29/04, there was 0.5 mg/L of dissolved manganese measured after the tank had been 
idle for 28 days.  On 7/25/05, there was 5.5 mg/L manganese measured after being idle 
for 10 days.  The exact cause is not clearly understood at this time, but all of the above 
reasons are possible both individually and more likely in combination.  
 
Calcium and Magnesium 
Dissolved calcium increased in the effluent of all tanks as would be expected as the 
limestone (containing CaCO3) and slag (containing CaO) are dissolved releasing Ca+2.  
Also as expected Tanks 4 and 2 had the highest concentrations of dissolved calcium as 
they had the highest amount of alkalinity generated.  Particularly interesting is the 
magnesium concentrations.  As can be seen from Table XIV, magnesium 
concentrations decrease significantly within the slag tanks.  This is due to the extremely 
high pH levels generated by the slag.  Magnesium will begin to precipitate out of 
solution once the pH is above a 9.6 and is generally completely in a solid phase when 
the pH is greater than 11.  Essentially the slag is softening the water by removing the 
magnesium.  In chemical AMD treatment plants, magnesium is often precipitated when 
the water is over-treated, which can substantially increase sludge volumes requiring 
more frequent cleaning of settling ponds and, therefore, increase maintenance costs.  
This also generally would mean that more chemical was used than was needed, which 
unnecessarily increases treatment costs. 
 
Aluminum 
In general, other than suspended particulates, there is minimal aluminum entering 
Tanks 1, 2, 3 as aluminum solids are captured within the VFP.  There is, however, 
dissolved aluminum entering Tank 4.  The solubility of aluminum is essentially controlled 
by pH.  Dissolved aluminum is present when the pH is ~4.5 or less and is generally in a 
particulate form when pH is between 5 and 8.  Aluminum, however, can re-dissolve 
when the pH is greater than 10.  (In Tanks 2 and 4, only an occasional insignificant 
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increase in dissolved aluminum (~1 mg/L) was observed.)  This is another problem 
experienced at some chemical treatment plants if the water is over-treated.   
 
Metals/Metalloids/Others 
To further describe water quality, samples were periodically collected by BMI and tested 
by the PA DEP lab for a suite of parameters beyond those commonly analyzed for mine 
drainage.  This data has been included as an appendix.  For many of the parameters 
such as arsenic (As), cadmium (Cd), chromium (Cr), mercury (Hg), and lead (Pb), the 
effluent water samples were always below the lower detection limits.  On 10/11/04, flush 
water samples, however, did note slight increases, barely above detection limits, in Cr 
(Tank 1) and Pb (Tanks 2 and 4).  The increases may either be from solid pieces of slag 
or from the accumulation of precipitates during treatment, as the increase in 
concentrations was in total only, indicating solid not dissolved forms.  It should also be 
noted that for many parameters such as arsenic (As), antimony (Sb), cadmium (Cd), 
lead (Pb), selenium (Se), and thallium (Tl), the lower detection limits reported by the lab 
would vary from time to time typically by an order of magnitude.  Tin (Sn) concentrations 
on 7/25/05 were abnormally high in Tanks 1, 2, 3, 4 and the raw water indicating that 
this was probably a laboratory error.  No sample of the VFP was collected on this date. 
 
In general, there were very few increases in metal concentrations in the effluent of the 
tanks compared with the influent to the tanks.  For several metals such as cobalt (Co), 
nickel (Ni), and zinc (Zn), concentrations decreased in the effluent of the tanks as can 
be seen in Table XV.   
 
Potassium (K) and sodium (Na) concentrations were higher on average in the effluent 
than the influent for Tanks 2 and 4, but are skewed due to the first sampling event on 
6/2/04 which indicated K concentrations were 33.3 and 43.1 mg/L, respectively, and Na 
concentrations were 58.7 and 89.8 mg/L, respectively, skewing the average value for 
these parameters.  (See Table XV for average values.)  Probably the higher initial 
values were from slag fines that were quickly dissolved.  Higher values are seen for 
several parameters on these dates including pH and alkalinity providing further 
evidence for this theory.  Increased concentrations were also noted on 7/29/04 after the 
tanks had been idle for 28 days during VFP maintenance.  This provided abnormally 
long retention time and, therefore, a longer period for reactions to occur.  Again 
increased pH and alkalinity support this assumption.  Even after this long idle time, the 
concentrations were still lower than the first sample.  Concentrations on other dates are 
generally higher but only by about 1 mg/L or less.  Potassium and sodium 
concentrations also increased slightly in Tank 1 as well as the limestone-filled Tank 3. 
 
Barium (Ba) concentrations also are generally higher in the effluent than the influent of 
all tanks.  This is the only metal (of those parameters measured) on either the 
Pennsylvania or EPA list of Primary Drinking Water Standards that consistently 
increased; however, concentrations were always below the regulatory limit of 2 mg/L.  
Very slight increases in vanadium (V) were also noted on one or two occasions in Tanks 
1, 2 and 4.  Vanadium is not listed in the Primary or Secondary Drinking Water 
Standards.  There was an initial increase in dissolved copper (Cu) concentrations in 
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Tanks 2 and 4 on 6/2/04 only.  After this first sampling date, concentrations were below 
detection limit.  Even on 6/2/04, concentrations were below drinking water standards. 
 

Table XV.  Average Tank Influent and Effluent Quality for Selected Metals  
 

Sample 
Point Ba K Na V Co Ni Zn 

VFP 0.023 2.42 3.18 0.010 0.131 0.193 0.062 
   Tank 1 0.155 3.03 3.88 0.015 0.031 0.047 0.007 
   Tank 2 0.215 7.48 10.90 0.012 0.025 0.014 0.005 
   Tank 3 0.033 3.50 3.60 0.010 0.045 0.085 0.016 
Raw 0.012 2.19 3.05 0.010 0.273 0.532 0.637 
   Tank 4 0.291 8.45 14.82 0.014 0.046 0.059 0.058 

  Values in mg/L 
 
Conclusions and Recommendations 
Based on limited data collected over a relatively short period of time, slag is potentially 
suitable for use in the treatment of mine drainage.  Identifying site conditions and 
drainage characteristics (quality and quantity) are imperative in order to appropriately 
design and install a slag-based component.   
 
With the short project duration, maintenance issues, and other considerations, 
development of sizing criteria for passive components was not conducted.  Bench-scale 
“bucket” tests, however, with the water to be treated and the slag to be used, can be 
useful to help predict effluent characteristics and porosity of the treatment medium, 
instrumental in the design of passive components. 
   
Both slag and limestone can be effective treatment media to remove and to recover 
manganese; however, it may be desirable to design the treatment system in such a way 
that the manganese is removed as a relatively pure product.  In this case, other major 
pollutants (iron and aluminum) in mine drainage should be essentially removed before 
the drainage enters the slag component.  Having bicarbonate alkalinity generators 
antecedent of a slag-based system does present issues, however, regarding creation of 
a concrete-like layer in the slag-based component.  This is especially true with slag 
containing very fine material.  This does not mean that slag cannot be used in this 
manner, but design improvements and increased maintenance will likely be needed.   
 
Probably the best use of slag in passive treatment would be in the following two 
applications.  First, as Dr. Paul Ziemkiewicz (West Virginia University) recommended in 
his research, slag fines could be used to receive water from a relatively pure source 
such as a good quality stream or from rainwater/snowmelt.  The slag would produce 
high alkalinity and pH values with no plugging associated with precipitation of metals.  In 
addition, pure water would have little dissolved calcium or bicarbonate alkalinity to form 
concrete.  (Note, however, that dissolved carbon dioxide should also be considered.)  
Second, the slag could be used to treat raw acidic mine drainage.  Tank 4 performed 
amazingly well (See Figure 8.) generally removing all of the metals and generating net 
alkaline water.  Slag may be very useful in situations where space for construction is 
very limited as the retention time required to reach high pH levels is much shorter than 
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in the same volume of limestone aggregate.  As acidic water with pH values less than 
4.5 have no bicarbonate alkalinity (may have substantial dissolved carbon dioxide, 
however), periodic backflushing may ameliorate the plugging issues associated with 
precipitated metals (sludge accumulation).   
 
Additional water monitoring of the test tanks is recommended.  BioMost, Inc. will 
continue to monitor the tanks and collect water samples while the PA DEP will continue, 
based on available funding, to conduct the laboratory analyses.  In the future, the tanks 
will be dissected in order to observe any specific reaction zones within the tank. 
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Figure 5.  4-11

Comparison of pH Values for Raw AMD, VFP, and Tanks 1, 2, 3, 4 Over Time
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Figure 6. 4-12

Comparison of Net Acidity Values for Raw AMD, VFP, and Tanks 1,2,3,4 Over Time
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Figure 7. 4-13

Comparison of Dissolved Manganese Concentrations for 
Raw AMD, VFP, and Tanks 1,2,3,4  Over Time
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Figure 8. 4-14

Test Tank 4 Effluent Water Quality Over Time
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METAL PRECIPITATES 
 

A preliminary evaluation of the potential for manganese recovery is the primary goal of 
this project.  Precipitates were collected and analyzed to aid in answering the following: 
 
(1) Can manganese precipitates be collected from passive treatment systems? 
(2) What is the chemical form and mineral phase of the manganese collected? 
(3) What is the percentage of manganese in the solids collected?  
(4) What impurities are present? 
(5) Does the manganese collected have an economic use? 
 
To begin to answer these questions, a sample of flush water from each tank was 
collected and submitted for analysis.  (See discussion under “Tank Flush Water 
Analysis.)  Solids flushed from the four test tanks as well as flushed or from the surface 
of four full-scale passive components were also sampled and submitted for analysis.  
(See discussion under “Manganese and Its Uses”.)   
 
Tank Flush Water Analysis 
As discussed in the Test Tank section, gravity flushing was conducted on October 11, 
2004 to address permeability issues in several of the tanks.  Selected results from the 
analysis of flush water from each tank by the PA DEP Lab. are reported in Table XVI.   
Included also for purposes of comparison are the slag constituents and the influent 
water quality.   
 
Upon review of the data in Table XVI, differences in the quality of the flush water among 
the four tanks are apparent.  Important to remember is that Tanks 1, 2, and 3 receive 
the same influent (Vertical Flow Pond effluent) while Tank 4 receives raw water 
(untreated AMD).  Also, Tanks 2 and 4 are filled with slag from the same source and 
contain a higher percentage of fines than Tank 1.  Tank 3 is filled with limestone 
aggregate.  Also important to remember is that flushing occurred only four months [3 
months online; 1 month offline (stagnant)] after the tanks were installed.  Even though a 
substantive evaluation is premature due to the short operational period and limited 
sampling of flush water (one sample set), some very preliminary observations are 
provided below.  Comparison of dissolved with total values indicate the contribution of 
particulates to the total concentration of a given parameter in the flush water. 
 
Dissolved and Particulate Contributions to Total Concentrations 
For the flush water samples from Tanks 1, 2, 4, the dissolved constituents are a 
relatively minor part of the total concentrations, indicating that, in general, ~90 to 99% of 
the total concentrations are in particulate form.  (One notable exception is the Ca 
concentration from the Tank 4 flush sample.)  For Tanks 1, 2, and 4, both slag fines and 
precipitates appear to be contributing to the solid fraction.  (Fines may have only a 
temporary initial impact.)  In the future, “loading in vs. loading out” would help to 
distinguish the precipitates vs. fines contribution; however, as flow rates fluctuated and 
as additional flushing events have not been completed, any results would be very 
tenuous and possibly misleading. 
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In Tank 3, containing the limestone aggregate, the dissolved values demonstrate that 
much of the total Mn, Mg, and Ca content are dissolved.  Dissolved Mn both during 
“normal” operation and during flushing comprises the majority of the total, possibly 
indicating one or more of the following conditions:  (1) microorganisms and/or 
autocatalytic processes not fully established, (2) high dissolved iron concentrations 
within the influent inhibit manganese precipitation, (3) insufficient contact time, and/or 
(4) iron sludge on the surface of the treatment medium limiting oxygen availability.  The 
Mg content appears to be conservative through the limestone treatment medium as 
solids are formed at a higher pH than obtainable with bicarbonate alkalinity.  The Ca 
content is more problematic as, at times, the reported dissolved Ca content exceeded 
the total content during “normal” operation.  Even though the total Fe concentration in 
the flush water is ~96% solids, the higher dissolved Fe content compared to that 
observed in the slag tanks is thought to be due to the decreased contact time caused by 
the flushing operation as monitoring of the discharge during 13 sampling events 
demonstrated an average of 0.5 mg/l in the effluent.  (See data section of report.)     
 
Selected Observations Regarding Raw Water Treatment by Slag 
Comparison of the flush water quality of Tank 4 with Tanks 1, 2, 3 is difficult as the 
influent to Tank 4 is very different in quality.  The higher total Al concentration in the 
Tank 4 flush water is probably related, at least in part, to the of 23 mg/L dissolved Al in 
the influent (raw AMD), while the elevated Al concentrations in Tanks 1 and 2 may be 
more related to slag fines as the partially treated influent (VFP effluent) contains very 
little dissolved Al.  (Note, however, an average 13 mg/l total Al in the VFP effluent.)  
Interesting, the Zn concentrations in the Tank 4 flush are much higher than in Tanks 1 
and 2.  This is may be due to the removal of Zn from the raw AMD by Tank 4 while the 
majority of the Zn is being captured by the VFP prior to entering Tanks 1, 2, and 3. 
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Table XVI.  Average Influent Values, Medium Constituents, and Tank Flush Water Quality  
 

Tanks 1, 2, 3 
Influent Tank 1 Tank 2 Tank 3 Tank 4 

Influent Tank 4 

VFP 
Effluent 

Koppel 
Slag 

(3”x1”) 
Flush Water 

Hollsopple 
Slag 

(2”x200m) 
Flush Water Vanport ls. 

(1½”x8m) Flush Water Raw AMD 
Hollsopple 

Slag 
(2”x200m) 

Flush Water 

Pa
ra

m
et

er
 

T(mg/l) D(mg/l) mg/kg T(mg/l) D(mg/l) mg/kg T(mg/l) D(mg/l) mg/kg T(mg/l) D(mg/l) T(mg/l) D(mg/l) mg/kg T(mg/l) D(mg/l) 
Fe 35.6 28.4 251,701 977 0.4 89,116 744 0.5 7,533 149 9.6   48.6 47.6 89,116 517 0.3 
Mn 17.9 17.1 48,839 274 0.5 11,365 174 0.6 723 17.6 14.5   18.3 18.0 11,365 112 0.4 
Al 12.7 0.3 15,913 123 0.6 31,390  61.4 0.1 2,823 4.2 0.1   23.7 22.8 31,390 237 0.7 
Mg 58 56 48,839   761 15 41,053 457 17 3,687 50 45     59 57 41,053 492 28 
Ni 0.25 0.19 294 4.38 0.02 262 3.48 0.01 11.8 0.16 0.07 0.53 0.53 262 4.23 0.01 
Ca 244 222 226,681 2920 217 237,809 2010 96 388,247 259 211   105 94 237,809 432 230 
Cr 0.03 0.03 9,407 0.51 0.03 1,011 0.06 0.03 14 0.03 0.03 0.03 0.03 1,011 0.20 0.03 
Ag <0.01 <0.01 <0.500 0.02 <0.01 <0.501 0.02 <0.01 <0.502 <0.01 <0.01 <0.01 <0.01 <0.501 0.01 0.01 
Pb 0.003 0.002 5.25 0.001 0.001 3.76 0.015 0.001 3.06 0.010 0.001 0.002 0.002 3.76 0.015 0.001 
Co 0.16 0.13 17.7 2.53 0.03 38.2 2.26 0.03 2.51 0.10 0.10 0.30 0.27 38.2 1.90 0.03 
Zn 0.28 0.06 207 2.58 0.04 166 2.10 <0.01 231 0.10 0.02 0.70 0.64 166 4.92 0.00 
Ba 0.02 0.02 406 1.67 0.01 406 0.63 <0.01 260 0.44 0.02 0.01 0.01 406 0.15 0.02 
V 0.01 0.01 716 2.86 0.01 716 0.53 0.01 8.69 0.01 0.01 0.01 0.01 716 0.43 0.01 

Total (T) includes the entire concentration, inorganically and organically bound, both dissolved and particulate; Dissolved (D) includes only the concentration within a water sample that  passes 
through a 0.45-micron filter(samples for both total and dissolved measurements -  acid-preserved); additional water quality parameters in appendix; additional slag constituents in section, “Bench-
Scale Testing”.  
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Metal Precipitate Collection 
Precipitates from the four Test Tanks were captured by discharging to polypropylene felt 
filter bags (length:  32 inches; pore size:  1 micron) purchased from Aquatic Eco-
systems, Inc. (Apopka, FL).  This process was time consuming as small pores in the 
filter require interruptions in the flushing operation to dewater the bag.  Despite the 
small pore size, based on visual observations, solids were passing through the bag.  In 
other words, there were significant solids, 1 micron or less in size.  This issue would 
need to be addressed in large-scale recovery operations.  On 9/1/05, precipitates were 
collected by gravity draining Tanks 1 and 3.  Tank 2 did not drain adequately and gravity 
draining Tank 4 was not attempted due to time availability.  On 9/7/05, Tanks 2 and 4 
were backflushed with an air compressor and then successfully gravity drained into the 
filter bags.   
 
Precipitates from the B1VFP, containing slag as the treatment medium, located at the 
Harbison Walker Restoration Area Phase II site in Stewart Township, Fayette County 
near Ohiopyle were collected in a similar fashion as Tanks 2 and 4 by backflushing with 
an air compressor prior to gravity draining.  An Oil & Sediment Model Tube Sock 
approximately 6 feet in length and 8 inches in diameter purchased from Interstate 
Products, Inc. (Sarasota, FL) was used to capture precipitates.       
 
Precipitates were also collected from three, Horizontal Flow Limestone Beds (HFLB).  
At the De Sale Phase I system located in Venango Township, Butler County, PA, the 
water level had been above the limestone aggregate (Vanport ls.; Clarion Fm.; 
Allegheny Gp.) until maintenance performed during the summer of 2005 resulted in 
lowering the water level.  When this occurred an algal(?) mat that had covered a large 
portion of the bed became desiccated.  A limited investigation of the HFLB revealed that 
within the top 1 foot of the limestone, large quantities of black material were both 
coating the stone as well as filling the void spaces between the aggregate.  The amount 
of manganese-bearing material associated with the dried algal(?) mat was uncertain.  
Samples were collected by two methods.  First, the precipitates were collected by hand 
and shovel and placed into a filter bag.  Second, precipitates were rinsed from individual 
pieces of aggregate by hand into a bucket.  The rinse water was then poured into the 
filter bag.  Precipitates collected from both methods were placed within the same filter 
bag, which was allowed to dewater. 
 
Precipitates were collected from the HFLB at the Harbison Walker Phase I system in a 
slightly different manner.  At this system the water level was 1 foot or more above the 
top of the stone.  While precipitates may indeed have been coating the treatment media, 
it appeared that much of the precipitates were accumulating on the vegetation growing 
in the HFLB.  Samples were collected by first using a shovel to stir/loosen the 
manganese-bearing material clinging to the vegetation and aggregate and then by using 
a bucket to collect the water.  The “slurry” was then poured into a filter bag and allowed 
to dewater.  
 
The third HFLB where precipitates were collected was located at the De Sale Phase II 
site in Venango Township, Butler County, PA.  The sample analyzed by Art Rose was 
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collected in the spring of 2004 after backflushing the effluent manifold.  These samples 
were easily hand-picked from the top of the limestone aggregate (aggregate source 
same as for De Sale Phase I).  The sample analyzed by RJ Lee and Activation Labs 
were collected in the summer of 2005 after opening a flush valve, retrofitted in the fall of 
2004.  These samples were also readily hand-picked from the channel where they were 
deposited during the flush.  This sample was collected about two months prior to the 
other samples sent to RJ Lee and Activation Labs and, therefore, had more time to dry. 
 
Precipitate Analysis 
 X-ray diffraction (XRD) and X-ray fluorescence (XRF) were completed by the RJ Lee 
Group, Inc. (Monroeville, PA).  Bulk analyses utilizing multiple laboratory techniques 
including ICP, INAA, ICP-MS, and XRF were conducted by Activation Laboratories 
(Ancaster, Ontario, Canada).  In addition, Art Rose, PhD, Geochemist, Professor 
Emeritus, Penn State University (State College, PA), completed analyses of selected 
precipitates from various components. 
 
XRF conducted by RJ Lee 
About 5 grams of each sample (dried at 60° C) was weighed and about 0.5 to 1.0 gram 
of a cellulose-type binder was added and then pressed in a mechanical press into a 3.2 
cm diameter pellet.  A second portion of the sample (about 1 gram) was heated to   
1000° C to determine the loss on ignition (basically components not determined by 
XRF, including organics, water, carbon dioxide, etc.).  Samples were run on a Bruker 
AXS S4 Explorer WDXRF.  The XRF data, reported as oxides, can be seen in Table 
XVII. 
 
As noted in the following table, the precipitates from the De Sale Phase I, De Sale 
Phase II, and Harbison Walker Phase I HFLB had the highest percentage of Mn by 
weight.  The samples were hand-collected from components that had been operational 
for ~4 years, where manganese precipitates had concentrated essentially creating a 
type of “ore” body.  For the tanks, the lower percentage of manganese by weight may 
simply have to do with the substantial amount of iron and/or aluminum in the tanks, 
length of operation, and presence of a larger percentage of manganese-bearing fines 
that passed through the filter bag.  Similarly for the B1VFP, the lower weight may be 
related to receiving elevated aluminum loadings, which again is reflected in the 
analyses.  Also possible is that much of the manganese retained within the B1VFP 
could have been flushed out during maintenance activities over the previous 4 years.  
(During past flushing events, the flush water looked like black ink.)   Regardless of why, 
the HFLB precipitates had the largest percent of manganese by weight. 
 
As noted in the discussion of the flush water analysis, particulate Mg is higher in Tanks 
1, 2, 4 as would be expected with slag-based systems due to the high pH needed to 
chemically precipitate Mg.  The significantly higher Al from Tank 4 and B1VFP are 
thought to represent the effect of the higher Al content in the influent.  Based on review 
of data collected during Operation, Maintenance, and Monitoring at De Sale I and II, 
significant dissolved Al is in the influent particularly during periods of excessively high 
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flow rates when other parts of the passive system are overwhelmed.  As noted 
previously, both fines and precipitates may contribute to the material sampled.   
 

Table XVII.  Major Oxides (% by Weight) of Collected Metal Precipitates 
 

Oxide Tank 
1 

Tank 
2 

Tank 
3 

Tank 
4 

DS1-
A 

DS1-
B DS2 HW1 B1VFP

MnO 4.86 2.19 15.4 2.34 45.7 46.1 43.4 42.6 9.08
Fe2O3 39.5 20.9 42.4 14.7 2.48 2.60 2.95 5.80 7.46
Al2O3 1.76 4.55 2.09 17.1 7.09 6.25 8.11 0.97 25.9
MgO 2.12 10.8 0.31 11.4 0.55 0.69 0.92 0.68 1.28
CaO 9.46 15.7 4.49 2.48 5.25 4.21 2.91 3.83 1.58
SO3 0.68 1.43 0.56 3.01 1.44 0.90 0.65 1.18 3.28
SiO2 11.9 20.3 9.53 17.1 5.58 5.75 17.7 7.45 14.3
P2O5 0.45 0.26 0.35 0.04 0.09 0.10 0.09 0.13 0.08
Cl <0.02 <0.02 0.02 0.02 0.03 <0.02 0.03 0.03 <0.02
K2O <0.01 0.41 0.25 0.04 0.44 0.45 0.80 0.42 0.18
TiO2 0.01 0.17 0.08 0.03 0.03 0.04 0.25 0.03 0.07
V2O5 0.07 0.03 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 0.02
Cr2O3 <0.01 0.04 0.02 0.02 <0.01 <0.01 0.01 <0.01 0.02
Na2O 0.06 0.07 0.10 0.04 0.09 <0.01 0.15 0.08 <0.02
CoO 0.19 0.07 0.28 0.08 0.62 0.52 0.44 0.30 0.28
NiO 0.16 0.05 0.34 0.13 0.42 0.60 0.17 0.46 0.22
ZnO 0.12 0.04 0.11 0.16 0.41 0.54 0.24 0.13 0.43
SrO 0.01 0.02 0.02 <0.01 0.02 0.01 0.02 0.03 <0.01
BaO 0.04 <0.01 0.08 <0.01 0.03 0.05 0.06 0.04 <0.01
     
LOI 28.6 22.9 23.5 31.2 29.7 31.1 21.0 35.8 35.7

LOI refers to Loss On Ignition, which represents the percentage of water, volatile organics, carbon 
dioxide, and other gases evaporated or removed by combustion at 1000 0C after being dried at 60 0C 
 
XRD Conducted by RJ Lee 
X-ray diffraction of the collected precipitates was conducted by RJ Lee to identify 
crystalline phases.  As can be seen in Table XVIII, Tanks 1, 2, and 3 had no 
manganese minerals detected even though all samples contained manganese.  
According to Steve Brown of RJ Lee this indicates that the manganese is an amorphous 
manganese hydroxide compound.  A small amount of hausmannite (Mn2

+3Mn+2O4) was 
detected in Tank 4.  Interestingly, in the full-scale systems, manganese was primarily 
todorokite [(K,Na,Ba)(Mn,Al)6O12 • 3H2O], birnessite [(Na,Ca,K)(Mg,Mn)Mn6O14 • 5H2O] 
or combinations of both.  Todorokite and birnessite are also the dominant forms of 
manganese in seabed deposits.  The De Sale 1-A sample also contained takanelite 
[(Mn2+, Ca) Mn4

+4O8 • H2O], which was not identified in the De Sale 1-B sample.   There 
has been some investigation by researchers as to the formation/transformation of 
manganese precipitates over time.  The “aging” of manganese precipitates may include 
changing from amorphous hydroxide  todorokite  birnessite or possibly from 
birnessite  todorokite.  This theory may explain why the relatively young manganese 



Manganese Resource Recovery  October 2005 
BioMost, Inc.  1191122 

 

5-7 

precipitates within the tanks were amorphous while the older samples had todorokite, 
birnessite, or mixtures of both.  Another theory suggests that buserite is the parent of 
todorokite, which is considered to be a mixture of buserite and its breakdown products 
of birnesite and maganatite.  This theory would also explain the varying composition. 
   

Table XVIII. X-Ray Diffraction of Collected Precipitates 
 

Sample Phase Name Composition Concentration 
Weight % 

Tank 1 
Amorphous iron hydroxides 
Calcite 
Magnetite 

FEOOH 
CaCO3 
Fe3O4 

Major 
10-15 
5-10 

Amorphous iron hydroxides FEOOH Major 
Calcite CaCO3 15-20 
Quartz SiO2 13.3 
Kaolinte Al2Si2O5(OH)4 1-3 
Dolomite CaMg(CO3)2 1 

Tank 2 

Muscovite KAl2(AlSi3)O10(OH)2 1 
Amorphous iron hydroxides FEOOH Major 
Muscovite KAl2(AlSi3)O10(OH)2 3-5 
Quartz SiO2 2.4 Tank 3 

Calcite CaCO3 1-3 
Amorphous iron hydroxides FEOOH Major 
Gypsum CaSO4 • 2H2O 5-10 
Magnetite Fe3O4 3-5 
Periclase MgO 3.-5 
Hausmannite Mn3O4 3-5 
Calcite CaCO3 1-3 

Tank 4 

Quartz SiO2 0.4 
Birnessite NaMn2O4 • 1.5H2O Major 
Todorokite NaMn3O6 • 3H2O Major 
Takanelite CaMn4O9 • 3H2O Major 
Calcite CaCO3 5-10 

DS1-A 

Quartz SiO2 1.2 
Birnessite NaMn2O4 • 1.5H2O Major 
Todorokite NaMn3O6 • 3H2O Major 
Calcite CaCO3 3-5 

DS1-B 

Quartz SiO2 1.8 
Birnessite NaMn2O4 • 1.5H2O Major 
Quartz SiO2 14.3 
Muscovite KAl2(AlSi3)O10(OH)2 3-5 DS2 

Calcite CaCO3 1-3 
Birnessite NaMn2O4 • 1.5H2O Major 
Todorokite NaMn3O6 • 3H2O Major HW1 
Quartz SiO2 0.6 
Todorokite NaMn3O6 • 3H2O Major B1VFP Quartz SiO2 2.3 
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Analyses Conducted by Art Rose 
Art Rose, PhD, Geochemistry, Professor Emeritus, Penn State Univ. also conducted 
selected analyses of black precipitates collected in April 2004 from the De Sale Phase II 
HFLB (sample MD-1 and MD-2) and the Harbison Walker Phase II B1 (slag) VFP 
(sample OP4A).  XRD to determine mineral phases and ICP-ES for elemental analyses 
was completed by the Materials Research Lab at Penn State Univ. (State College, PA). 
The analyses indicated that the black precipitates ranged from 18-40% manganese, by 
weight, and was in the form of todorokite.  One noted difference between this set of 
samples from the HFLBs that were collected in 2004 and those collected in 2005, was 
the 2005 samples had a greater percentage of manganese and less percent by weight 
of LOI matter such as water, organics, and carbon dioxide.  For a further review of the 
data collected see the attached document “Studies of Coatings and Chemical 
Processes, De Sale and Ohiopyle Passive Treatment Sites.”    
 
Activation Laboratories 
A bulk chemical analysis of precipitate samples consisting of major oxides and trace 
metals was also conducted by Activation Laboratories.  Major oxides were determined 
by Fusion Inductively-Coupled Plasma (ICP) and are provided in Table XIX.  The results 
are quite similar to the results of RJ Lee using a different laboratory technique.  The 
greatest difference between the two laboratories was in the %MnO for the passive 
treatment components and the Loss-On-Ignition for all samples.  Typically the Activation 
Laboratory had higher MnO values and lower LOI values.  This might be due to the fact 
that the samples had a longer period to dry before analysis was conducted at the 
Activation Laboratory than at the RJ Lee Group lab.   Trace metal analyses have been 
included in the data section.  All trace metals are less than 1% by weight with Ni, Zn, 
and Co having the highest concentrations, as would be expected based on water 
monitoring of the tanks. 
 

Table XIX.  Major Oxides (% by Weight) of Collected Metal Precipitates 
 

Sample MnO Fe2O3  Al2O3 MgO CaO SiO2 P2O5 K2O TiO2 Na2O LOI Total
TANK 1 5.26 37.32 1.44 1.82 17.32 10.00 0.42 < 0.01 0.010 0.14 25.34 99.06
TANK 2 2.27 19.80 4.11 8.85 16.71 20.23 0.22 0.36 0.177 0.09 26.42 99.23
TANK 3 17.32 41.74 2.50 0.41 4.57 12.28 0.39 0.19 0.121 0.11 19.39 99.02
TANK 4 2.88 19.19 16.08 11.23 3.74 18.10 0.05 0.22 0.043 0.08 27.27 98.88
DSI-A 52.94 3.27 7.20 0.61 2.91 6.60 0.12 0.53 0.053 0.06 25.15 99.45
DSI-B 52.39 3.78 7.16 0.72 3.85 7.64 0.14 0.48 0.068 0.03 23.45 99.71
DS2 36.63 2.62 7.02 0.70 1.84 34.18 0.09 0.91 0.443 0.14 15.10 99.67
HW1 51.73 5.50 1.02 0.65 3.61 6.76 0.16 0.45 0.039 0.06 29.22 99.20
B1VFP 13.17 9.69 25.90 1.67 1.72 16.34 0.09 0.23 0.092 0.04 30.52 99.46

 



Manganese Resource Recovery  October 2005 
BioMost, Inc.  1191122 

5-9 

MANGANESE AND ITS USES 
 

(Summary of preliminary literature search of numerous website and other references)  
(See list, “Selected References”.) 

 
Manganese is derived from the Latin magnese meaning magnet, presumed in reference 
to the magnetic properties of the manganese ore, pyrolusite.  Manganese was identified 
as an element in 1774 by the Swedish chemist Carl Whilhelm Scheele while working 
with pyrolusite and was isolated by his associate Johan Gottlieb Gahn the same year.  
Manganese (Mn) is a transition metal in Group VIIB of the periodic table, located 
between chromium and iron and is the 10th most abundant element in the Earth’s crust.  
Manganese is present in more than 300 minerals.  From a geochemical perspective 
manganese tends to behave like magnesium (Mg), iron (Fe), nickel, (Ni) and cobalt (Co) 
and tends to partition into minerals that form the early stages of magmatic 
crystallization.  Manganese is rapidly depleted from rock by interactions with surface 
and subsurface water and is highly mobile as Mn+2 in acidic waters.   
 
Manganese occurs primarily in two common oxidation states (Mn+2 and Mn+4).  Mn+2 is 
common in silicate and carbonate minerals.  Manganese-bearing minerals are known to 
form as chemical precipitates when a solution containing Mn+2 is oxidized.  The 
minerals of primary interest contain manganese in the highest oxidation state (Mn+4) 
and are pyrolusite, psilomelane, cryptomelane, birnessite, and todorokite.  Near the 
earth’s surface, manganese is easily oxidized to produce more than 30 known 
oxide/hydroxide minerals, which form the major manganese reserves.   
 
Manganese is the fourth highest demand metal in terms of tonnage, ranked only behind 
iron, aluminum, and copper.  About 20 million tons of ore are mined annually worldwide 
with the majority (98%) produced in 10 countries.  The producing countries, manganese 
content of the ore, and 2003 production information are listed in Table XX.  Ores are 
typically classified into three categories based upon the percentage of manganese.  
Iron- and manganese-bearing ores containing 5-10% Mn are called manganiferrous iron 
ores and those containing 10-35% Mn are ferruginous manganese ores.  Deposits with 
more than 35% Mn are called manganese ores.  Based upon Table XX, manganese 
content in ores commercially mined worldwide range from as low as 10% to more than 
50% by weight.  Major production is from sources with 15% to more than 50% Mn. 
 
Based on information reviewed to date, there are no known commercially viable 
manganese ore bodies within the United States.  The United States is, therefore, 
100% dependent on foreign sources.  There is one operation, however, in South 
Carolina that mines a manganiferrous (a.k.a., manganiferous) deposit having a natural 
manganese content of less than 5% that is used for coloring bricks.  Research has been 
conducted to examine the possibility of mining manganese nodules from the ocean 
floor.  These manganese nodules, which have been estimated to cover 10-30% of the 
Pacific Ocean floor, are predominantly composed of birnessite (a.k.a., birnesite), 
todorokite, and vernadite.  While a potential future manganese resource, at current 
market conditions the nodules are not considered economically mineable.    
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Table XX.  Manganese World Production 
 

Country Percent 
Manganese

2003 Production 
(Thousands of Metric Tons) 

Gross Weight 2,555 Australia Mn Content 37-53 1,247 
Gross Weight 2,600 Brazil Mn Content 37 990 
Gross Weight 4,000 China Mn Content 20-30 800 
Gross Weight 2,000 Gabon Mn Content 45-53 873 
Gross Weight 1,200 Ghana Mn Content 32-34 383 
Gross Weight 1,650 India Mn Content 10-54 620 
Gross Weight 2,361 Kazakhstan, 

crude ore Mn Content 20-30 580 
Gross Weight 310 Mexico Mn Content 112 
Gross Weight 3,501 South Africa Mn Content 27-50 1,585 
Gross Weight 2,591 Ukraine Mn Content 30-48+ 880 
Gross Weight 455 Other Mn Content NA 139 
Gross Weight 23,200 Total 
Mn Content 8,210 

Source:  USGS 
 
Uses of Manganese 
 
Historical Uses 
Manganese has been utilized for thousands of years and is one of the most important 
metals in use today.  The first utilization can be traced back about 17,000 years to the 
Stone Age during the upper Paleolithic Age where manganese dioxide was used as a 
pigment in cave paintings.  In Ancient Greece, the presence of manganese in the iron 
ore used by the Spartans is a likely explanation as to why their weapons were superior 
to those of their enemies.  Both the Egyptians and the Romans used manganese ore 
either to decolorize or create pink, purple and black tints to glass, which continues to be 
used for this purpose today.  In 1839, manganese was used as an additive in the 
manufacture of crucible steel.  Since 1856, ferromanganese has been used in the 
Bessemer steel process.   
 
Current Consumption 
Today, about 90% of the manganese consumed is used by the iron, steel, and alloy 
industry.  The remainder of the manganese is used in a variety of industrial, chemical, 
agricultural, and pharmaceutical applications.  Table XXI depicts the major end uses of 
manganese in the United States in 2003. 
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Table XXI.  Major End Uses of Manganese in the United States for 2003 

 
End Use % of Consumption 

Steel 81 
Cast Iron   2 
Nonferrous Alloys   4 
Batteries   8 
Chemicals   5 

    Source:  USGS 
 
Different end-uses have different requirements in terms of quantity and quality of the 
manganese ore.  This has given rise to the classification of manganese ore into 
metallurgical, chemical, and battery grades.  Metallurgical-grade manganese has 
between 38-55% Mn.  Chemical- and battery-grade ores are typically categorized by 
their MnO2 content, which ranges from 70-85% and 44-54%, respectively. 
 
The following is a general description of manganese consumption as included in the 
end-use categories listed above:   
   
End Use:  Steel and Cast Iron 
Manganese is essential to iron and steel production and is used for desulfurizing, 
deoxidizing, and as a conditioning agent during the smelting of iron ore.  As an alloy in 
steel, manganese increases toughness, strength, and hardness.  Hardened steel is 
important in the manufacture of construction materials like I-beams (24% of manganese 
consumption), machinery (14% of manganese consumption), and transportation (13% 
of manganese consumption).  Steel typically contains less than 1% manganese (~15½ 
lbs/ton); however, Hadfield steel (a.k.a., manganese steel) contains 12-14% (240 to 280 
lbs/ton).  Hadfield steel is used in very rugged applications such as for armor plating, 
safes, crushers, and cutting and grinding machinery.   
 
No satisfactory substitute for manganese in steel has been identified.  Steelmaking, 
including ironmaking, accounts for the majority (85-90%) of the total world manganese 
demand.  Manganese ferroalloys, consisting of various grades of ferromanganese and 
siliconmanganese (a.k.a., silicomanganese), are used to provide the majority of this key 
ingredient to steelmaking.  The increasing use of electric-arc furnaces in steelmaking 
has resulted in a gradual shift from high-carbon ferromanganese to siliconmanganese.   
 
End Use:  Nonferrous Alloys  
Manganese is also a key component of certain widely-used nonferrous alloys. 
Aluminum alloys such as used in door frames, bicycle parts, kitchenware, roofing, car 
radiators, and beverage cans (100 billion cans/year) use manganese to increase 
strength.  Certain alloys of copper with manganese (12%) and nickel exhibit an 
electrical resistance, which is almost temperature independent and essential for 
precision resistors.  A titanium-base alloy, containing 8% manganese, was used for the 
Gemini re-entry control module in the 1960’s.  Manganese is also used in zinc and 
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magnesium alloys (commonly at contents of 0.1 to 0.2%) and can be added to gold, 
silver, bismuth etc. for specialized applications in the electronic industry.  

End Use:  Batteries 
Based on 2003 USGS data for the United States, the second most important market for 
manganese (~8%) in dioxide form is in portable dry cell batteries, with demand 
worldwide exceeding 20 billion units per year.  In 1868, Leclanché developed the dry 
cell battery in which manganese dioxide oxidizes the hydrogen generated to form water; 
thus, preventing a gas film that would inhibit electrical generation.  Other types of 
batteries include the alkaline MnO2 zinc cell, placed on the market in the 1950’s, and 
the magnesium chloride-manganese dioxide cell developed for military applications.  
 
Naturally-occurring manganese dioxides (NMD) can be used in standard cells with 
higher grade manganese dioxide, required in high performance cells, produced 
synthetically. The products are named after the processes used with electrochemical 
manganese dioxide (EMD) produced through electrolysis and chemical manganese 
dioxide (CMD) produced by a purely chemical process.  Combined demand of both 
synthetic types is approximately 200 thousand tons per year and is growing rapidly.  
The market for natural manganese dioxide is about 180-200 thousand tons per year 
with very few ores having the properties required for the manufacturing of dry cells.  The 
major producing countries of natural MnO2 are Gabon, Ghana, Brazil, China, Mexico, 
and India.  These “natural grade battery ores” are crushed into fine powder before being 
used directly in the cathode mixture. 
                                                                                                                                                                  
End Use:  Chemicals 
While chemicals only comprise about 5% of the end-use market in the United States, in 
some ways this market is one of the most important as the chemical industry uses 
manganese as a catalyst for a number of reactions and in the creation of numerous 
chemicals for a variety of applications.  

Water Treatment:  Manganese is used to make powerful oxidizers.  Originally 
discovered in 1659, potassium permanganate (KMnO4), for instance, is a strong 
oxidizing agent that can be used to meet strict drinking water standards.  With the ability 
to add oxygen, remove hydrogen, or remove electrons from an element or compound, 
this chemical is used to oxidize iron, manganese, hydrogen sulfide, and arsenic, to 
improve taste and odor, and as a pre-oxidant for the control of disinfection by-products.  
Sodium permanganate is also used in the treatment of drinking water as a pre-oxidant 
for iron and manganese, trihalomethane (THM) precursors, and organic compounds 
that cause taste and odor problems. 

Manganese Greensand is another manufactured product that utilizes potassium 
permanganate, manganese sulfate, and glauconite greensand to formulate a very 
effective filter media.  Manganese greensand is capable of removing soluble iron, 
manganese, hydrogen sulfide, arsenic, and radium from water supplies through 
oxidation and filtration.  Similar types of filter media using manganese-based products 
have also been developed. 
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Pigments and Colorants:  Manganese is also used in pigments and colorants for a 
variety of applications.  It is used either alone or in combination with other materials in 
ceramic glazes, frits, dyes, stains, and paints.  These colorants can be used in ceramics 
ranging from dinnerware to floor tile to pottery.  It can also be used in coloring concrete 
and bricks.  If manganese dioxide is added at about 1 to 4%, the brick will have a gray 
or brown color, depending on the composition (particularly iron content) of the clay.  
Higher concentrations of manganese can provide a metallic blue tone.  Manganese is 
also used in the coloring or decoloring of glass, as noted previously, and in the form of 
manganese acetate for use in textile dyeing, paints and varnishes. 
 
Pharmaceuticals:  Manganese is used in the production of pharmaceuticals.  For 
instance, potassium permanganate, previously noted for use in water treatment, is also 
used in pharmaceutical applications to oxidize functional groups, such as aromatic side 
chains to carboxylic acids, organic sulfides to sulfones, and to produce antibiotics and 
tranquilizers. 
 
Manganese is also used in vitamins, being an essential element for both humans and 
animals with recommended daily dietary intake levels established by US regulatory 
authorities.  Manganese has been found to promote normal growth and development by 
aiding in energy generation by enzymes, metabolization of carbohydrates, formation of 
connective tissue, promotion of blood clotting by Vitamin K, and the anti-oxidation 
process.  Possible additional side effects include reducing asthmatic symptoms, 
enhancing fertility, and possibly promoting glucose transportation.  According to the 
references reviewed, humans have generally well developed control mechanisms that 
regulate manganese to the desired range.  Medical research into conditions arising from 
an excess or deficit of body manganese (estimated 12 to 20 mg manganese within the 
body of a normal 150-lb man) is currently being conducted. 
  
Agricultural:  Manganese is used for a variety of agricultural purposes.  It is used in 
certain pesticides as well as in fertilizers.  Manganese accelerates germination and 
maturity and is essential for the synthesis of chlorophyll.  Iron and manganese, both 
necessary constituents of chlorophyll, are rarely lacking in the soil, but may be in a form 
unavailable to plants.  Both are more readily available in soils with a pH less than 6.0 
and are bound in insoluble forms in calcareous (high lime) soils.  Manganese deficiency 
is common when the pH is 6.2 or higher, particularly on sandy coastal plain soils.  This 
deficiency has adverse effects on yields of small grains and/or soybeans.  Other factors 
contributing to the unavailability of iron and manganese include over irrigation, poor 
drainage, poor soil aeration, and the application of excessive amounts of lime or 
phosphate to certain soil types.  Crops susceptible to manganese deficiency include 
maize, cotton, wheat, barley, brassicas, sugar beets, peas, beans, potatoes, citrus, and 
bush fruits. 
 
In addition to manganese sulfate, chelated forms (complex organic molecule which 
resists being bound in the soil) can be used to correct deficiency symptoms.  
Manganese oxide, even though only slightly water soluble, when finely ground, is also a 
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satisfactory source, with application rates varying from 1 to 25 lbs/acre.  Garden centers 
and other outlets commonly carry these soil amendments. 
  
Manganese is also widely used in dry feeds for cattle, pigs, and poultry.  As with 
humans, manganese is an essential trace element.  Deficiency in livestock impairs 
reproductive performance, results in skeletal deformities and contracted (shortened) 
tendons in newborns and reduced birth weight.  Deficiency in chicks and poults results 
in perosis or slipped tendon.  In laying and breeding birds, deficiency results in lowered 
egg production and hatchability and reduced eggshell strength.  Recommended doses 
have been developed for livestock.   
  
Another agricultural application of manganese is “Maneb” (manganese-ethylene 
bisdithiocarbamate), an organo-chemical compound, sold in the form of a yellow 
powder, is marketed under various trade names as a fungicide and is often used for 
controlling crop and cereal diseases, downy mildew in vines, scab in fruit trees, as well 
as banana and peanut diseases.  An estimated 200,000 tons of Maneb has been used 
worldwide.  (Note: Available information does not indicate annual demand.)   
   
Selected Additional Uses: The chemical and manufacturing industries use manganese 
of various purities and forms.  A limited listing is provided below.   

• Gas Purification - catalyst to effectively destroy carbon monoxide in respirators, 
escape masks, and in cryogenic gas purification; 

• Sealant Curing - curing (or hardening) agent for polysulfide rubber sealants used 
in the construction and aerospace industries;   

• Welding - electrode coating or alloyed core for specialized welding operations;   
• Metal Finishing - phosphating products (from manganese carbonate or 

manganese oxide) to apply surface films to protect steel, improve wear 
resistance, and increase lubrication efficiency;  

• Gasoline Additive - octane booster or anti-knock agent to replace lead in form of 
organic manganese compound (methylcyclo-pentadienyl manganese tricarbonyl 
or MMT), currently in developmental stage; 

• Artificial Flavorings - catalyst in production of artificial vanilla and other flavors;     
• Metal Processing - oxidizing agent in treating uranium ore to produce oxide-

concentrate known as “yellow cake”; production of manganese ferrite (from ores, 
oxides, carbonates) for use in computers and television circuit boards; electrolytic 
zinc process - MnO2 oxidizes iron in leach solution; MnSO4 added to electrolyte 
to form coating on cathode to facilitate stripping of zinc;   

• Various Processes - chemical agent in manufacture of paints and paint 
desiccatives, amber glass, photographic chemicals, aromatic chemicals, wood 
preservatives, matches, leather, etc. 



Manganese Resource Recovery  October 2005 
BioMost, Inc.  1191122 

5-15 

MANGANESE RECOVERY AND ECONOMIC FEASIBILITY 
 
This project has demonstrated that manganese can be recovered from passive 
treatment systems and has identified numerous commercial uses.  This report, 
however, does not evaluate a large-scale recovery operation and economic feasibility.  
This section does identify potential near-term economic uses for future investigations.  
BioMost, Inc. intends to continue market development for recovered manganese 
precipitates and to improve passive treatment system designs to allow for more efficient 
recovery of metal precipitates. 
 
For many commercial uses, the manganese recovered will require some form of 
physical and/or chemical processing.  Exceptions appear to include the use as a 
colorant in ceramic glazes (pottery and tiles), as a constituent in soil amendments, and 
as a component in fabricated soils, although some drying and screening are anticipated. 
 
Challenges that require significant additional effort are the determination of the 
manganese reserves recoverable on an annual basis and the development of a cost-
effective recovery method.  These factors in combination with the quality of the 
precipitate will determine the economic feasibility of recovering manganese.  
Furthermore, design improvements to passive systems and development of a mobile 
facility for recovery operations are needed.  To address design improvement, BioMost, 
Inc. has developed a patented passive treatment component, the Hybrid Flow Pond (US 
Patent # 6,893,570) that is expected to improve on the HFLB design to provide more 
efficient flushing/backflushing of manganese precipitates.  A full-scale system 
specifically designed for this purpose has yet to be installed, however.  In addition, to 
address recovery operations, the PA Department of Environmental Protection recently 
announced that BioMost, Inc. has been awarded a grant to work on a full-scale 
manganese recovery operation that will include development of a mobile plant 
prototype.  As more HFLBs or other manganese removal beds are installed throughout 
Pennsylvania, theoretically more manganese will be available every year.  Recovery is 
expected to be staggered based on effective storage capacity and operation and 
maintenance issues of the passive component.  
 
Another challenge to determining the economic feasibility, has been the difficulty of 
obtaining information such as prices, quantities, purity requirements, chemical 
composition, and specifications from companies that use manganese as well as those 
that supply manganese.  Table XXII lists the companies contacted, use/products of 
manganese, and other information provided.  While some companies expressed interest 
in the recovered material, many were not willing to provide significant information.  
Additional research, communications, and marketing will be needed to determine the 
value of the recovered material to these industries. 
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Table XXII.  List of Manganese End-Users Contacted 
 
Company Contacted Reply  Use/Products Form Used Quantity Used 

Clay Place Yes Glazes & ceramic materials MnO2 10 lb/yr
Standard Ceramic Supply Co. No Glazes & ceramic materials  
The Shepherd Color Co. Yes Pigments, stains, catalysts NA 100s metric tns
Mason Color No Ceramic stains  
Tucker's Pottery Supplies Inc. Yes Glazes & ceramic materials NA ~500 lbs/yr
BigCeramicStore.Com Yes Glazes & ceramic materials NA NA
Seattle Pottery Supply No Glazes & ceramic materials  
Pottery Supply House Ltd. Yes Glazes & ceramic materials MnO2  ~200 lbs/yr
Sheffield Pottery Yes Glazes & ceramic materials MnO2 ~2000 lbs/yr
Laguna Clay No Glazes & ceramic materials  
Summitville No Tile Manufacturer  
Altivia Yes Water treatment chemicals NA NA
Jost Chemical No Manganese chemicals  
Atomix, Inc. No Mn oxide specialty chems.  
Reade Advanced Materials No Mn powders: metal; oxide   

Eramet-Comilog Yes Mn ore; ferroalloys; 
electrolytic Mn Ore NA

Erachem-Comilog Yes Mn-based chemicals; 
products for variety of uses Ore NA

Inversand Co. Yes Manganese Greensand Mn sulfate &  
K permanganate NA

Carus Chemical Company Yes K permanganate &  
Na permanganate products 

Mn ore  
(Australia) 

Several 
million lbs

Bulk Chemicals, Inc. Yes Mn phosphating products for 
metal finishing industry 

Mn carbonate or 
Mn oxide NA

North American Minerals Corp. Yes Importer of Mn flake from  
South Africa or China NA NA

Glen-Gery Corporation No Brick manufacturer  
Redland Brick Inc.  
(Harmar Plant) Yes Colorant in bricks  Mn powder 

(Prince Agri-Prod.) 
Multiple 

truckloads/yr

General Shale Brick Yes Brick colorants Primarily  
MnO2 & Mn3O4 

Est. several 
thousand 

tons/yr
US Steel No Steel manufacturing  
Lyssy & Eckle No Animal feeds  

North American Salt Co. Yes Mineralized salts in animal 
feeds 

Mn+2 oxide premix 
(Prince Agri-Prod.) Est. 800 tons

Prince Agri-Products, Inc. Yes Animal feeds MnO & MnSO4 1000s tons/yr
Pennfield Corporation No Animal feeds  
Ridley Inc. No Animal feeds  
NHS, Inc. No Vitamins  
Atlas Operations Inc. Yes Vitamins Purchase premix  NA
Nutricap Labs No Vitamins  
Nutri-force Nutrition No Vitamins  
Miller Pharmacal Group, Inc. Yes Supplier for vitamin mfr.    Est. ½-1 lb/yr 
Fortitech, Inc No Vitamins   
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Green Products 
Depending on the end use of the manganese material, a “Green Product” 
registration/certification may be obtainable.  As a pollutant has been “recycled” into a 
useable product through environmentally-friendly technology that also restores 
watersheds impacted by abandoned mine drainage, this material is expected to qualify.  
The option to “recycling” this material is disposal by burial.  This product may also 
provide on a very, very limited scale an alternative to products developed from 
manganese ores mined in countries such as China and Gabon. 
 
One type of certification available is through Green Seal, an independent, non-profit 
organization that strives to achieve a healthier and cleaner environment by identifying 
and promoting products and services that cause less pollution and waste, conserve 
resources and habitats, and minimize global warming and ozone depletion. 
 
The U.S. Green Building Council’s Leadership in Energy and Environmental Design 
(LEED) program is another avenue for certification.  The LEED program “provides a 
complete framework for assessing building performance and meeting sustainability 
goals.  Based on well-founded scientific standards, LEED emphasizes state-of-the-art 
strategies for sustainable site development, water savings, energy efficiency, materials 
selection and indoor environmental quality.  The LEED program recognizes 
achievements and promotes expertise in green building through a comprehensive 
system offering project certification, professional accreditation, training and practical 
resources.” 
 
The U.S. Green Building Council defines “sustainable design” as the practices of design 
and construction that significantly reduce or eliminate the negative impact of buildings 
on the environment and occupants in five broad categories: 
 

1. Sustainable site planning 
2. Safeguarding water & water efficiency 
3. Energy efficiency & renewable energy 
4. Conservation of materials & resources 
5. Indoor environmental quality 

 
These and other certifications would open the product to the very markets that would 
most likely be interested in using the recovered manganese. 
 
Glazes and Colorants 
One of the most promising uses for recovered manganese that may qualify for “Green 
Product” certification is in ceramic glazes and as colorants for a variety of materials.  
The manganese can be used to produce various colors or visual effects.  Initially some 
test chards were used to experiment with glaze “recipes” using material recovered from 
the De Sale Phase II HFLB.  Following these tests, a small batch of ceramic mugs and 
bowls were created.   The manganese was used to produce a speckled stone-like 
appearance.  Various photos of the test chards, mugs and bowls have been included in 
the photo section.  Manganese could most probably be used with similar results in the 
production of ceramic tiles. 
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A search on the internet revealed that manganese dioxide was sold by ceramic supply 
stores in the range of $1.25 to $2.50 per pound which equates to $2,500 to $5,000 per 
ton.  If an HFLB removed only 1 ton per year within 5 years there would theoretically be 
$10,000 to $25,000 worth of potentially recoverable manganese.  The development of a 
recovery factor will be instrumental in determining reserves.  In addition, the $1.25 to 
$2.50 per pound is a retail price that would probably only be achieved if the material is 
sold at a retail level.  Selling this material to large glaze and colorant suppliers would be 
significantly less.  One source stated the price to be currently at about $0.25 per pound 
delivered, which would equate to $500 per ton.  While an estimate of the total quantity 
of manganese used in glazes has yet to be determined, individual ceramic supply 
businesses reported annual sales of manganese ranged from ten pounds/year to 
thousands of pounds/year. 
 
This manganese material may also be used for colorant or pigments in a variety of 
products such as concrete and bricks.  (About 8-9 million bricks are produced annually.)  
To make bricks, clay is mixed with water, hand-molded or machine-extruded into a form, 
and then fired in a kiln.  As noted in earlier sections of this report, the final color 
depends on the composition of the clay used.  For instance, clay with 3% iron produces 
cream-colored bricks, while clay containing 8 to 10% iron produces a red color.  If 
manganese dioxide is added at about 1 to 4%, the brick will have a gray or brown color.   
In some cases, manganese can also give a metallic blue tone to the brick. 
 
There are a variety of brick types and styles.  The two most used types are common 
and face bricks.  Garden pavers are usually of the common type because of the warm 
colors and textures and the lower cost compared to the more expensive face brick.  
Common brick is also more porous than face brick and is less uniform in color and in 
size (varying up to ¼ -inch in length).  Recovered manganese is expected to be more 
suitable for use in common bricks as the uniformity standards are less demanding and 
more flexible.   
 
According to one brick manufacturer, manganese is used as a colorant in both the body 
and on surface coatings and is primarily in two main chemical forms, MnO2 and Mn3O4.  
One manufacturer estimated that the brick industry used several thousand tons of 
manganese oxides per year.  In addition, the contact stated that with all pigments, 
consistency is important, because ingredients and quantities can be adjusted to 
produce a particular shade, as long as the color of the pigment material remains 
consistent.  Because purity and particle size are of such importance to color 
consistency, the manufacturer recommended sending the recovered material to a 
pigment supplier, familiar with natural, mined, minerals that are variable in chemical and 
physical characteristics, as the suppliers often blend the mined product with synthetic 
materials to produce a final consistent pigment-grade material.  
 
Bricks, formed from natural materials, are favorable for LEED certification as minimal, if 
any, chemicals are used during manufacturing.  In addition, minimal waste is produced 
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during manufacturing and, according to the AIA Environmental Resource Guide, less 
energy is used to produce bricks than concrete, glass, steel, aluminum or even wood. 
  
One brick manufacturer, Redland Bricks, located in Cheswick, PA has offered to 
conduct some testing including creating test bricks.  BioMost, Inc. intends to provide 1 
to 10 pounds of manganese for this initial testing in the near future. 
 
Soil Amendment and/or Fabricated Soil 
As manganese is an essential element for plants and animals, as described in the 
“Manganese and Its Uses” section, a preliminary study was conducted to provide an 
indication of the biological activity and growth promoting characteristics of the material.  
Soil Scientist, Dr. Valentine Kefeli, conducted this initial phase of testing from 
September 9th through the 25th of 2005. 
 
Materials and methods 
The biological activity associated with the manganese material in comparison with 
topsoil, fabricated soil, iron substrate and various water components was determined 
using a four-crop test method.  The four crops tested were wheat, clover, mustard, and 
lettuce seeds that were placed in a petri dish (See photos.) that was divided into 
quarters.  This crop test is described in Dr. Kefeli’s book Natural Growth Inhibitors and 
Phytohormones in Plants and Environment.  (See references.)  Percent germination of 
the seeds as well as the length of the seedlings in millimeters was measured to 
determine germination and growth rates.     
 
Results 
The results of this preliminary study are contained with Tables XXIII and XXIV.  
Standard error of the tests is approximately ± 7%.  As can be seen from the data, the 
pH of the manganese material was about 6.5, which is a good pH for soils and plant 
growth.  A pH that is too low results in increasing the solubility and uptake of heavy 
metals, while a pH too high can decrease solubility and prevent uptake of important 
minerals by the plants.  The De Sale manganese material had a higher percentage of 
seed germination than topsoil for all four plants.  The B1VFP manganese material had a 
higher percentage of seed germination than topsoil for clover and lettuce, and 
essentially the same for mustard while a little less for wheat.  Both manganese 
materials had higher growth rates than topsoil and fabricated soil for all four crops.  The 
B1VFP tended to have more growth than the De Sale material other than lettuce. 
 

Table XXIII.  Seed Germination Test  
 

% Seed Germination Samples pH Wheat Clover Mustard Lettuce 
Fabricated Soil 6.7 88 66 66 100 
Topsoil 6.7 100 70 70 81 
Iron substrate 5.4 56 80 83 89 
B1VFP (recovered Mn) 6.4 89 100 69 100 
DS1 (recovered Mn) 6.6 100 92 92 100 
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Table XXIV.  Effect of Substrates on Seedling Growth  
 

Seedlings Length (mm) Samples Wheat Clover Mustard Lettuce 
Fabricated Soil 9.3 15.8 24.3 14.6 
Topsoil 32.8 19.3 24.0 16.0 
Iron Substrate 9.8 22.3 10.0 13.3 
B1VFP 65.0 33.0 33.0 26.6 
DS1 44.0 29.0 28.6 31.8 

 
While this test indicates that the material is at least initially a good growth medium and 
nontoxic, additional testing is recommended before using the material as a soil 
amendment or fabricated soil component.  BioMost, Inc. has initiated a small study to be 
conducted by Dr. Kefeli utilizing the manganese material as a component in fabricated 
soils.  Dr. Kefeli has been developing “recipes” for fabricated soils from waste materials 
for use on disturbed lands such as unreclaimed abandoned mine sites. 
 
Manganese is sold in various forms as soil amendments.  For spraying applications 
requiring water solubility, farmers generally prefer a manganese sulfate or nitrate 
solution.  Dry applications typically employ manganese in the form of manganous oxide. 
For example, one mix called Soluble Trace Element Mix contains 8.2% manganese with 
other trace minerals and elements.  Many of these same trace metals are found in the 
recovered manganese material.  A 25-pound bag of this mix is sold for $77.00.  
Recovered material sold at the same price would equate to $3.00/pound or $6,000/ton.  
Additional testing will need to be conducted before the material could be applied to 
lands for agricultural purposes.   
 
Animal Feeds  
Another potential use of the recovered manganese is in animal feeds and salts.  As was 
identified in the “Manganese Uses” section, manganese is very important to the health 
of animals.  Many experts advise farmers to provide manganese supplements to their 
livestock.  These supplements are usually either in an oxide or sulfate form.  The oxide 
concentrations tend to be higher because the oxide form is not as water soluble as the 
sulfate form.  According to a representative of Prince Agri-Products, Inc., the American 
Association of Feed Control Officers (AAFCO) comprised of state agencies and the 
Federal Drug Administration (FDA) oversees the feed industry and specifies the 
acceptable form of manganese.  This contact further stated that AAFCO requires that 
the manganese be in the form of either MnO or MnSO4 and that the recovered 
manganese would not qualify without processing, which, to be viable, would probably 
require a minimum production of 10,000 tons per year.  The contact also stated that 
approval could be sought from AAFCO but would take extensive testing, time (2-3 
years), and money and would probably require a sponsor.     
 
Vitamins   
Manganese is found in many vitamins.  Little information could be obtained from 
manufacturers.  In vitamins, the manganese is often in a chelated form in which the 
manganese is bound to an amino acid such as aspartic acid that functions as a 
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transport mechanism and provides for the efficient uptake and proper utilization in the 
body.  In addition to the high processing costs, extensive time, testing, and QC efforts 
would be required.  In consideration of these and other factors, no further efforts are 
planned to evaluate vitamins as a potential end use at this time. 
 
Steel, Battery and Chemical Industries 
While the recovered manganese may be of sufficient quality as an ore that could be 
processed for use by the steel, battery and chemical industries, there are insufficient 
reserves identified at this time to consider these as viable end uses.  
 
The majority of the ore imported to the United States is used to manufacture 
intermediate manganese ferroalloy products and electrolytic manganese for 
manufacturing steel and dry-cell batteries.  Only a small amount of the ore is directly 
used in the steelmaking process.  The only manganese electrowinning plant or 
manganese electric furnace for the production of ferromanganese in the United States 
is located in Marietta, Ohio, and is owned by Eramet Comilog.  A representative from 
this facility noted that the Marietta plant uses about 200,000 tons of manganese ore, 
which is mined in Gabon by a subsidiary (Comilog, the world’s second-largest producer 
of high-grade manganese ore).  The representative further stated that a secondary 
alternative source would probably need to produce 15-25,000 tons per year to be viable.   
 
Eramet Comilog Manganese is the world’s leading producer of manganese alloys for 
the steel industry.  Another subsidiary, Erachem, is the world’s leading producer of 
manganese-based products for the chemical industry in manufacturing batteries 
[Electrolytic Manganese Dioxide produced in New Johnsonville, TN], ferrites, fertilizers, 
and animal feeds.  Like the Marietta facility, the only source of manganese ore is from 
the captive mine in Gabon, which produces 2.5 million tons of ore per year.  
 
Efforts, however, will continue to locate a low-volume specialty chemical manufacturer.  
As additional passive systems are placed online and as a greater quantities collect in 
existing systems, potential use in these industries should be reconsidered.   
 
Conclusions and Recommendations 
Numerous potential uses of recovered manganese have been identified.  Of those uses, 
the most likely to be economically feasible in the near term appear to be as a colorant in 
pottery glazes and bricks and as a soil amendment.  Further investigations including 
additional material testing, communications with potential end users, and marketing 
research, needs to be conducted.  Development of large-scale recovery methods as 
well as design improvements to passive treatments systems to enhance recovery and 
increase purity of the material is also needed and is ongoing.  By partnering with the PA 
Department of Environmental Protection with a shared long-term commitment to 
resource recovery and to sustainable environmentally-friendly treatment of abandoned 
mine drainage, BioMost, Inc. will be conducting full-scale recovery efforts in 2006 with 
the development of a mobile facility and expanded product marketing.     
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Samples of treatment medium 
were collected from three sources 
for testing.  All three buckets of 
Electric Arc Furnace (EAF) slag 
(Left) are from the First Miss 
Steel, Inc. plant in Hollsopple, PA 
and processed by Alexander Mill 
Service International.  Note 
difference in size and texture from 
the same source demonstrating 
variability.  In general, the far left 
bucket has significantly greater 
quantity of smaller sized particles 
than the two other buckets.    

Two buckets of the high (>90%) 
calcium carbonate Vanport marine 
limestone (Right) were collected 
from the Quality Aggregates 
Princeton Quarry located in 
Princeton, PA near Slippery Rock.  
Limestone aggregate (PennDOT 
2B) was used as a “control” to 
compare the effectiveness of the 
slag as a treatment media. 

Three buckets of Electric Arc Furnace (EAF) 
slag (Left) from the Koppel Steel Co. (NS 
Group, Inc.) plant in Koppel, PA as 
processed by Multiserv were collected.  The 
slag was generally of a larger size-consist 
with significantly less fines when compared 
to the slag from the Hollsopple plant. 
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Using a portion of the collected slag and limestone samples, 10-hour bucket 
tests (Above) were conducted by Cliff Denholm.  The 5-gallon buckets filled 
with treatment material had a spigot near the bottom to draw off the treated 
water every hour for analysis.  In addition, a portion of each hourly sample was
monitored to determine change of pH over time.  Margaret Dunn (Below) 
discusses results with Cliff while monitoring pH. 
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Originally the test tanks to be installed were to receive treated mine 
water from the Jennings Environmental Education Center passive 
treatment system wetland (Above), but during initial investigations the 
wetland was observed to be removing a large majority of the 
manganese.  The influent for three of the tanks was changed to the 
effluent of the Vertical Flow Pond (Below) while a fourth tank was 
added to receive raw untreated mine drainage. 
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This site (Above) with exposed coal refuse was selected for placement of 
the three tanks to receive drainage from the Vertical Flow Pond (VFP).  The 
influent piping to the tanks was plumbed into the VFP effluent pipe.  Tim 
Danehy (Below) checks elevations to ensure sufficient head (elevation drop) 
to gravity feed the treated water from the VFP effluent pipe to the tanks. 
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Gary Jenkins (Above) of Jennings Environmental Education Center 
excavates a trench to save Cliff Denholm and volunteer Colby King from 
Westminster College substantial hand-work.  The 75-foot long trench was 
needed to install the 1-inch polyethylene pipe to convey the VFP effluent 
to the test tanks.  Cliff Denholm (Below) prepares a pad for the test tanks 
and flow control box. 
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Tim Danehy (Above) installs the effluent piping and valve system.  The tanks 
were constructed from recycled 55-gallon plastic drums, formerly used to 
transport fruit from California. 
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Cliff Denholm (Above) drilled perforations in the underdrain pipes for the tanks, 
which were installed (Below) by Tim Danehy.  The underdrain was bedded in 
pea gravel and joined to the effluent pipe with valve. 
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The influent manifold system (Above) was used to split the flow from the 
Vertical Flow Pond for Tanks 1, 2, and 3 (Below).  After the treatment media 
was placed within the tanks, tests were conducted to determine porosity, 
effective porosity, specific retention and specific yield.   
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A fourth tank, not included in the original proposal, was added to evaluate 
the ability of slag to treat acidic mine drainage and to remove manganese 
without pre-treatment.  Tim Danehy (Above) attached the influent pipe to 
Tank 4, to receive the raw water.  Initial flow rates were set on 6/2/05.  
Note how clean the treatment medium (Below) in Tank 1 (Top Left), Tank 
2 (Top Right), Tank 3 (Bottom Left), and Tank 4 (Bottom Right) is at the 
start of the project. 
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View of Tank 4 (Above), that receives the raw untreated AMD.  Note the 
accumulation of iron precipitates on the slag after being on-line for only 2 
days.  The bubbles are believed to be from gasses escaping from within 
the slag.  The effluent pipe of Tank 3 (Below) had a bubble, which acted 
like an airlock preventing the tank from discharging.  Once the bubble 
was broken the tank began to discharge.  This was a recurring problem.  
To eliminate the problem, on 7/21/05, the 90° elbows (Bottom Left) were
removed from all tanks and replaced with tees (Bottom Right) to allow 
air bubbles and/or other gases to escape.  A piece of tubing was placed 
on the end to extend the effluent pipe. 
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Due to a significant decrease in permeability after ~8 years of operation, 
the Jennings Vertical Flow Pond was drained and the treatment media 
more thoroughly mixed (Above).  This required shutting off the flow, 
beginning 7/1/04, to the tanks for approximately 4 weeks.  Penn State 
Professor Emeritus and internationally-recognized expert on AMD and 
passive treatment Art Rose (Below) visited the site to collect samples for 
analysis of precipitates.  Art also conducted some of the early testing of 
our manganese samples and was the first to identify the presence of the 
manganese mineral todorokite at our sites. 
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Within a short time, permeability appeared to decrease significantly in slag 
Tanks 1 and 2 (Above).  In order to increase head and, therefore, flow through 
the treatment media, the effluent piping was modified.  Cord was used to 
adjust the height of the outflow pipe.  Following stirring of the VFP, higher iron 
concentrations were noted in the influent water to the tanks.  The increase in 
iron as well as algae (Below) further decreased permeability through the tank. 
This iron/algal sludge had to be periodically removed from the top. 
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As permeability of the treatment media became more of an issue, a decision 
was made to flush the tanks (Above). Note the iron-colored water as the tank is 
flushed.  As water levels dropped below the top of the media, short-circuiting 
pathways (Below) were revealed that were possibly enhanced as a result of the 
flushing operation removing precipitates along the pathway.   
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Once the tanks were flushed, the iron/algae (Above) layer was removed 
from the top of the tanks as possible.  Underlying the iron/algae layer, 
(Below) a layer of black precipitates was revealed.  
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While Tanks 1 and 3 improved significantly with gravity flushing, 
Tanks 2 and 4 did not.  Tanks 2 and 4 were then backflushed 
using an air compressor.  These two tanks were plugged rather 
significantly and required pressures of up to 75 psi. 
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After backflushing and flushing of the tanks, permeability was restored to 
such a degree that the effluent tubes could be readjusted to near original 
elevations.  Note that Tank 3, containing the limestone aggregate, did not 
have a noticeable decrease in permeability throughout the testing. 



Manganese Resource Recovery  October 2005 
  BioMost, Inc.  1191122 

6-17 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

During a site investigation, it was discovered that the tanks had frozen and water was flowing in 
the flow splitter box indicating that the manifold had broken most probably due to freezing.   
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While it was thought that flow to all tanks had been cut off, it was 
discovered that in fact water had continued to flow to all tanks 
except Tank 3.  Due to a number of unforeseen circumstances, 
including an emergency contract with PA DEP BAMR to address the 
Nickle Plate Mine Blowout in McDonald, PA, repair to the tanks 
could not be completed until July 2005.  Once the flow was cut off 
and the manifold removed, numerous cracks were revealed. 
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A new manifold (Above) was built and attached to the existing 
piping systems in order to reduce the cost of the repair.  Once the 
tanks (Below) were back on-line and fully functional, water 
monitoring was conducted on an almost weekly basis. 
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Tank 4 (Top Left) received raw untreated mine water.  Iron precipitating at low pH can be seen 
filling the void space in the aggregate (Top Left), coating the slag (Bottom Left) and precipitating 
on a twig (Bottom Right).  BioMost, Inc. and Stream Restoration Inc. have begun to examine the 
use of this iron as a recoverable metal.  Interestingly, a piece of copper wire that was in the slag 
was not encrusted and was actually being “cleaned” (dissolved) by the acidic mine water. 
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Using a slag-based passive component that receives water 
containing bicarbonate alkalinity can precipitate calcite (CaCO3) 
(Above).  Calcite is probably not just forming in the effluent 
spillway, but within the tank as well.  This precipitation of calcite 
may be partly responcible for the formation of a “concrete” layer 
(grey) that formed in Tank 2 (Below), which greatly reduces 
permeability and effective flushing of metal precipitates. 
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The tanks were flushed (Above) using filter bags to collect metal 
precipitates for mineral identification and chemical analysis to 
determine potential for metal recovery.  As sufficient sample could 
not be collected from Tanks 2 and 4 initially, they were backflushed 
with intern Kyle Durrett (Bottom Left).  The pressure and heat 
generated exceeded the capacity of the effluent tube for Tank 2, 
which exploded (Bottom Right).  The tube was replaced. 
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Backflushing was also conducted on the slag-filled Vertical Flow Pond ( B1VFP) at the 
Harbison Walker Phase II restoration site located at Ohiopyle, PA.  Kyle Durrett (Top Left) is 
seen backflushing the pond.  Good dispersion was indicated by the numerous bubbles (Top 
Right) in a grid pattern that corresponds to that of the perforated piping system.  A dark-colored 
material presumed to be manganese could be seen being dislodged from the treatment 
medium during backflushing (Top Right) as well as from of the pipes (Bottom Left).  Pipe 
socks (Bottom Right) as well as other filter bags were used to collect the precipitates. 
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Manganese precipitates were also collected from the De Sale Phase I 
(Top), De Sale Phase II (Not Shown), and Harbison Walker Phase I 
(Bottom) Horizontal Flow Limestone Beds.  Based on a limited visual 
inspection, the manganese seemed to be primarily clinging to the 
vegetation in the Harbison Walker Phase I HFLB more so than the stone 
while at De Sale the manganese appeared to be clinging more to the stone 
and possibly to algae as well. 
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Metal precipitates from Tank 1 (Top Left), Tank 2 (Top Right), Tank 3 (Bottom Left), and Tank 4 
(Bottom Right).  Ten days after samples were collected and submitted to the lab for analyses, the 
remaining material in the filter bags was removed.  After 10 days the Tank 3 material was a much 
lighter orange color than the dark color of the material sent to the lab, probably related to 
drying/dewatering.  Note that the dissolved iron received by Tanks 1, 2, 3 was increased after the 
VFP treatment media was “stirred”.  Although difficult to discern from the photos, black precipitates, 
assumed to be manganese, could be seen within the iron matrix.     
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Metal precipitates collected from De Sale Phase I Horizontal Flow Bed (Top Left), De Sale Phase 
II Horizontal Flow Bed (Top Right), Harbison Walker Phase I Horizontal Flow Bed (Bottom Left), 
and the Harbison Walker Phase II B1VFP slag vertical flow pond (Bottom Right). 
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Test shards created by ceramic artist Pam Esch to evaluate various glaze recipes 
containing manganese recovered from the HFLB at De Sale II.  Ceramic artists use  
manganese to create visual effects.  The randomness creates a natural, almost stone like 
appearance. 
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Views of a ceramic bowl demonstrate the use of recovered 
manganese in glazes of different colors.  The manganese gives the 
glaze a more natural, speckled, stone-like appearance.  This could 
also be used in floor tiling to produce the same effect.   
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Photos of ceramic bowls (Above) and mugs (Below) illustrating glazes with 
using varying amounts of manganese.  The manganese was recovered from 
the De Sale Phase II HFLB.  Note the bottom right bowl with an almost 
granite-like appearance. 
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Soil Scientist, Dr. Valentine Kefeli conducted a preliminary study to determine 
the potential of using manganese material as a soil amendment or in fabricated 
soil.  Petri dishes were divided into four sections and seeded with wheat, clover, 
mustard, and lettuce.  Three replicates for each medium were used.  As can be 
seen, the B1VFP (Top Right) and DS1 (Bottom Right) manganese materials 
had higher germination and growth rates than the topsoil used indicating that 
the manganese material might be used as a growth medium.  (Note also that 
recovered material is alkaline.)  Additional testing is planned.
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Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

RAW 6/2/2004 4.0 3.1 0 237 37.5 16.7 20.334.7 16.5 20.10 30.0

RAW 6/8/2004 4.0 0

RAW 6/16/2004 4.0 3.2 0 254 40.8 17.1 20.8 56138.0 16.3 19.50 36.2

RAW 7/1/2004 4.0 3.2 0 282 47.2 18.1 22.30 44.9 17.2 21.30

RAW 7/29/2004 4.0 3.0 20 0 314 18.7 18.9 23.815.6 18.7 23.3

RAW 9/2/2004 4.0 3.2 20 0 332 63.6 19.9 26.1 71263.0 19.7 26.1

RAW 10/11/2004 3.2 0 227 27.8 14.0 133.5 14.6 17.7

RAW 10/29/2004 3.4 3.3 13 0 245 40.2 17.1 20.240.2 17.2 20.2

RAW 11/18/2004 3.4 3.3 10 0 265 43.0 17.9 21.4 58341.2 17.0 20.6

RAW 12/9/2004 3.3 3.2 6 0 279 45.8 18.8 22.745.3 18.6 22.4

RAW 7/25/2005 3.2 3.2 0 306 52.8 18.1 23.253.0 18.2 23.3

RAW 8/18/2005 3.2 3.3 18 0 329 69.7 21.2 28.1 50962.9 19.1 25.50 58.3

RAW 8/24/2005 3.4 3.2 18 0 352 64.0 19.2 25.663.5 19.1 25.90 64.5

RAW 9/1/2005 3.2 3.2 24 0 346 61.3 19.3 27.0 94161.2 19.3 26.960.6

RAW 9/7/2005 3.4 3.3 19 0 356 68.0 20.1 27.169.7 20.6 27.068.0

3.2 3.0 6 0 227 18.7 14.0 20.2 509 1

4.0 3.3 24 0 356 69.7 21.2 28.1 941 1

3.6 3.2 16 0 295 48.6 18.3 23.7 661 1

Min
Max
Avg

0.8 0.3 18 0 129 51.0 7.2 7.9 432 0Range

0

0

0

0

15.6

69.7

47.6

54.1

14.6

20.6

18.0

6.0

17.7

27.0

22.8

9.3

Description: Untreated Abandoned Mine Drainage at Jennings Environmental Education Center; Influent to Tank 4  and the JEEC 
Vertical Flow Pond (VFP); Sampled at influent pipe to Tank 4

0

0

0

0

30.0

68.0

53.0

38.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

RAW 6/2/2004 0.020 0.020 0.010 0.010 0.005 0.010 0.006 0.006 0.001 0.001 87.3 87.0 0.025 0.025 0.275 0.258 0.005 0.005 0.005 0.005 52.7

RAW 6/8/2004

RAW 6/16/2004 89.5 94.1 54.0

RAW 7/1/2004 0.002 0.002 0.001 0.001 0.005 0.005 0.006 0.006 0.001 0.001 93.4 89.1 0.025 0.025 0.290 0.277 0.005 0.005 0.001 0.001 56.9

RAW 7/29/2004 0.020 0.020 0.010 0.010 0.005 0.005 0.006 0.006 0.001 0.001 96.5 95.6 0.025 0.025 0.313 0.299 0.005 0.005 0.005 0.005 63.5

RAW 9/2/2004 100.0 99.7 64.0

RAW 10/11/2004 0.002 0.002 0.001 0.001 0.018 0.005 0.001 0.006 0.000 0.000 205.0 77.2 0.025 0.025 0.244 0.064 0.005 0.005 0.001 0.001 48.9

RAW 10/29/2004 0.002 0.002 0.001 0.001 0.005 0.005 0.005 0.006 0.003 0.003 90.3 90.5 0.025 0.025 0.272 0.288 0.005 0.005 0.001 0.001 55.0

RAW 11/18/2004 91.4 86.5 56.2

RAW 12/9/2004 0.002 0.002 0.001 0.001 0.005 0.005 0.006 0.006 0.001 0.001 97.2 95.9 0.025 0.025 0.319 0.321 0.005 0.005 0.001 0.001 56.0

RAW 7/25/2005 0.002 0.002 0.001 0.001 0.005 0.060 0.006 0.006 0.001 0.001 97.3 97.8 0.025 0.025 0.270 0.277 0.005 0.005 0.001 0.001 59.1

RAW 8/18/2005 113.0 101.0 69.2

RAW 8/24/2005 0.002 0.002 0.001 0.001 0.005 0.005 0.007 0.007 0.002 0.002 100.0 101.0 0.025 0.025 0.337 0.336 0.005 0.005 0.001 0.001 62.5

RAW 9/1/2005 98.0 98.5 63.5

RAW 9/7/2005 0.002 0.002 0.001 0.001 0.005 0.005 0.007 0.007 0.001 0.000 105.0 108.0 0.025 0.025 0.342 0.335 0.005 0.005 0.001 0.001 63.0

0.002

0.020

0.006

Min
Max
Avg

0.018Range

Description: Untreated Abandoned Mine Drainage at Jennings Environmental Education Center; Influent to Tank 4  and the JEEC 
Vertical Flow Pond (VFP); Sampled at influent pipe to Tank 4

0.002

0.020

0.006

0.018

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.005

0.018

0.006

0.013

0.005

0.060

0.012

0.055

0.001

0.007

0.006

0.007

0.006

0.007

0.006

0.001

0.000

0.003

0.001

0.003

0.000

0.003

0.001

0.003

87.3

205.0

104.6

117.7

77.2

108.0

94.4

30.8

0.025

0.025

0.025

0.000

0.025

0.025

0.025

0.000

0.244

0.342

0.296

0.098

0.064

0.336

0.273

0.272

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

0.001

0.005

0.002

0.005

0.001

0.005

0.002

0.005

48.9

69.2

58.9

20.3

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

RAW 6/2/2004 52.2 0.000 0.000 0.469 0.479 2.35 2.25 0.035 0.035 0.005 0.005 2.87 2.77 0.010 0.010 0.100 0.100 0.010 0.010 0.636 0.604

RAW 6/8/2004

RAW 6/16/2004

RAW 7/1/2004 50.9 0.000 0.000 0.563 0.541 2.16 2.14 0.004 0.004 0.005 0.005 2.90 2.93 0.001 0.001 0.010 0.010 0.010 0.010 0.688 0.658

RAW 7/29/2004 62.0 0.000 0.000 0.599 0.598 2.14 2.25 0.035 0.035 0.005 0.005 3.41 3.31 0.010 0.010 0.100 0.100 0.010 0.010 0.717 0.690

RAW 9/2/2004

RAW 10/11/2004 49.9 0.000 0.000 0.069 0.061 2.07 1.95 0.004 0.004 0.005 0.005 3.01 2.74 0.001 0.001 0.100 0.100 0.010 0.010 0.560 0.005

RAW 10/29/2004 55.5 0.000 0.000 0.489 0.490 2.07 2.24 0.004 0.004 0.005 0.005 3.07 3.03 0.001 0.001 0.100 0.100 0.010 0.010 0.644 0.640

RAW 11/18/2004

RAW 12/9/2004 54.5 0.000 0.000 0.615 0.609 2.19 2.12 0.004 0.004 0.005 0.005 3.43 3.41 0.001 0.001 0.100 0.100 0.010 0.010 0.716 0.763

RAW 7/25/2005 59.4 0.001 0.001 0.616 0.618 2.06 2.15 0.035 0.035 0.005 0.005 2.49 2.65 0.001 0.001 0.950 0.946 0.010 0.010 0.730 0.750

RAW 8/18/2005

RAW 8/24/2005 62.5 0.000 0.000 0.732 0.742 2.40 2.33 0.004 0.004 0.005 0.005 3.28 3.16 0.001 0.001 0.100 0.100 0.010 0.010 0.818 0.813

RAW 9/1/2005

RAW 9/7/2005 65.0 0.000 0.000 0.650 0.652 2.31 2.24 0.004 0.004 0.005 0.005 3.03 2.97 0.001 0.001 0.100 0.100 0.010 0.010 0.821 0.808

49.9

65.0

56.9

Min
Max
Avg

15.1Range

Description: Untreated Abandoned Mine Drainage at Jennings Environmental Education Center; Influent to Tank 4  and the JEEC 
Vertical Flow Pond (VFP); Sampled at influent pipe to Tank 4

0.000

0.001

0.000

0.001

0.000

0.001

0.000

0.001

0.069

0.732

0.534

0.663

0.061

0.742

0.532

0.681

2.06

2.40

2.19

0.34

1.95

2.33

2.19

0.27

0.004

0.035

0.014

0.032

0.004

0.035

0.014

0.032

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

2.49

3.43

3.05

0.94

2.65

3.41

3.00

0.76

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.010

0.950

0.184

0.940

0.010

0.946

0.184

0.936

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

0.560

0.821

0.703

0.261

0.005

0.813

0.637

0.808

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

VFP 6/2/2004 6.4 6.6 94 -21 15.0 17.7 4.314.2 17.7 0.4103 13.7

VFP 6/4/2004 6.4

VFP 6/8/2004 6.3 102

VFP 6/16/2004 6.3 6.3 112 34 38.5 16.6 12.2 63620.6 17.4 0.3109 18.9

VFP 7/1/2004 6.3 6.3 97 -6 23.4 18.2 2.90 22.6 17.8 0.3110

VFP 7/29/2004 6.3 6.5 20 173 -57 51.8 16.3 125.024.6 16.4 2.0190

VFP 9/2/2004 6.6 6.7 17 156 -32 37.3 17.2 0.1 84738.1 17.6 0.1188

VFP 10/11/2004 6.5 140 -48 34.9 15.3 18.7 2828.6 14.1 0.1

VFP 10/29/2004 6.7 6.7 10 159 31 25.9 15.7 0.125.2 15.3 0.1185

VFP 11/18/2004 6.9 6.7 9 184 -76 24.2 17.4 0.1 59123.1 16.7 0.1188

VFP 12/9/2004 6.8 6.8 5 155 -50 20.6 16.9 0.120.3 16.8 0.1175

VFP 8/18/2005 6.7 6.6 20 172 -17 48.7 20.5 0.6 8040 45.5 19.1 0.1205

VFP 8/24/2005 6.8 6.5 16 158 -41 51.9 21.8 0.151.9 21.2 0.1218

VFP 9/1/2005 6.7 6.6 19 169 1 44.5 19.2 0.6 8790 9.6 18.7 0.1195

VFP 9/7/2005 6.7 6.6 16 164 3 46.5 19.5 0.60 44.8 14.0 0.1178

6.3 6.3 5 94 -76 15.0 15.3 0.1 591 28

6.9 6.8 20 184 34 51.9 21.8 125.0 879 28

6.6 6.6 15 149 -22 35.6 17.9 12.7 752 28

Min
Max
Avg

0.6 0.5 15 90 110 36.9 6.5 124.9 288 0Range

0

0

0

0

9.6

51.9

28.4

42.3

14.0

21.2

17.1

7.2

0.1

2.0

0.3

1.9

Description: Vertical Flow Pond; Part of the Jennings Environmental Education Center's passive treatment system which receives the 
RAW untreated AMD;  A portion of the effluent of the VFP is conveyed to and is the influent for Tanks 1, 2 and 3

102

218

165

116

13.7

18.9

16.3

5.3

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

VFP 6/2/2004 0.020 0.020 0.010 0.010 0.027 0.026 0.002 0.001 0.001 0.001 208.0 208.0 0.025 0.025 0.129 0.119 0.005 0.005 0.005 0.005 54.4

VFP 6/4/2004

VFP 6/8/2004

VFP 6/16/2004 194.0 192.0 52.5

VFP 7/1/2004 0.002 0.002 0.001 0.001 0.027 0.024 0.001 0.001 0.000 0.000 203.0 183.0 0.025 0.025 0.127 0.117 0.005 0.005 0.001 0.001 54.5

VFP 7/29/2004 0.020 0.020 0.010 0.010 0.038 0.031 0.028 0.001 0.003 0.001 338.0 355.0 0.025 0.025 0.358 0.360 0.056 0.005 0.012 0.005 60.0

VFP 9/2/2004 249.0 255.0

VFP 10/11/2004 0.002 0.002 0.001 0.001 0.005 0.018 0.006 0.001 0.000 0.000 0.025 0.025 0.245 0.059 0.005 0.005 0.001 0.001 48.9

VFP 10/29/2004 0.002 0.002 0.001 0.001 0.019 0.020 0.001 0.001 0.000 0.000 223.0 209.0 0.025 0.025 0.076 0.080 0.005 0.005 0.001 0.001 54.0

VFP 11/18/2004 241.0 220.0

VFP 12/9/2004 0.002 0.002 0.001 0.001 0.010 0.010 0.001 0.001 0.000 0.000 222.0 221.0 0.025 0.025 0.102 0.097 0.005 0.005 0.001 0.001 54.5

VFP 8/18/2005 263.0 243.0 66.7

VFP 8/24/2005 0.002 0.002 0.001 0.001 0.033 0.029 0.001 0.001 0.000 0.000 262.0 262.0 0.025 0.025 0.130 0.110 0.005 0.005 0.001 0.001 65.5

VFP 9/1/2005 323.0 220.0 63.5

VFP 9/7/2005 0.002 0.002 0.001 0.001 0.024 0.023 0.001 0.001 0.000 0.000 237.0 236.0 0.025 0.025 0.111 0.108 0.005 0.005 0.001 0.001 61.0

0.002

0.020

0.007

Min
Max
Avg

0.018Range

Description: Vertical Flow Pond; Part of the Jennings Environmental Education Center's passive  system which receives the RAW 
untreated AMD;  A portion of the effluent of the VFP is conveyed to and is the influent for Tanks 1, 2 and 3;

0.002

0.020

0.007

0.018

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.005

0.038

0.023

0.033

0.010

0.031

0.023

0.021

0.001

0.028

0.005

0.028

0.001

0.001

0.001

0.001

0.000

0.003

0.001

0.003

0.000

0.001

0.000

0.001

194.0

338.0

246.9

144.0

183.0

355.0

233.7

172.0

0.025

0.025

0.025

0.000

0.025

0.025

0.025

0.000

0.076

0.358

0.160

0.282

0.059

0.360

0.131

0.301

0.005

0.056

0.011

0.051

0.005

0.005

0.005

0.000

0.001

0.012

0.003

0.012

0.001

0.005

0.002

0.005

48.9

66.7

57.8

17.8

Sunday, November 20, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

VFP 6/2/2004 54.4 0.000 0.000 0.219 0.221 2.70 2.72 0.035 0.035 0.005 0.005 2.81 2.88 0.010 0.010 0.100 0.100 0.010 0.010 0.157 0.163

VFP 6/4/2004

VFP 6/8/2004

VFP 6/16/2004

VFP 7/1/2004 48.9 0.000 0.000 0.244 0.233 2.63 2.54 0.004 0.004 0.005 0.005 2.85 2.80 0.001 0.001 0.100 0.100 0.010 0.010 0.167 0.124

VFP 7/29/2004 62.5 0.000 0.000 0.495 0.450 2.88 3.03 0.035 0.035 0.005 0.005 3.97 4.06 0.010 0.010 0.100 0.100 0.010 0.010 1.280 0.104

VFP 9/2/2004 57.0

VFP 10/11/2004 47.3 0.000 0.000 0.502 0.070 2.29 2.17 0.004 0.004 0.005 0.005 3.19 2.68 0.001 0.001 0.100 0.100 0.010 0.010 0.565 0.019

VFP 10/29/2004 50.5 0.000 0.000 0.084 0.084 2.04 2.03 0.004 0.004 0.005 0.005 3.30 3.31 0.001 0.001 0.100 0.100 0.010 0.010 0.011 0.011

VFP 11/18/2004 58.3

VFP 12/9/2004 54.0 0.000 0.000 0.112 0.111 2.36 2.25 0.004 0.004 0.005 0.005 3.70 3.82 0.001 0.001 0.100 0.100 0.010 0.010 0.011 0.037

VFP 8/18/2005

VFP 8/24/2005 65.0 0.000 0.000 0.187 0.191 2.83 2.49 0.004 0.004 0.005 0.005 3.46 3.06 0.001 0.001 0.100 0.100 0.010 0.010 0.019 0.019

VFP 9/1/2005

VFP 9/7/2005 62.0 0.000 0.000 0.179 0.181 2.19 2.16 0.004 0.004 0.005 0.005 2.88 2.83 0.001 0.001 0.100 0.100 0.010 0.010 0.020 0.019

47.3

65.0

56.0

Min
Max
Avg

17.7Range

Description: Vertical Flow Pond; Part of the Jennings Environmental Education Center's passive treatment system which receives the 
RAW untreated AMD;  A portion of the effluent of the VFP is conveyed to and is the influent for Tanks 1, 2 and 3

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.084

0.502

0.253

0.418

0.070

0.450

0.193

0.380

2.04

2.88

2.49

0.84

2.03

3.03

2.42

0.99

0.004

0.035

0.011

0.032

0.004

0.035

0.011

0.032

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

2.81

3.97

3.27

1.16

2.68

4.06

3.18

1.38

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.100

0.100

0.100

0.000

0.100

0.100

0.100

0.000

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

0.011

1.280

0.279

1.269

0.011

0.163

0.062

0.152

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 1 6/2/2004 302 10.0 11.7 300 0.9 0.9 1.458 0.0 0.0 0.6133

TANK 1 6/4/2004 237 8.4

TANK 1 6/8/2004 153 10.0 27 125

TANK 1 6/16/2004 31 10.0 10.1 73 -93 5.1 7.5 0.5 47377 0.0 0.0 0.0166 0.5

TANK 1 7/1/2004 136 9.8 8.7 79 -88 4.6 8.4 1.540 0.0 3.8 0.1127 168

TANK 1 7/29/2004 10.0 12.2 18 1113 -809 42.5 18.5 13.3949 0.1 0.1 1.0991

TANK 1 9/2/2004 140 9.5 8.4 16 59 -95 9.6 6.7 0.1 7260 0.1 2.2 0.1400 228

TANK 1 10/29/2004 76 8.5 8.4 10 105 -11 3.1 6.4 0.10 0.2 6.0 0.140 119

TANK 1 11/18/2004 78 7.5 7.3 9 100 -39 2.6 8.6 0.1 5770 0.8 8.1 0.176 105

TANK 1 12/9/2004 73 9.3 9.2 5 53 -36 0.1 2.8 0.10 0.0 2.9 0.123 55

TANK 1 7/15/2005 295 7.4175

TANK 1 7/25/2005 8.8 8.9 26 15 1.9 2.4 0.10 0.2 2.7 0.126

TANK 1 8/18/2005 75 7.8 7.7 19 185 -149 0.6 15.7 0.1 8210 0.3 15.2 0.1105 184

TANK 1 8/24/2005 75 8.1 7.8 15 166 -100 0.5 15.3 0.17 0.4 0.0 0.174 169

TANK 1 9/1/2005 8.4 8.4 19 35 -16 0.1 2.0 0.1 9780 0.0 2.0 0.137

TANK 1 9/7/2005 95 7.6 7.3 15 160 -71 5.1 17.0 0.10 0.2 17.4 0.1112 166

31 7.4 7.3 5 26 -809 0.1 0.9 0.1 473

302 10.0 12.2 19 1113 15 42.5 18.5 13.3 978

136 8.8 8.9 14 189 -124 5.9 8.6 1.3 715

Min
Max
Avg

271 2.6 4.9 14 1087 825 42.4 17.6 13.2 505Range

0

949

83

949

0.0

0.8

0.2

0.8

0.0

17.4

4.6

17.4

0.0

1.0

0.2

1.0

Description: Test Tank1; Contains EAF steel slag from Koppel Steel and receives influent from the Jennings Environmental 
Education Center (JEEC)  Vertical Flow Pond; Sampled at tank effluent pipe

23

400

126

377

26

991

191

965

0.5

0.5

0.5

0.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 1 6/2/2004 0.020 0.020 0.010 0.010 0.190 0.196 0.001 0.001 0.001 0.001 320.0 309.0 0.099 0.087 0.025 0.025 0.005 0.005 0.005 0.005 4.3

TANK 1 6/4/2004

TANK 1 6/8/2004

TANK 1 6/16/2004 248.0 232.0 23.4

TANK 1 7/1/2004 0.002 0.002 0.001 0.001 0.083 0.076 0.001 0.001 0.000 0.000 270.0 231.0 0.025 0.025 0.056 0.025 0.005 0.005 0.001 0.001 29.2

TANK 1 7/29/2004 0.020 0.020 0.010 0.010 0.956 0.789 0.003 0.001 0.001 0.001 533.0 380.0 0.025 0.025 0.182 0.025 0.005 0.005 0.012 0.005 35.5

TANK 1 9/2/2004 341.0 328.0 29.7

TANK 1 10/29/2004 0.002 0.002 0.001 0.001 0.044 0.039 0.001 0.001 0.000 0.000 229.0 226.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 36.7

TANK 1 11/18/2004 249.0 212.0 49.2

TANK 1 12/9/2004 0.002 0.002 0.001 0.001 0.022 0.022 0.001 0.001 0.000 0.000 239.0 231.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 28.9

TANK 1 7/15/2005

TANK 1 7/25/2005 0.002 0.002 0.001 0.001 0.030 0.029 0.001 0.001 0.000 0.000 228.0 226.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 14.3

TANK 1 8/18/2005 266.0 265.0 61.0

TANK 1 8/24/2005 0.002 0.002 0.001 0.001 0.093 0.059 0.001 0.001 0.000 0.000 294.0 290.0 0.025 0.025 0.055 0.051 0.005 0.005 0.001 0.001 69.0

TANK 1 9/1/2005 282.0 273.0 41.8

TANK 1 9/7/2005 0.002 0.002 0.001 0.001 0.034 0.031 0.001 0.001 0.000 0.000 245.0 251.0 0.025 0.025 0.540 0.050 0.005 0.005 0.001 0.001 59.1

0.002

0.020

0.007

Min
Max
Avg

0.018Range

Description: Test Tank1; Contains EAF steel slag from Koppel Steel and receives influent from the Jennings Environmental 
Education Center (JEEC)  Vertical Flow Pond; Sampled at tank effluent pipe

0.002

0.020

0.007

0.018

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.022

0.956

0.182

0.934

0.022

0.789

0.155

0.767

0.001

0.003

0.001

0.003

0.001

0.001

0.001

0.000

0.000

0.001

0.000

0.001

0.000

0.001

0.000

0.001

228.0

533.0

288.0

305.0

212.0

380.0

265.7

168.0

0.025

0.099

0.034

0.074

0.025

0.087

0.033

0.062

0.025

0.540

0.117

0.515

0.025

0.051

0.031

0.026

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

0.001

0.012

0.003

0.012

0.001

0.005

0.002

0.005

4.3

69.0

37.1

64.8

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 1 6/2/2004 0.1 0.000 0.000 0.059 0.054 6.33 6.19 0.035 0.035 0.005 0.005 6.60 6.67 0.010 0.010 0.100 0.100 0.021 0.010 0.015 0.005

TANK 1 6/4/2004

TANK 1 6/8/2004

TANK 1 6/16/2004

TANK 1 7/1/2004 26.2 0.000 0.000 0.114 0.031 2.73 2.64 0.004 0.004 0.005 0.005 2.97 2.96 0.001 0.001 0.100 0.100 0.010 0.010 0.062 0.005

TANK 1 7/29/2004 0.3 0.000 0.000 0.352 0.020 3.67 3.61 0.035 0.035 0.005 0.005 4.05 3.97 0.010 0.010 0.100 0.100 0.153 0.010 0.321 0.017

TANK 1 9/2/2004

TANK 1 10/29/2004 36.3 0.000 0.000 0.035 0.024 2.25 2.44 0.004 0.004 0.005 0.005 3.59 3.57 0.001 0.001 0.100 0.100 0.035 0.023 0.005 0.005

TANK 1 11/18/2004

TANK 1 12/9/2004 27.8 0.000 0.000 0.021 0.019 2.12 2.03 0.004 0.004 0.005 0.005 3.84 4.01 0.001 0.001 0.100 0.100 0.031 0.035 0.005 0.005

TANK 1 7/15/2005

TANK 1 7/25/2005 15.1 0.000 0.000 0.013 0.008 2.21 2.30 0.004 0.004 0.005 0.005 2.76 2.77 0.001 0.001 1.109 1.114 0.010 0.010 0.005 0.005

TANK 1 8/18/2005

TANK 1 8/24/2005 68.0 0.000 0.000 0.069 0.066 3.08 2.77 0.004 0.000 0.005 0.005 7.30 3.95 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

TANK 1 9/1/2005

TANK 1 9/7/2005 60.5 0.000 0.000 0.152 0.152 2.18 2.24 0.004 0.004 0.005 0.005 3.28 3.17 0.001 0.001 1.836 1.764 0.010 0.010 0.005 0.010

0.1

68.0

29.3

Min
Max
Avg

67.9Range

Description: Test Tank1; Contains EAF steel slag from Koppel Steel and receives influent from the Jennings Environmental 
Education Center (JEEC)  Vertical Flow Pond; Sampled at tank effluent pipe

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.013

0.352

0.102

0.339

0.008

0.152

0.047

0.144

2.12

6.33

3.07

4.21

2.03

6.19

3.03

4.07

0.004

0.035

0.011

0.032

0.000

0.035

0.011

0.035

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

2.76

7.30

4.30

4.54

2.77

6.67

3.88

3.90

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.100

1.836

0.443

1.736

0.100

1.764

0.435

1.664

0.010

0.153

0.035

0.143

0.010

0.035

0.015

0.025

0.005

0.321

0.053

0.316

0.005

0.017

0.007

0.012

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 2 6/2/2004 192 10.0 12.4 1560 0.2 0.2 0.11018 0.0 0.0 0.11075 0.2

TANK 2 6/4/2004 178 9.8

TANK 2 6/8/2004 93 10.0 447 530

TANK 2 6/16/2004 12 10.0 12.2 1215 -992 8.3 7.8 1.9 87777 0.1 0.0 0.311 830 0.2

TANK 2 7/1/2004 78 10.0 9.9 82 -94 2.4 9.8 0.690 0.0 0.0 0.145 187

TANK 2 7/29/2004 10.0 12.3 18 1635 -1093 41.3 14.4 7.31134 0.0 0.0 0.11218

TANK 2 9/2/2004 238 10.0 10.6 16 101 -173 1.2 4.5 0.1 646105 0.0 0.0 0.1146 206

TANK 2 10/29/2004 140 11.9 1.9 0.0 0.1268 0.0 0.0 0.13 300

TANK 2 11/18/2004 153 7.2 7.0 10 141 -75 7.7 14.3 0.1 5880 6.0 13.0 0.1118 149

TANK 2 12/9/2004 130 8.8 8.8 5 105 -78 0.7 7.1 0.10 0.0 6.5 0.131 115

TANK 2 7/15/2005 20 11.25

TANK 2 7/25/2005 11.4 11.8 318 -278 0.5 0.3 0.1312 0.0 0.0 0.1324

TANK 2 8/18/2005 78 11.6 11.7 22 289 -296 0.1 0.0 0.1 500255 0.2 0.0 0.16 278

TANK 2 8/24/2005 76 11.4 11.2 15 102 -109 0.0 0.7 0.1115 0.0 0.0 0.113 134

TANK 2 9/1/2005 11.5 11.6 19 213 -195 0.1 0.1 0.1 870190 0.0 0.0 0.1207

TANK 2 9/7/2005 25 10.6 10.4 16 40 -13 0.4 1.3 0.142 0.0 0.1 0.126 73

12 7.2 7.0 5 40 -1093 0.0 0.0 0.1 87

238 11.9 12.4 22 1635 -13 41.3 14.4 7.3 870

109 10.3 10.8 15 483 -309 5.0 4.7 0.8 538

Min
Max
Avg

226 4.7 5.4 17 1595 1080 41.3 14.4 7.2 783Range

0

1134

340

1134

0.0

6.0

0.5

6.0

0.0

13.0

1.5

13.0

0.1

0.3

0.1

0.2

Description: Test Tank 2; Contains EAF slag from Hollsopple, Pa receives flow from JEEC Vertical Flow Pond: Sampled at effluent 
pipe

3

146

40

143

73

1218

402

1145

0.2

0.2

0.2

0.1

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 2 6/2/2004 0.020 0.020 0.010 0.010 0.880 0.682 0.001 0.001 0.001 0.001 651.0 631.0 0.025 0.025 0.025 0.025 0.043 0.021 0.005 0.005 0.6

TANK 2 6/4/2004

TANK 2 6/8/2004

TANK 2 6/16/2004 473.0 418.0 24.9

TANK 2 7/1/2004 0.002 0.002 0.001 0.001 0.066 0.062 0.001 0.001 0.000 0.000 265.0 235.0 0.025 0.025 0.063 0.025 0.005 0.005 0.001 0.001 35.1

TANK 2 7/29/2004 0.020 0.020 0.010 0.010 0.659 0.669 0.002 0.001 0.001 0.001 634.0 556.0 0.025 0.025 0.129 0.025 0.031 0.005 0.005 0.005 40.9

TANK 2 9/2/2004 333.0 326.0 21.6

TANK 2 10/29/2004 0.002 0.002 0.001 0.001 0.066 0.064 0.001 0.001 0.000 0.000 265.0 250.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 0.1

TANK 2 11/18/2004 251.0 47.1 54.2

TANK 2 12/9/2004 0.002 0.002 0.001 0.001 0.019 0.017 0.001 0.001 0.000 0.000 227.0 239.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 34.5

TANK 2 7/15/2005

TANK 2 7/25/2005 0.002 0.002 0.001 0.001 0.102 0.101 0.001 0.001 0.000 0.000 262.0 262.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 4.6

TANK 2 8/18/2005 321.0 328.0 0.2

TANK 2 8/24/2005 0.002 0.002 0.001 0.001 0.082 0.071 0.001 0.001 0.000 0.000 359.0 350.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 7.3

TANK 2 9/1/2005 391.0 386.0 0.8

TANK 2 9/7/2005 0.002 0.002 0.001 0.001 0.053 0.052 0.001 0.001 0.000 0.000 317.0 317.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 20.7

0.002

0.020

0.007

Min
Max
Avg

0.018Range

Description: Test Tank 2; Contains EAF slag from Hollsopple, Pa receives flow from JEEC Vertical Flow Pond: Sampled at effluent 
pipe

0.002

0.020

0.007

0.018

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.019

0.880

0.241

0.861

0.017

0.682

0.215

0.665

0.001

0.002

0.001

0.002

0.001

0.001

0.001

0.000

0.000

0.001

0.000

0.001

0.000

0.001

0.000

0.001

227.0

651.0

365.3

424.0

47.1

631.0

334.2

583.9

0.025

0.025

0.025

0.000

0.025

0.025

0.025

0.000

0.025

0.129

0.043

0.104

0.025

0.025

0.025

0.000

0.005

0.043

0.013

0.038

0.005

0.021

0.007

0.016

0.001

0.005

0.002

0.005

0.001

0.005

0.002

0.005

0.1

54.2

18.9

54.1

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 2 6/2/2004 0.0 0.000 0.000 0.020 0.020 33.30 33.00 0.035 0.035 0.005 0.005 58.70 58.80 0.010 0.010 0.100 0.100 0.010 0.010 0.136 0.005

TANK 2 6/4/2004

TANK 2 6/8/2004

TANK 2 6/16/2004

TANK 2 7/1/2004 22.8 0.000 0.000 0.127 0.011 3.01 2.86 0.004 0.004 0.005 0.005 3.14 3.12 0.001 0.001 0.100 0.100 0.010 0.010 0.053 0.005

TANK 2 7/29/2004 0.0 0.000 0.000 0.247 0.020 9.97 9.74 0.035 0.035 0.005 0.005 7.96 8.04 0.010 0.010 0.100 0.100 0.010 0.010 0.225 0.005

TANK 2 9/2/2004

TANK 2 10/29/2004 0.3 0.000 0.000 0.002 0.002 2.73 2.61 0.004 0.004 0.005 0.005 3.84 3.85 0.001 0.001 0.100 0.100 0.023 0.023 0.005 0.005

TANK 2 11/18/2004

TANK 2 12/9/2004 35.5 0.000 0.000 0.040 0.039 2.31 2.21 0.004 0.004 0.005 5.000 4.06 3.84 0.001 0.001 0.100 0.100 0.020 0.010 0.005 0.005

TANK 2 7/15/2005

TANK 2 7/25/2005 0.0 0.000 0.000 0.012 0.007 4.29 4.29 0.004 0.004 0.005 0.005 3.35 3.36 0.001 0.001 1.328 1.272 0.010 0.010 0.005 0.005

TANK 2 8/18/2005

TANK 2 8/24/2005 5.0 0.000 0.000 0.007 0.002 3.02 2.65 0.004 0.004 0.005 0.005 3.68 3.17 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

TANK 2 9/1/2005

TANK 2 9/7/2005 15.3 0.000 0.000 0.020 0.010 2.34 2.45 0.004 0.004 0.005 0.005 2.89 2.99 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

0.0

35.5

9.9

Min
Max
Avg

35.5Range

Description: Test Tank 2; Contains EAF slag from Hollsopple, Pa receives flow from JEEC Vertical Flow Pond: Sampled at effluent 
pipe

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.002

0.247

0.059

0.245

0.002

0.039

0.014

0.037

2.31

33.30

7.62

30.99

2.21

33.00

7.48

30.69

0.004

0.035

0.011

0.032

0.004

0.035

0.011

0.032

0.005

0.005

0.005

0.000

0.005

5.000

0.629

4.995

2.89

58.70

10.95

55.81

2.99

58.80

10.90

55.81

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.100

1.328

0.254

1.228

0.100

1.272

0.247

1.172

0.010

0.023

0.013

0.013

0.010

0.023

0.012

0.013

0.005

0.225

0.055

0.220

0.005

0.005

0.005

0.000

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 3 6/2/2004 266 7.0 7.2 147 2.1 10.7 1.30 1.7 10.6 0.1156 1.5

TANK 3 6/4/2004 254 7.0

TANK 3 6/8/2004 40 7.0 0 144

TANK 3 6/16/2004 18 7.3 7.2 124 -67 0.5 11.6 0.4 5730.1 12.0 0.1120 0.2

TANK 3 7/1/2004 135 7.3 7.1 124 -73 0.1 12.6 0.10 0.0 12.0 0.1140 127

TANK 3 7/29/2004 7.8 7.4 17 121 -87 0.1 0.5 0.10.0 0.5 0.1127

TANK 3 9/2/2004 222 6.8 7.0 16 179 -141 0.5 16.7 0.1 7890.3 16.9 0.1194 177

TANK 3 10/29/2004 162 7.0 7.2 10 201 -54 3.0 16.6 0.12.9 16.7 0.149 207

TANK 3 11/18/2004 161 7.2 7.1 9 169 -125 0.9 16.0 0.1 6010 0.5 15.4 0.1151 173

TANK 3 12/9/2004 161 7.2 7.1 3 158 -124 0.2 9.3 0.10.2 8.9 0.1162

TANK 3 7/25/2005 7.3 7.3 202 -99 2.4 12.9 0.10.2 5.5 0.1201

TANK 3 8/18/2005 66 7.5 7.4 19 191 -160 0.1 17.9 0.1 7850.1 16.9 0.165 195

TANK 3 8/24/2005 65 7.5 7.4 15 181 -107 0.1 19.1 0.10 0.1 19.0 0.164 178

TANK 3 9/1/2005 7.2 7.3 19 203 -158 0.5 18.6 0.1 12990 0.2 17.5 0.1196

TANK 3 9/7/2005 26 7.8 7.5 16 170 -101 0.7 8.8 0.10 0.0 8.8 0.143 162

18 6.8 7.0 3 121 -160 0.1 0.5 0.1 573

266 7.8 7.5 19 203 -54 3.0 19.1 1.3 1299

131 7.3 7.2 14 167 -108 0.9 13.2 0.2 809

Min
Max
Avg

248 1.0 0.5 16 82 106 3.0 18.6 1.2 726Range

0

0

0

0

0.0

2.9

0.5

2.9

0.5

19.0

12.4

18.5

0.1

0.1

0.1

0.0

Description: Test Tank 3; Contains 90% CCE Vanport Limestone from Quality Aggregates Princeton Quarry and receives flow from 
the JEEC VFP; Sampled at effluent pipe

43

194

109

151

120

207

166

87

0.2

1.5

0.9

1.3

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 3 6/2/2004 0.020 0.020 0.010 0.010 0.094 0.090 0.001 0.001 0.001 0.001 218.0 220.0 0.025 0.025 0.090 0.080 0.005 0.005 0.005 0.005 50.6

TANK 3 6/4/2004

TANK 3 6/8/2004

TANK 3 6/16/2004 200.0 198.0 48.6

TANK 3 7/1/2004 0.002 0.002 0.001 0.001 0.042 0.039 0.001 0.001 0.000 0.000 235.0 213.0 0.025 0.025 0.052 0.055 0.005 0.005 0.001 0.001 55.2

TANK 3 7/29/2004 0.020 0.020 0.010 0.010 0.039 0.041 0.001 0.001 0.001 0.001 238.0 227.0 0.025 0.025 0.025 0.025 0.005 0.005 0.005 0.005 52.2

TANK 3 9/2/2004 274.0 272.0 59.5

TANK 3 10/29/2004 0.002 0.002 0.001 0.001 0.019 0.017 0.001 0.001 0.000 0.000 230.0 236.0 0.025 0.025 0.094 0.099 0.005 0.005 0.001 0.001 51.5

TANK 3 11/18/2004 255.0 230.0 58.9

TANK 3 12/9/2004 0.002 0.002 0.001 0.001 0.005 0.005 0.001 0.001 0.000 0.000 242.0 244.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 56.5

TANK 3 7/25/2005 0.002 0.002 0.001 0.001 0.155 0.038 0.001 0.001 0.000 0.000 166.0 221.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 49.6

TANK 3 8/18/2005 295.0 250.0 66.1

TANK 3 8/24/2005 0.002 0.002 0.001 0.001 0.017 0.017 0.001 0.001 0.000 0.000 298.0 292.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 70.0

TANK 3 9/1/2005 314.0 301.0 70.5

TANK 3 9/7/2005 0.002 0.002 0.001 0.001 0.014 0.013 0.001 0.001 0.000 0.000 270.0 282.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 62.0

0.002

0.020

0.007

Min
Max
Avg

0.018Range

Description: Test Tank 3; Contains 90% CCE Vanport Limestone from Quality Aggregates Princeton Quarry and receives flow from 
the JEEC VFP; Sampled at effluent pipe

0.002

0.020

0.007

0.018

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.005

0.155

0.048

0.150

0.005

0.090

0.033

0.085

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.000

0.001

0.000

0.001

0.000

0.001

0.000

0.001

166.0

314.0

248.8

148.0

198.0

301.0

245.1

103.0

0.025

0.025

0.025

0.000

0.025

0.025

0.025

0.000

0.025

0.094

0.045

0.069

0.025

0.099

0.045

0.074

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

0.001

0.005

0.002

0.005

0.001

0.005

0.002

0.005

48.6

70.5

57.8

21.9

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 3 6/2/2004 51.2 0.000 0.000 0.182 0.186 6.96 6.86 0.035 0.035 0.005 0.005 6.69 6.64 0.010 0.010 0.100 0.100 0.010 0.010 0.055 0.060

TANK 3 6/4/2004

TANK 3 6/8/2004

TANK 3 6/16/2004

TANK 3 7/1/2004 50.4 0.000 0.000 0.126 0.129 4.44 4.17 0.004 0.004 0.005 0.005 2.96 2.87 0.001 0.001 0.100 0.100 0.010 0.010 0.038 0.018

TANK 3 7/29/2004 49.9 0.000 0.000 0.020 0.020 5.16 4.97 0.035 0.035 0.005 0.005 2.93 2.85 0.010 0.010 0.100 0.100 0.010 0.010 0.005 0.005

TANK 3 9/2/2004

TANK 3 10/29/2004 52.5 0.000 0.000 0.097 0.095 2.28 2.13 0.004 0.004 0.005 0.005 3.51 3.54 0.001 0.001 0.100 0.100 0.010 0.010 0.010 0.011

TANK 3 11/18/2004

TANK 3 12/9/2004 56.5 0.000 0.000 0.094 0.094 2.24 1.95 0.004 0.004 0.005 0.005 3.98 3.90 0.001 0.001 0.100 0.100 0.010 0.010 0.010 0.011

TANK 3 7/25/2005 48.5 0.000 0.000 0.079 0.042 7.27 4.42 0.004 0.004 0.005 0.005 2.70 2.71 0.001 0.001 1.190 1.576 0.010 0.010 0.014 0.014

TANK 3 8/18/2005

TANK 3 8/24/2005 69.0 0.000 0.000 0.048 0.048 2.48 2.39 0.004 0.004 0.005 0.005 3.23 3.37 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

TANK 3 9/1/2005

TANK 3 9/7/2005 65.5 0.000 0.000 0.069 0.070 2.21 1.10 0.004 0.004 0.005 0.005 2.91 2.89 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

48.5

69.0

55.4

Min
Max
Avg

20.5Range

Description: Test Tank 3; Contains 90% CCE Vanport Limestone from Quality Aggregates Princeton Quarry and receives flow from 
the JEEC VFP; Sampled at effluent pipe

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.020

0.182

0.089

0.162

0.020

0.186

0.085

0.166

2.21

7.27

4.13

5.06

1.10

6.86

3.50

4.65

0.004

0.035

0.011

0.032

0.004

0.035

0.011

0.032

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

2.70

6.69

3.61

3.99

2.71

6.64

3.60

3.93

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.100

1.190

0.236

1.090

0.100

1.576

0.285

1.476

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

0.005

0.055

0.018

0.050

0.005

0.060

0.016

0.055

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 4 6/2/2004 10.0 12.5 1962 0.1 0.1 0.1780 0.0 0.0 0.1847 0.2

TANK 4 6/4/2004 178 10.0

TANK 4 6/8/2004 151 10.0 576 597

TANK 4 6/16/2004 135 10.0 11.5 301 -198 4.5 4.6 5.6 365259 0.0 0.0 2.3121 349 0.2

TANK 4 7/1/2004 128 10.0 11.8 422 -315 2.1 2.2 2.8392 0.0 0.0 1.1125 446

TANK 4 7/29/2004 10.0 12.3 18 1170 -701 0.6 0.4 0.51160 0.1 0.0 0.11203

TANK 4 9/2/2004 253 10.0 10.8 19 169 -192 5.0 4.0 5.1 6840.3 0.1 1.1225 150

TANK 4 10/29/2004 160 12.1 0.3 0.1 0.2317 0.1 0.0 0.115 339

TANK 4 11/18/2004 150 4.4 4.0 10 0 117 12.3 15.8 15.6 5876.8 13.9 12.5219

TANK 4 12/9/2004 7100 4.8 4.6 5 3 91 10.6 13.3 11.90 6.6 13.2 7.972 11

TANK 4 7/15/2005 20 11.318

TANK 4 7/25/2005 13 10.9 11.7 245 -217 0.0 0.0 0.1250 0.0 0.0 0.113 267

TANK 4 8/18/2005 53 11.2 11.3 20 125 -117 0.0 0.0 0.1 684124 0.3 0.0 0.138 136

TANK 4 8/24/2005 50 11.2 11.2 19 104 -89 0.0 0.0 0.198 0.0 0.0 0.149 113

TANK 4 9/1/2005 14 11.1 11.4 24 139 -126 0.0 0.0 0.1 1102136 0.0 0.0 0.113 147

TANK 4 9/7/2005 43 11.1 11.3 19 103 -93 0.0 0.0 0.190 0.0 0.0 0.141 100

13 4.4 4.0 5 0 -701 0.0 0.0 0.1 365

7100 12.1 12.5 24 1962 117 12.3 15.8 15.6 1102

603 9.9 10.4 17 395 -167 2.7 3.1 3.2 684

Min
Max
Avg

7087 7.7 8.5 19 1962 818 12.3 15.8 15.5 737Range

0

1160

349

1160

0.0

6.8

1.1

6.8

0.0

13.9

2.1

13.9

0.1

12.5

2.0

12.4

Description: Test Tank 4; Contains EAF slag from Koppel Plant receives RAW untreated AMD; Sampled at effluent pipe

13

225

79

212

11

1203

362

1192

0.2

0.2

0.2

0.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 4 6/2/2004 0.020 0.020 0.010 0.010 1.470 1.460 0.001 0.001 0.001 0.001 719.0 735.0 0.025 0.025 0.025 0.025 0.027 0.029 0.005 0.005 0.3

TANK 4 6/4/2004

TANK 4 6/8/2004

TANK 4 6/16/2004 270.0 261.0 17.0

TANK 4 7/1/2004 0.002 0.002 0.001 0.001 0.129 0.120 0.001 0.001 0.000 0.000 346.0 306.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 8.2

TANK 4 7/29/2004 0.020 0.020 0.010 0.010 0.447 0.442 0.001 0.001 0.001 0.001 501.0 461.0 0.025 0.025 0.025 0.025 0.005 0.005 0.005 0.005 1.6

TANK 4 9/2/2004 313.0 345.0 20.6

TANK 4 10/29/2004 0.002 0.002 0.001 0.001 0.069 0.068 0.001 0.001 0.000 0.000 304.0 302.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 0.6

TANK 4 11/18/2004 142.0 147.0 56.8

TANK 4 12/9/2004 0.002 0.002 0.001 0.001 0.012 0.012 0.003 0.003 0.001 0.001 181.0 180.0 0.025 0.025 0.197 0.196 0.005 0.005 0.001 0.001 49.6

TANK 4 7/15/2005

TANK 4 7/25/2005 0.002 0.002 0.001 0.001 0.085 0.089 0.001 0.001 0.001 0.001 336.0 355.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.005 0.1

TANK 4 8/18/2005 391.0 358.0 1.2

TANK 4 8/24/2005 0.002 0.002 0.001 0.001 0.072 0.066 0.001 0.001 0.000 0.000 352.0 352.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 3.4

TANK 4 9/1/2005 381.0 388.0 0.3

TANK 4 9/7/2005 0.002 0.002 0.001 0.001 0.069 0.071 0.001 0.001 0.000 0.000 361.0 361.0 0.025 0.025 0.025 0.025 0.005 0.005 0.001 0.001 2.4

0.002

0.020

0.007

Min
Max
Avg

0.018Range

Description: Test Tank 4; Contains EAF slag from Koppel Plant receives RAW untreated AMD; Sampled at effluent pipe

0.002

0.020

0.007

0.018

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.012

1.470

0.294

1.458

0.012

1.460

0.291

1.448

0.001

0.003

0.001

0.003

0.001

0.003

0.001

0.003

0.000

0.001

0.001

0.001

0.000

0.001

0.000

0.001

142.0

719.0

353.6

577.0

147.0

735.0

350.1

588.0

0.025

0.025

0.025

0.000

0.025

0.025

0.025

0.000

0.025

0.197

0.047

0.172

0.025

0.196

0.046

0.171

0.005

0.027

0.008

0.022

0.005

0.029

0.008

0.024

0.001

0.005

0.002

0.005

0.001

0.005

0.002

0.005

0.1

56.8

12.5

56.7

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 4 6/2/2004 0.0 0.000 0.000 0.020 0.020 42.10 43.90 0.035 0.035 0.005 0.005 86.60 89.80 0.010 0.010 0.100 0.100 0.010 0.010 0.013 0.015

TANK 4 6/4/2004

TANK 4 6/8/2004

TANK 4 6/16/2004

TANK 4 7/1/2004 0.0 0.000 0.000 0.080 0.013 3.34 3.11 0.004 0.004 0.005 0.005 3.74 3.51 0.001 0.001 0.100 0.100 0.010 0.010 0.079 0.005

TANK 4 7/29/2004 0.0 0.000 0.000 0.045 0.020 8.56 8.36 0.035 0.035 0.005 0.005 8.18 7.99 0.010 0.010 0.100 0.100 0.010 0.010 0.013 0.005

TANK 4 9/2/2004

TANK 4 10/29/2004 0.2 0.000 0.000 0.002 0.002 2.38 2.56 0.004 0.004 0.005 0.005 3.89 3.83 0.001 0.001 0.100 0.100 0.035 0.038 0.005 0.005

TANK 4 11/18/2004

TANK 4 12/9/2004 49.4 0.000 0.000 0.424 0.412 2.06 2.36 0.004 0.004 0.005 0.005 3.73 4.06 0.001 0.001 0.100 0.100 0.010 0.010 0.417 0.421

TANK 4 7/15/2005

TANK 4 7/25/2005 0.1 0.000 0.000 0.002 0.002 2.64 2.82 0.004 0.004 0.005 0.005 2.85 3.20 0.001 0.001 1.792 1.763 0.010 0.010 0.005 0.005

TANK 4 8/18/2005

TANK 4 8/24/2005 3.1 0.000 0.000 0.002 0.002 2.40 2.18 0.004 0.004 0.005 0.005 3.46 3.11 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

TANK 4 9/1/2005

TANK 4 9/7/2005 2.4 0.000 0.000 0.002 0.002 2.25 2.33 0.004 0.004 0.005 0.005 2.97 3.07 0.001 0.001 0.100 0.100 0.010 0.010 0.005 0.005

0.0

49.4

6.9

Min
Max
Avg

49.4Range

Description: Test Tank 4; Contains EAF slag from Koppel Plant receives RAW untreated AMD; Sampled at effluent pipe

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.002

0.424

0.072

0.422

0.002

0.412

0.059

0.410

2.06

42.10

8.22

40.04

2.18

43.90

8.45

41.84

0.004

0.035

0.011

0.032

0.004

0.035

0.011

0.032

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

2.85

86.60

14.43

83.75

3.07

89.80

14.82

86.73

0.001

0.010

0.003

0.009

0.001

0.010

0.003

0.009

0.100

1.792

0.312

1.692

0.100

1.763

0.308

1.663

0.010

0.035

0.013

0.025

0.010

0.038

0.014

0.028

0.005

0.417

0.068

0.412

0.005

0.421

0.058

0.416

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 1  FLUSH 10/11/2004 9.7 2769 -3330 977.0 274.0 123.0 10.4 0.5 0.6

9.7 2769 -3330 977.0 274.0 123.0 1

9.7 2769 -3330 977.0 274.0 123.0 1

9.7 2769 -3330 977.0 274.0 123.0 1

Min
Max
Avg

0.0 0 0 0.0 0.0 0.0 0Range

0.4

0.4

0.4

0.0

0.5

0.5

0.5

0.0

0.6

0.6

0.6

0.0

Description: Sample of flush water from Tank 1

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 1  FLUSH 10/11/2004 0.020 0.020 0.010 0.010 1.670 0.014 0.028 0.001 0.001 0.001 2920.0 217.0 0.511 0.025 2.530 0.025 0.005 0.005 0.001 0.001 761.0

0.020

0.020

0.020

Min
Max
Avg

0.000Range

Description: Sample of flush water from Tank 1

0.020

0.020

0.020

0.000

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

1.670

1.670

1.670

0.000

0.014

0.014

0.014

0.000

0.028

0.028

0.028

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

2920.0

2920.0

2920.0

0.0

217.0

217.0

217.0

0.0

0.511

0.511

0.511

0.000

0.025

0.025

0.025

0.000

2.530

2.530

2.530

0.000

0.025

0.025

0.025

0.000

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

761.0

761.0

761.0

0.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 1  FLUSH 10/11/2004 15.3 0.000 0.000 4.375 0.024 2.18 2.23 0.035 0.035 0.021 0.005 4.29 4.00 0.001 0.001 0.100 0.100 2.860 0.010 2.580 0.043

15.3

15.3

15.3

Min
Max
Avg

0.0Range

Description: Sample of flush water from Tank 1

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

4.375

4.375

4.375

0.000

0.024

0.024

0.024

0.000

2.18

2.18

2.18

0.00

2.23

2.23

2.23

0.05

0.035

0.035

0.035

0.000

0.035

0.035

0.035

0.000

0.021

0.021

0.021

0.000

0.005

0.005

0.005

0.000

4.29

4.29

4.29

0.00

4.00

4.00

4.00

0.00

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.100

0.100

0.100

0.000

0.100

0.100

0.100

0.000

2.860

2.860

2.860

0.000

0.010

0.010

0.010

0.000

2.580

2.580

2.580

0.000

0.043

0.043

0.043

0.000

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 2  FLUSH 10/11/2004 8.9 1234 -982 744.0 174.0 61.4 44540.5 0.6 0.1

8.9 1234 -982 744.0 174.0 61.4 4454

8.9 1234 -982 744.0 174.0 61.4 4454

8.9 1234 -982 744.0 174.0 61.4 4454

Min
Max
Avg

0.0 0 0 0.0 0.0 0.0 0Range

0.5

0.5

0.5

0.0

0.6

0.6

0.6

0.0

0.1

0.1

0.1

0.0

Description: Sample of flush water from Tank 2

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 2  FLUSH 10/11/2004 0.020 0.020 0.010 0.010 0.625 0.005 0.018 0.001 0.001 0.001 2010.0 96.0 0.060 0.025 2.260 0.025 0.005 0.005 0.015 0.001 457.0

0.020

0.020

0.020

Min
Max
Avg

0.000Range

Description: Sample of flush water from Tank 2

0.020

0.020

0.020

0.000

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

0.625

0.625

0.625

0.000

0.005

0.005

0.005

0.000

0.018

0.018

0.018

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

2010.0

2010.0

2010.0

0.0

96.0

96.0

96.0

0.0

0.060

0.060

0.060

0.000

0.025

0.025

0.025

0.000

2.260

2.260

2.260

0.000

0.025

0.025

0.025

0.000

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

0.015

0.015

0.015

0.000

0.001

0.001

0.001

0.000

457.0

457.0

457.0

0.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 2  FLUSH 10/11/2004 16.6 0.000 0.000 3.475 0.010 2.78 2.56 0.035 0.035 0.018 0.005 3.99 3.45 0.001 0.001 0.100 0.100 0.533 0.010 2.100 0.005

16.6

16.6

16.6

Min
Max
Avg

0.0Range

Description: Sample of flush water from Tank 2

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

3.475

3.475

3.475

0.000

0.010

0.010

0.010

0.000

2.78

2.78

2.78

0.00

2.56

2.56

2.56

-0.22

0.035

0.035

0.035

0.000

0.035

0.035

0.035

0.000

0.018

0.018

0.018

0.000

0.005

0.005

0.005

0.000

3.99

3.99

3.99

0.00

3.45

3.45

3.45

0.00

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.100

0.100

0.100

0.000

0.100

0.100

0.100

0.000

0.533

0.533

0.533

0.000

0.010

0.010

0.010

0.000

2.100

2.100

2.100

0.000

0.005

0.005

0.005

0.000

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 3  FLUSH 10/11/2004 6.8 190 -115 149.0 17.6 4.2 2789.6 14.5 0.1

6.8 190 -115 149.0 17.6 4.2 278

6.8 190 -115 149.0 17.6 4.2 278

6.8 190 -115 149.0 17.6 4.2 278

Min
Max
Avg

0.0 0 0 0.0 0.0 0.0 0Range

9.6

9.6

9.6

0.0

14.5

14.5

14.5

0.0

0.1

0.1

0.1

0.0

Description: Sample of flush water from Tank 3

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 3  FLUSH 10/11/2004 0.022 0.002 0.001 0.001 0.436 0.019 0.002 0.001 0.000 0.000 259.0 211.0 0.025 0.025 0.099 0.206 0.005 0.005 0.010 0.001 50.0

0.022

0.022

0.022

Min
Max
Avg

0.000Range

Description: Sample of flush water from Tank 3

0.002

0.002

0.002

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.436

0.436

0.436

0.000

0.019

0.019

0.019

0.000

0.002

0.002

0.002

0.000

0.001

0.001

0.001

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

259.0

259.0

259.0

0.0

211.0

211.0

211.0

0.0

0.025

0.025

0.025

0.000

0.025

0.025

0.025

0.000

0.099

0.099

0.099

0.000

0.206

0.206

0.206

0.000

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

0.010

0.010

0.010

0.000

0.001

0.001

0.001

0.000

50.0

50.0

50.0

0.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 3  FLUSH 10/11/2004 45.3 0.000 0.000 0.158 0.074 2.85 2.38 0.004 0.004 0.005 0.005 3.13 3.48 0.001 0.001 0.100 0.100 0.010 0.010 0.095 0.015

45.3

45.3

45.3

Min
Max
Avg

0.0Range

Description: Sample of flush water from Tank 3

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.158

0.158

0.158

0.000

0.074

0.074

0.074

0.000

2.85

2.85

2.85

0.00

2.38

2.38

2.38

-0.47

0.004

0.004

0.004

0.000

0.004

0.004

0.004

0.000

0.005

0.005

0.005

0.000

0.005

0.005

0.005

0.000

3.13

3.13

3.13

0.00

3.48

3.48

3.48

0.00

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.100

0.100

0.100

0.000

0.100

0.100

0.100

0.000

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

0.095

0.095

0.095

0.000

0.015

0.015

0.015

0.000

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered



Sample Point Date
Flow In 
(ml/min)

Field 
pH

Lab 
pH

Field 
Temp (C)

Alk (Lab) 
(mg/L)

Acid. 
(mg/L)

Fe 
(mg/L)

Mn 
(mg/L)

Al 
(mg/L)

Sulfate 
(mg/L)

Susp. Solids 
(mg/L)

Manganese Recovery Water Quality Database
Phenol 

D. Fe 
(mg/L)

D. Mn 
(mg/L)

D. Al 
(mg/L)

Flow Out 
(ml/min) Total 

Alk (Field) (mg/L) Fe+2 
(mg/L)

TANK 4  FLUSH 10/11/2004 8.6 1198 -1085 517.0 112.0 237.0 19480.3 0.4 0.7

8.6 1198 -1085 517.0 112.0 237.0 1948

8.6 1198 -1085 517.0 112.0 237.0 1948

8.6 1198 -1085 517.0 112.0 237.0 1948

Min
Max
Avg

0.0 0 0 0.0 0.0 0.0 0Range

0.3

0.3

0.3

0.0

0.4

0.4

0.4

0.0

0.7

0.7

0.7

0.0

Description: Sample of flush water from Tank 4

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
As 

(mg/L)

Manganese Recovery Water Quality Database
D. As 
(mg/L)

Sb 
(mg/L)

D. Sb 
(mg/L)

Ba 
(mg/L)

D. Ba 
(mg/L)

Be 
(mg/L)

D. Be 
(mg/L)

Cd 
(mg/L)

D. Cd 
(mg/L)

Ca 
(mg/L)

D. Ca 
(mg/L)

Cr 
(mg/L)

D. Cr 
(mg/L)

Co 
(mg/L)

D. Co 
(mg/L)

Cu 
(mg/L)

D. Cu 
(mg/L)

Pb 
(mg/L)

D. Pb 
(mg/L)

Mg 
(mg/L)

TANK 4  FLUSH 10/11/2004 0.020 0.002 0.000 0.001 0.147 0.024 0.054 0.001 0.001 0.001 432.0 230.0 0.198 0.025 1.900 0.025 0.224 0.005 0.015 0.001 492.0

0.020

0.020

0.020

Min
Max
Avg

0.000Range

Description: Sample of flush water from Tank 4

0.002

0.002

0.002

0.000

0.000

0.000

0.000

0.000

0.001

0.001

0.001

0.000

0.147

0.147

0.147

0.000

0.024

0.024

0.024

0.000

0.054

0.054

0.054

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

432.0

432.0

432.0

0.0

230.0

230.0

230.0

0.0

0.198

0.198

0.198

0.000

0.025

0.025

0.025

0.000

1.900

1.900

1.900

0.000

0.025

0.025

0.025

0.000

0.224

0.224

0.224

0.000

0.005

0.005

0.005

0.000

0.015

0.015

0.015

0.000

0.001

0.001

0.001

0.000

492.0

492.0

492.0

0.0

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of that value was entered



Sample Point Date
Hg 

(mg/L)

Manganese  Recovery Water Quality Database
D. Hg 
(mg/L)

Ni 
(mg/L)

D. Ni 
(mg/L)

K 
(mg/L)

D. K 
(mg/L)

Se 
(mg/L)

D. Se 
(mg/L)

Ag 
(mg/L)

D. Ag 
(mg/L)

Na 
(mg/L)

D. Na 
(mg/L)

Tl 
(mg/L)

D. Tl 
(mg/L)

Sn 
(mg/L)

D. Sn 
(mg/L)

V 
(mg/L)

D. V 
(mg/L)

Zn 
(mg/L)

D. Zn 
(mg/L)

D. Mg 
(mg/L)

TANK 4  FLUSH 10/11/2004 27.8 0.000 0.000 4.225 0.012 2.33 2.36 0.035 0.035 0.010 0.010 3.41 3.26 0.001 0.001 0.100 0.100 0.434 0.010 4.920 0.000

27.8

27.8

27.8

Min
Max
Avg

0.0Range

Description: Sample of flush water from Tank 4

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.000

4.225

4.225

4.225

0.000

0.012

0.012

0.012

0.000

2.33

2.33

2.33

0.00

2.36

2.36

2.36

0.03

0.035

0.035

0.035

0.000

0.035

0.035

0.035

0.000

0.010

0.010

0.010

0.000

0.010

0.010

0.010

0.000

3.41

3.41

3.41

0.00

3.26

3.26

3.26

0.00

0.001

0.001

0.001

0.000

0.001

0.001

0.001

0.000

0.100

0.100

0.100

0.000

0.100

0.100

0.100

0.000

0.434

0.434

0.434

0.000

0.010

0.010

0.010

0.000

4.920

4.920

4.920

0.000

0.000

0.000

0.000

0.000

Tuesday, November 01, 2005 Mn Recovery (1191122)

All values reported; For parameters whose laboratory values were less than the lower detection limit, 1/2 of the lower detection value was entered
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Report: A05-3106 Final Report
Activation Laboratories

Element: SiO2 Al2O3 Fe2O3(T) MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Total
Units: % % % % % % % % % % % %
Detection Limit: 0.01 0.01 0.01 0.001 0.01 0.01 0.01 0.01 0.001 0.01 0.01 0.01
Reference Method: FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP FUS-ICP
Client I.D.
DSI-A 6.6 7.2 3.27 52.94 0.61 2.91 0.06 0.53 0.053 0.12 25.15 99.45
DSI-B 7.64 7.16 3.78 52.39 0.72 3.85 0.03 0.48 0.068 0.14 23.45 99.71
DS2 34.18 7.02 2.62 36.63 0.7 1.84 0.14 0.91 0.443 0.09 15.1 99.67
TANK 1 10 1.44 37.32 5.264 1.82 17.32 0.14 < 0.01 0.01 0.42 25.34 99.06
TANK 2 20.23 4.11 19.8 2.27 8.85 16.71 0.09 0.36 0.177 0.22 26.42 99.23
TANK 3 12.28 2.5 41.74 17.32 0.41 4.57 0.11 0.19 0.121 0.39 19.39 99.02
TANK 4 18.1 16.08 19.19 2.877 11.23 3.74 0.08 0.22 0.043 0.05 27.27 98.88
HW1 6.76 1.02 5.5 51.73 0.65 3.61 0.06 0.45 0.039 0.16 29.22 99.2
B1VFP-1 16.34 25.9 9.69 13.17 1.67 1.72 0.04 0.23 0.092 0.09 30.52 99.46
FE 1 1.22 0.16 65.91 0.022 0.03 0.02 0.03 < 0.01 0.002 0.05 32.38 99.81
FE 2 12.2 2.08 62.07 0.025 0.13 0.04 0.06 0.37 0.136 0.33 22.39 99.83
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Report: A05-3106 Final Report
Activation Laboratories

Element:
Units:
Detection Limit:
Reference Method:
Client I.D.
DSI-A
DSI-B
DS2
TANK 1
TANK 2
TANK 3
TANK 4
HW1
B1VFP-1
FE 1
FE 2

Au Ag As Ba Be Bi Br Cd Co Cr Cs Cu Hf Hg Ir Mo Ni Pb Rb Sb S
ppb ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppb ppm ppm ppm ppm ppm %

1 0.5 1 1 1 0.5 0.1 0.5 0.2 0.2 1 1 2 10 0.1
INAA MULT INAA / TD-ICP INAA FUS-ICP FUS-ICP TD-ICP INAA TD-ICP INAA INAA INAA TD-ICP INAA INAA INAA INAA TD-ICP TD-ICP INAA INAA TD-ICP

6 30.6 11 377 13 < 2 8.8 1.4 6130 9.6 < 0.2 16 < 0.2 < 1 < 1 7 2800 21 < 10 < 0.1 0.653
4 28.6 19 447 14 3 5.9 2 5020 25.8 < 0.2 17 < 0.2 < 1 < 1 < 2 3170 21 < 10 1.5 0.607
7 19.5 11 391 6 2 < 0.5 2 2480 29.6 2.6 20 10.4 < 1 < 1 < 2 1120 27 < 10 0.8 0.256

< 1 < 0.5 15 238 4 < 2 2.5 1.4 1230 57.4 < 0.2 3 < 0.2 < 1 < 1 < 2 1060 < 5 < 10 1.2 0.38
< 1 1.1 11 201 2 < 2 4 1.4 312 222 < 0.2 28 1.9 < 1 < 1 5 397 14 < 10 0.5 0.546
< 1 < 0.5 26 609 2 < 2 < 0.5 1.7 2370 14.9 1.8 4 < 0.2 < 1 < 1 4 2330 < 5 < 10 2.8 0.316
< 1 < 0.5 2 41 17 < 2 < 0.5 2.6 688 133 3.3 164 1.8 < 1 < 1 < 2 1240 11 < 10 0.5 1.5
< 1 31 < 1 282 < 1 < 2 33 < 0.5 2600 11.6 < 0.2 < 1 < 0.2 < 1 < 1 < 2 2680 14 < 10 < 0.1 0.413
< 1 < 0.5 < 1 96 44 < 2 < 0.5 5.7 3410 106 2.7 157 < 0.2 < 1 < 1 < 2 2080 10 < 10 < 0.1 1.35
< 1 2 3 6 < 1 < 2 2.7 3.6 4.5 10 < 0.2 2 < 0.2 < 1 < 1 < 2 < 1 < 5 < 10 0.2 4.06
13 2 28 64 < 1 < 2 3.9 3 6.3 28.4 1.2 8 3.3 < 1 < 1 34 1 < 5 < 10 0.8 2.3
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Report: A05-3106 Final Report
Activation Laboratories

Element:
Units:
Detection Limit:
Reference Method:
Client I.D.
DSI-A
DSI-B
DS2
TANK 1
TANK 2
TANK 3
TANK 4
HW1
B1VFP-1
FE 1
FE 2

Sc Se Sr Ta Th U V W Y Zn Zr La Ce Nd Sm Eu Tb Yb Lu Mass
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm g
0.01 0.5 2 0.3 0.1 0.1 5 1 1 1 2 0.05 1 1 0.01 0.05 0.1 0.05 0.01

INAA INAA FUS-ICP INAA INAA INAA FUS-ICP INAA FUS-ICP MULT INAA / TD-ICP FUS-ICP INAA INAA INAA INAA INAA INAA INAA INAA INAA

2.55 < 0.5 107 < 0.3 < 0.1 6.2 < 5 < 1 328 2830 < 2 121 271 140 38.2 13.5 7 24.1 2.72 0.5736
2.64 < 0.5 134 < 0.3 < 0.1 8.8 < 5 < 1 364 3270 < 2 128 254 137 36.7 12.4 7 23.8 2.58 0.7268
6.02 < 0.5 106 < 0.3 5.6 4.9 14 < 1 198 1400 207 99.4 220 115 26.9 9 4.9 15.2 1.63 1.084
1.02 < 0.5 126 < 0.3 < 0.1 < 0.1 276 73 52 730 < 2 6.32 22 20 5.49 1.86 1.1 3.07 0.32 0.8012
2.96 < 0.5 165 1.1 2.4 2.8 114 9 29 237 83 11.8 26 17 3.67 0.98 0.6 2.33 0.28 0.7477
2.71 < 0.5 111 < 0.3 < 0.1 6.4 10 < 1 39 731 < 2 12 30 21 4.59 1.39 0.7 1.81 0.27 0.7787
6.65 < 0.5 28 < 0.3 1.2 5.2 104 8 320 1320 61 28.6 158 151 46 18.1 8 31.3 3.24 0.471
0.96 < 0.5 228 < 0.3 < 0.1 2.5 < 5 < 1 6 837 < 2 5.21 12 5 0.94 < 0.05 < 0.1 0.33 0.04 0.4418
35.5 < 0.5 55 < 0.3 3.8 14.8 81 21 250 3710 53 28.1 136 123 27.7 10.3 10 26.3 4.26 0.4956
0.69 < 0.5 2 < 0.3 0.5 < 0.1 36 < 1 2 23 13 1.1 4 3 0.58 0.14 < 0.1 0.28 0.03 1.693
3.42 < 0.5 28 < 0.3 1.8 1.7 73 < 1 7 43 90 7.45 17 7 1.47 0.43 0.2 0.93 0.14 1.205
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LABORATORY REPORT 
RJ Lee Group Project No.  XRH509280 

 
 
 
FOR:  Mr. Cliff Denholm 
  BioMost, Inc. 
  3016 Unionville Road 
  Cranberry Twp, PA  16066 
 
 
ANALYSIS: X-ray Diffraction for Crystalline Phases 
 
A portion of each sample was ground, mixed with calcium fluoride as an internal standard and back-loaded into an 
XRD holder for analysis. The sample was run on a PANalytical X’Pert Pro diffractometer equipped with copper 
radiation.  Semi-quantitative concentrations are based on pure mineral standards mixed with calcium fluoride. 
 
 
Client Sample Identification: Tank 1 
RJ Lee Group Sample No: 0494677 
            Concentration 
Phase Name                               Composition                       Weight %  
Amorphous iron hydroxides FeOOH Major 
Calcite CaCO3 10 - 15 
Magnetite Fe3O4 5 - 10 
 
 
Client Sample Identification: Tank 2 
RJ Lee Group Sample No: 0494678 
            Concentration 
Phase Name                               Composition                       Weight %  
Amorphous iron hydroxides FeOOH Major 
Calcite CaCO3 15 - 20 
Quartz SiO2 13.3 
Kaolinite Al2Si2O5(OH)4  1 - 3 
Dolomite CaMg(CO3)2  1 - 3 
Muscovite KAl2(AlSi3)O10(OH)2 1 - 3 
 
 
Client Sample Identification: Tank 3 
RJ Lee Group Sample No: 0494679 
            Concentration 
Phase Name                               Composition                       Weight %  
Amorphous iron hydroxides FeOOH Major 
Muscovite KAl2(AlSi3)O10(OH)2 3 - 5 
Quartz SiO2 2.4 
Calcite CaCO3 1 - 3 
 
 
 
 
 
 
 
 



Client Sample Identification: Tank 4 
RJ Lee Group Sample No: 0494680 
            Concentration 
Phase Name                               Composition                       Weight %  
Amorphous iron hydroxides FeOOH Major 
Gypsum CaSO4 • 2H2O 5 - 10 
Magnetite Fe3O4 3 - 5 
Periclase MgO 3 - 5 
Hausmannite Mn3O4 3 - 5 
Calcite CaCO3 1 - 3 
Quartz SiO2 0.4 
 
 
Client Sample Identification: Fe 1 
RJ Lee Group Sample No: 0494681 
            Concentration 
Phase Name                               Composition                       Weight %  
Goethite FeOOH Major 
 
 
Client Sample Identification: Fe 2 
RJ Lee Group Sample No: 0494682 
            Concentration 
Phase Name                               Composition                       Weight %  
Goethite FeOOH Major 
Quartz SiO2 6.5 
Muscovite KAl2(AlSi3)O10(OH)2 1 - 3 
 
 
Client Sample Identification: DSI - A 
RJ Lee Group Sample No: 0494683 
            Concentration 
Phase Name                               Composition                       Weight %  
Birnessite NaMn2O4 • 1.5H2O Major 
Todorokite NaMn3O6 • 3H2O Major 
Takanelite CaMn4O9 • 3H2O Major 
Calcite CaCO3 5 - 10 
Quartz SiO2 1.2 
 
 
Client Sample Identification: DSI - B 
RJ Lee Group Sample No: 0494684 
            Concentration 
Phase Name                               Composition                       Weight %  
Birnessite NaMn2O4 • 1.5H2O Major 
Todorokite NaMn3O6 • 3H2O Major 
Calcite CaCO3 3 - 5 
Quartz SiO2 1.8 
 
 
Client Sample Identification: DS2 
RJ Lee Group Sample No: 0494685 
            Concentration 
Phase Name                               Composition                       Weight %  
Birnessite NaMn2O4 • 1.5H2O Major 
Quartz SiO2 14.3 
Muscovite KAl2(AlSi3)O10(OH)2 3 - 5 
Calcite CaCO3 1 - 3 



Client Sample Identification: HW 1 
RJ Lee Group Sample No: 0494686 
            Concentration 
Phase Name                               Composition                       Weight %  
Birnessite NaMn2O4 • 1.5H2O Major 
Todorokite NaMn3O6 • 3H2O Major 
Quartz SiO2 0.6 
 
 
Client Sample Identification: BLV FP-1 
RJ Lee Group Sample No: 0494687 
            Concentration 
Phase Name                               Composition                       Weight %  
Todorokite NaMn3O6 • 3H2O Major 
Quartz SiO2 2.3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Authorized  Signature______________________________         Date____________ 

                   Stephen A. Brown 
                     Manager, X-ray Diffraction Group 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These results are submitted pursuant to RJ Lee Group's current terms and conditions of sale, including the company's standard warranty and 
limitation of liability provisions.  No responsibility is assumed for the manner in which the results are used or interpreted.  Unless notified in 
writing to return the samples covered by this report, RJ Lee Group will store the samples for a period of thirty (30) or liability days before 
discarding.  A shipping and handling fee will be assessed for the return of any samples.  This laboratory operates in accord with ISO 17025 
guidelines, and holds limited scopes of accreditation under AIHA lab ID 100364, NY ELAP Lab Code 101208-0, EPA Lab Code PA00162, CA 
ELAP Certificate 1970, PA DEP lab ID 02-00396, VA DCLS Lab ID 00297, and LA DEQ Agency Interest 94775.  This report may not be used to 
claim product endorsement by any laboratory accrediting agency. 



RJ LeeGroup,  Inc.    
350 Hochberg Road  Monroeville, PA 15146

Voice 724/325-1776  Fax 724/733-1799

BioMost, Inc. REPORT DATE: September 26, 2005
3016 Unionville Road SAMPLES RECEIVED    September 9, 2005
Cranberry Twp., PA  16066 RJ LEE GROUP JOB NO. XRH509280
ATTENTION:  Mr. Cliff Denholm CLIENT JOB NO. N/A
TELEPHONE:  (724) 776 - 0161 PURCHASE ORDER NO. N/A

Table 1 of 3

ANALYSIS:    Bulk Chemical Composition 
METHODS:    X - ray Fluorescence (XRF)

Client Sample No.: Tank 1 Tank 2 Tank 3 Tank 4
RJ Lee Group No.: 0494677 0494678 0494679 0494680

Oxide ( Weight % ) ( Weight % ) ( Weight % ) ( Weight % )

Na2O 0.06 0.07 0.10 0.04

MgO 2.12 10.8 0.31 11.4
Al2O3 1.76 4.55 2.09 17.1
SiO2 11.9 20.3 9.53 17.1
P2O5 0.45 0.26 0.35 0.04
SO3 0.68 1.43 0.56 3.01

Cl < 0.02 < 0.02 0.02 0.02
K2O < 0.01 0.41 0.25 0.04
CaO 9.46 15.7 4.49 2.48
TiO2 0.01 0.17 0.08 0.03
V2O5 0.07 0.03 < 0.01 0.02
Cr2O3 < 0.01 0.04 0.02 0.02
MnO 4.86 2.19 15.4 2.34
Fe2O3 39.5 20.9 42.4 14.7

CoO 0.19 0.07 0.28 0.08
NiO 0.16 0.05 0.34 0.13
ZnO 0.12 0.04 0.11 0.16
SrO 0.01 0.02 0.02 < 0.01
BaO 0.04 < 0.01 0.08 < 0.01

LOI 28.6 22.9 23.5 31.2

Date

These results are submitted pursuant to RJ Lee Group's current terms and conditions of sale, including the company's standard warranty and limitation of liability provisions.  
No responsibility or liability is assumed for the manner in which the results are used or interpreted.  Unless notified in writing to return the samples covered by this report, 
RJ Lee Group will store the samples for a period of thirty (30) days before discarding.  A shipping and handling fee will be assessed for the return of any samples.  This laboratory 
operates in accord with ISO 17025 guidelines, and holds limited scopes of accrediation under AIHA lab ID 100364, NY ELAP Lab Code 101208-0, EPA Lab Code PA00162,
CA ELAP Certificate 1970, PA DEP lab ID 02-00396, VA DCLS Lab ID 00297, and LA DEQ Agency Interest 94775.  This report may not be used to claim product
endorsement by any laboratory accrediting agency.

Monroeville, PA * San Leandro, CA * Washington, DC * Pasco, WA * New York, NY

Stephen A. Brown
Manager,  X-ray Analysis Group

LABORATORY  REPORT



RJ LeeGroup,  Inc.    
350 Hochberg Road  Monroeville, PA 15146

Voice 724/325-1776  Fax 724/733-1799

BioMost, Inc. REPORT DATE: September 26, 2005
3016 Unionville Road SAMPLES RECEIVED    September 9, 2005
Cranberry Twp., PA  16066 RJ LEE GROUP JOB NO. XRH509280
ATTENTION:  Mr. Cliff Denholm CLIENT JOB NO. N/A
TELEPHONE:  (724) 776 - 0161 PURCHASE ORDER NO. N/A

Table 2 of 3

ANALYSIS:    Bulk Chemical Composition 
METHODS:    X - ray Fluorescence (XRF)

Client Sample No.: Fe 1 Fe 2 DSI-A DSI-B
RJ Lee Group No.: 0494681 0494682 0494683 0494684

Oxide ( Weight % ) ( Weight % ) ( Weight % ) ( Weight % )

Na2O 0.06 0.08 0.09 < 0.01

MgO < 0.01 0.13 0.55 0.69
Al2O3 0.13 2.24 7.09 6.25
SiO2 0.92 7.90 5.58 5.75
P2O5 0.05 0.28 0.09 0.10
SO3 10.0 6.18 1.44 0.90

Cl < 0.02 < 0.02 0.03 < 0.02
K2O 0.01 0.29 0.44 0.45
CaO 0.03 0.04 5.25 4.21
TiO2 < 0.01 0.10 0.03 0.04
V2O5 < 0.01 0.01 < 0.01 < 0.01
Cr2O3 < 0.01 0.01 < 0.01 < 0.01
MnO 0.01 0.03 45.7 46.1
Fe2O3 52.9 57.7 2.48 2.60

CoO < 0.01 < 0.01 0.62 0.52
NiO < 0.01 < 0.01 0.42 0.60
ZnO < 0.01 < 0.01 0.41 0.54
SrO < 0.01 < 0.01 0.02 0.01
BaO < 0.01 < 0.01 0.03 0.05

LOI 35.9 25.0 29.7 31.1

Date

These results are submitted pursuant to RJ Lee Group's current terms and conditions of sale, including the company's standard warranty and limitation of liability provisions.  
No responsibility or liability is assumed for the manner in which the results are used or interpreted.  Unless notified in writing to return the samples covered by this report, 
RJ Lee Group will store the samples for a period of thirty (30) days before discarding.  A shipping and handling fee will be assessed for the return of any samples.  This laboratory 
operates in accord with ISO 17025 guidelines, and holds limited scopes of accrediation under AIHA lab ID 100364, NY ELAP Lab Code 101208-0, EPA Lab Code PA00162,
CA ELAP Certificate 1970, PA DEP lab ID 02-00396, VA DCLS Lab ID 00297, and LA DEQ Agency Interest 94775.  This report may not be used to claim product
endorsement by any laboratory accrediting agency.

Monroeville, PA * San Leandro, CA * Washington, DC * Pasco, WA * New York, NY

Stephen A. Brown
Manager,  X-ray Analysis Group

LABORATORY  REPORT



RJ LeeGroup,  Inc.    
350 Hochberg Road  Monroeville, PA 15146

Voice 724/325-1776  Fax 724/733-1799

BioMost, Inc. REPORT DATE: September 26, 2005
3016 Unionville Road SAMPLES RECEIVED    September 9, 2005
Cranberry Twp., PA  16066 RJ LEE GROUP JOB NO. XRH509280
ATTENTION:  Mr. Cliff Denholm CLIENT JOB NO. N/A
TELEPHONE:  (724) 776 - 0161 PURCHASE ORDER NO. N/A

Table 3 of 3

ANALYSIS:    Bulk Chemical Composition 
METHODS:    X - ray Fluorescence (XRF)

Client Sample No.: DS2 HW 1 BLV FP-1
RJ Lee Group No.: 0494685 0494686 0494687

Oxide ( Weight % ) ( Weight % ) ( Weight % )

Na2O 0.15 0.08 < 0.02

MgO 0.92 0.68 1.28
Al2O3 8.11 0.97 25.9
SiO2 17.7 7.45 14.3
P2O5 0.09 0.13 0.08
SO3 0.65 1.18 3.28

Cl 0.03 0.03 < 0.02
K2O 0.80 0.42 0.18
CaO 2.91 3.83 1.58
TiO2 0.25 0.03 0.07
V2O5 < 0.01 < 0.01 0.02
Cr2O3 0.01 < 0.01 0.02
MnO 43.4 42.6 9.08
Fe2O3 2.95 5.80 7.46

CoO 0.44 0.30 0.28
NiO 0.17 0.46 0.22
ZnO 0.24 0.13 0.43
SrO 0.02 0.03 < 0.01
BaO 0.06 0.04 < 0.01

LOI 21.0 35.8 35.7

Date

These results are submitted pursuant to RJ Lee Group's current terms and conditions of sale, including the company's standard warranty and limitation of liability provisions.  
No responsibility or liability is assumed for the manner in which the results are used or interpreted.  Unless notified in writing to return the samples covered by this report, 
RJ Lee Group will store the samples for a period of thirty (30) days before discarding.  A shipping and handling fee will be assessed for the return of any samples.  This laboratory 
operates in accord with ISO 17025 guidelines, and holds limited scopes of accrediation under AIHA lab ID 100364, NY ELAP Lab Code 101208-0, EPA Lab Code PA00162,
CA ELAP Certificate 1970, PA DEP lab ID 02-00396, VA DCLS Lab ID 00297, and LA DEQ Agency Interest 94775.  This report may not be used to claim product
endorsement by any laboratory accrediting agency.

Monroeville, PA * San Leandro, CA * Washington, DC * Pasco, WA * New York, NY

Stephen A. Brown
Manager,  X-ray Analysis Group

LABORATORY  REPORT
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STUDIES OF COATINGS AND CHEMICAL PROCESSES, 
DESALE AND OHIOPYLE  PASSIVE TREATMENT SITES 

 
Arthur W. Rose PG 

726 Edgewood Circle 
State College, PA 16801 

September 8, 2004 
 
 On April 16-17 I participated on a field trip to several passive treatment sites in western 
Pennsylvania.   As part of this, I collected or was given a number of samples to study the 
mineralogy and chemistry of the coatings on limestone fragments and other materials.   This 
report summarizes the results of mineralogical and chemical studies made on these samples.   
  
DeSale Manganese Beds 
 Two samples of black material from Mn treatment systems at DeSale were provided by 
Margaret Dunn.   I understand these are from the DeSale #3 site.   One sample, labeled MD-1 by 
me, consisted of black glassy scales from a pipe, and the second sample was granular to powdery 
black material that I labeled MD-2. 
 The samples were ground and mounted on glass slides with a small amount of water.   
Slide MD-2 was analyzed by X-ray diffraction at the Materials Research Lab at Penn State 
(Figure 1).   The X-ray pattern was run with Cu radiation at 5 degrees per minute.   The pattern is 
identified as the mineral group todorokite, a complex Mn oxide, plus subordinate quartz.   
Todorokite has a tunnel structure of Mn-O units, with charge-balancing cations in the tunnels 
(Rose et al., 2003).   An example formula is Ca0.8Mn4O8(H2O)2.   In this example, the Mn is 
mostly Mn4+ but with some Mn3+ allowing for the presence of the Ca. 
 Portions of the ground Mn-oxide samples of about 25 mg were dissolved in 25 ml of 10% 
HCl plus a few drops of 30% H2O2.   A small residue remained.   The samples were analyzed by 
Henry Gong of the Materials Characterization Laboratory at Penn State using ICP-ES.   Analyses 
are listed in Table 1, after conversion of elemental concentrations to oxides and hydroxides. 
 The chemical analyses can be calculated to 35 to 40% MnO2, 0.5 to 1.1% FeO, 2.6-2.7% 
Al (OH)3, 0.8 to 1.7% CaO, 1.6 to 2.9% K2O and lesser amounts of SiO2 and MgO.  The 
remainder, about 50 to 57%, is apparently H2O.   Todorokite was also found to be the major Mn 
precipitate at the PBS Mn-removal bed in Somerset Co. (Rose et al., 2003).   It is found in some 
deep-sea Mn nodules.   The high concentration of Ca, Na and other cations in AMD and sea water 
may be a factor in formation of todorokite. 
 
Ohiopyle site 
 The Ohiopyle site is located in Ohiopyle State Park, Stewart Township, Fayette Co., PA.   
It consists of several systems treating different flows of differing chemistry.   Most of the samples 
studied are from the AC limestone bed and the B1 slag vertical flow pond.   Samples studied are 
as follows: 
 OP1A White coating from a 4 in. chunk of limestone near the inflow to the ACVFPN 
limestone bed. 
 OP1B White coating and some underlying gray coating on the opposite side of sample 
OP1.  Does not fizz with 10% acid. 
 OP1C Harder gray material underneath the white coating of OP1A and B.   Fizzes 
gently with 10% acid. 
 OP1D Light gray hard material on surface of sample OP1.  Doesn’t fizz. 
 OP1E Light gray rock from broken surface of chunk.  Slight fizz. 
 OP3A Thick (1 mm) white coating on chunk of rock from outflow of slag bed (B1VFP). 
Fizzes vigorously, but considerable residue. 



 OP4A Black coating on a chunk of slag from the slag bed (B1VFP).  Slight gray coating 
on top of the black. 
 Samples were made into XRD mounts as with the MD samples, and XRD patterns made 
as before.   The patterns are shown as Figures 2 to 6. 
 The interpreted mineral composition is as follows: 
 OP1A Amorphous Al(?) precipitate (as indicated by hump at 20-35o 2θ), minor quartz 
and dolomite. 
 OP1B Amorphous Al(?) precipitate as indicated by strong hump. 
 OP1C-1  Dolomite, quartz and minor gypsum 
 OP1D Dolomite, quartz and minor gypsum 
 OP3A Calcite, minor quartz, possible amorphous material 
 OP4A Todorokite, quartz, possible trace calcite 
 OP1E Dolomite, possible trace calcite 
 
 Chemical analyses are listed in Table 1. 
 The major coating on “limestone” in the inflow area of ACVFPN is apparently 
amorphous Al hydroxysulfate-silicate precipitate, as indicated by XRD patterns OP1A and OP1B, 
plus analysis OP1A.   This amorphous Al precipitate is also apparently present in OP1D, judging 
from the chemical analysis.  The amorphous Al material is similar chemically to white 
precipitates studied by Caroline Loop (PhD thesis, PSU, 2003).   I had thought in the field that it 
might be calcite, but this is minor at best.  Some calcite-dolomite may be present in the analyzed 
material, judging from the CaO-MgO and the detection of minor dolomite. 
 Pattern OP1E demonstrates that the rock in this bed includes dolomite as well as or rather 
than limestone.   The dolomite detected in OP1A, OP1C and OP1D is probably from the 
underlying fragment rather than newly formed dolomite, though the latter cannot be completely 
rejected.   The quartz is probably from the dolomite rock or from silt washed into the bed. 

 The XRD patterns indicate the presence of minor gypsum (CaSO4
.2H2O) in the coating 

material.   This is interpreted to form beneath the Al coating, as a result of elevated Ca 
concentrations diffusing away from the dissolving limestone. 

 Sample OP3A is the white coating from a rock sample at the outflow from the slag bed 
VFP.   This coating is shown to be dominantly calcite.   The material was analyzed twice because 
of suspected misnumbering of the sample. 

 Sample OP4A is mainly black coating from a chunk of slag from the margin of the 
B1VFP unit.   The coating included minor material from the underlying slag.   The black coating 
is apparently Mn oxide giving the todorokite pattern, but mixed with other material probably 
from the slag. 

 Let me know if you have questions on this. 
 
 
 Rose, A.W., Shah, P.J. and Means, B., 2003, Case studies of limestone-bed passive 
systems for manganese removal from acid mine drainage: Proceedings, American Society of 
Mining and Reclamation, Billings, MT, June 3-6, 2003, p. xxx. 



 
Table 1 Chemical analyses of samples    
        

 OP1A OP3A? OP3A* OP1D OP4A MD-1 MD-2
        
        
SO4 8.3 0.0 0.0 0.0 4.3 0.0 0.0
Al(OH)3 52.4 0.0 0.0 11.2 23.1 2.6 2.7
CaO 14.7 45.1 49.1 25.3 0.8 0.8 1.7
FeO 3.5 0.1 0.1 1.3 3.5 1.1 0.5
K2O 0.2 0.0 0.1 0.2 0.1 0.2 0.1
MgO 1.2 3.1 3.6 13.3 0.5 0.2 0.2
MnO2 1.7 0.1 0.1 0.5 17.8 40.2 35.4
SiO2 9.5 1.9 2.4 2.4 7.0 0.4 0.0
        
Total 91.6 50.4 55.4 54.2 57.1 45.4 40.6
Remainder H2O? CO2 CO2 CO2 H2O/CO2 H2O H2O
        
*Repeat from original powder bacause of possible sample mixup.  

 
 
 
 
 
 
 
 
 



Site Component Sample Description XRD Fizz SO4
-2 Al(OH)3 CaO FeO K2O MgO MnO2 SiO2 Total Remainder 

OP1A Wh coating on LS  Amorphous Al?; 
minor qtz; 
dolomite 

 8.3 52.4 14.7 3.5 0.2 1.2 1.7 9.5 91.6   8.4; H2O? 

OP1B Wh & minor underlying 
gy coatings on LS  

Amorph Al? None           

OP1C1 Harder gy mat. 
underlying wh coating 
of OP1A/B 

Dolomite; quartz; 
minor gypsum 

Gentle           

OP1D Lt-gy, hard mat. on LS  Dolomite; qtz; 
minor gypsum 

None 0.0 11.2 25.3 1.3 0.2 13.3 0.5 2.4   

LS-only; 
inflow;  
(OP1); 
ACVFPN  

OP1E Lt-gy. rx; fresh sfc. Dolomite; poss. 
calcite trace 

Sl.           

OP3A? Wh coating on rx; 
outflow  

Calcite; minor qtz; 
amorph. mat.?  

Vig. 0.0 0.0 45.1 0.1 0.0 3.1 0.1 1.9 50.4 49.6; CO2 

OP3A* (duplicate)   0.0 0.0 49.1 0.1 0.1 3.6 0.1 2.4 55.4 44.6; CO2 

Harbison-Waller II 
Stewart Twp., Fayette Co. 
Youghiogheny River 
Watershed 

Slag-only; 
B1VFP 
 OP4A Blk and overlying gy 

coatings on slag in bed  
Todorokite; qtz; 
poss. calcite trace 

 4.3 23.1 0.8 3.5 0.1 0.5 17.8 7.0 57.1 42.9; H2O, CO2 

MD1 Pipe scale from 
backflushing  

  0.0 2.6 0.8 1.1 0.2 0.2 40.2 0.4 45.4 54.6; H2O De Sale II 
Venango Twp, Butler Co. 
Slippery Rock Creek 
Watershed 

LS-only; 
HFLB MD2 Granular/powdery; from 

backflushing   
Todorokite; minor 
qtz 

 0.0 2.7 1.7 0.5 0.1 0.2 35.4 0.0 40.6 59.4; H2O 
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