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Motivation
More Stringent Discharge Limits

Total Dissolved Solids (TDS), Specific Conductivity (SC)

Need for Cost-Effective and Reliable Technology
Passive, Active, Hybrid

Gap of Knowledge in Terms of TDS Removal



Review of Regulations:
Surface Mining Control and Reclamation Act (1977)

Created Office of Surface Mining
Regulates:
◦Active Mines
◦Abandoned Mines

Key Recommendations:
◦Restore to Original Topography
◦ Isolation of Acid-Forming Materials

Image Source: World Coal



Review of Regulations:
Clean Water Act (1972)

Point Source Regulations
2009-2011
◦Attempted to Set Specific 

Conductivity Standard of 500 
𝜇𝜇S/cm
◦ Equivalent to 350 mg/L TDS

◦Did Not Pass Image Source: Center for Environmental Rights



Total Dissolved Solids (TDS)

Daniels et al. 2014
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Total Dissolved Solids (TDS) - AMD

SULFATE

CALCIUM

MAGNESIUM

IRON

ALUMINUM

TRACE



Implications of High TDS on Streams
Stream Impacts
◦ Salinization
◦Aesthetics

Ecological Impacts
◦ Potential Decrease in Benthic 

Macroinvertebrates
◦ Ephemeroptera, Plecoptera, Trichoptera
◦ Pond et al. 2008, Boehme 2013

◦Variability
Boehme 2013



Overview of Treatment Methods
Active Systems
◦ Chemical Addition (Lime, etc.)
◦ Settling & Sludge Disposal

Passive Systems
Hybrid Systems
◦ Combination of Active & Passive



Passive Systems



Examples of Passive Systems
Anoxic Limestone Drains (ALDs)
Open Limestone Channels (OLCs)
Permeable Reactive Barriers (PRB)
Successive Alkalinity Producing Systems (SAPS)
Constructed Wetlands (Aerobic & Anaerobic)
Sulfate Reducing Bioreactors (SRBs)



Selection of 
Passive Systems

Skousen and Ziemkiewicz 2005



Anoxic Limestone Drains (ALDs)
Best Suited For:
◦Net acidic conditions
◦ Low DO, Fe3+, Al3+

Issues
◦ Clogging
◦Does NOT Encourage TDS Removal

Best Used for Pretreatment of AMD Image Source: EPA 2014



Case Study: Watzlaf et al. 2000
Reduced Acidity
Raised Alkalinity
◦ Increased Ca Concentrations
◦ Increased pH

Minimal Metal/Ion Removal
◦Little to No Sulfate Removal

Parameter Percent Removal (%)
Acidity 63.6

Alkalinity - 634
Iron 13.1

Manganese 3.0
Calcium - 45.4
Sulfate 6.7

ALD Survey Data

Table Adapted from Watzlaf et al. 2000 (Tables 4 & 5)



Open Limestone Channels (OLCs)
Similar to ALDs
Best Suited For:
◦Net acidic conditions
◦ Low DO, Fe3+, Al3+

◦ Steep Slopes

Issues
◦Armoring
◦Not a Feasible Standalone Image Source:  USDA



Case Study: Ziemkiewicz et al. 1994 
Reduced Acidity
◦ Increased pH

Alkalinity Trends
◦ Initially Decreases (Fe2+  Fe3+)

Varying Metal/Ion Removal
◦ Fe/Mn Most Significant (>20%)
◦ Sulfate Removal Varied

Parameter Percent Removal (%)
Acidity 100

Alkalinity - 56
Iron 80

Manganese 61
Aluminum 100

Calcium - 7
Magnesium 2

Sulfate 28

DOLA OLC Water Quality

Table Adapted from Ziemkiewicz et al. 1994 (Table 3)



Permeable Reactive Barriers
Various Barriers
Best Suited For:
◦Metal/Anion Removal

Limitations:
◦Optimization Required
◦ Clogging
◦ Long-term Performance 

Unknown

Benner et al. 1999SULFATE:

IRON:

ALKALINITY:

DIRECTION OF FLOW 



Successive Alkalinity Producing Systems 
or Vertical Flow Systems

Best Suited For:
◦Net acidic conditions
◦Fe2+, Al3+, Cu Removal

Issues
◦Clogging
◦Replenishment of Organic Layer
◦ Potential for Heavy Maintenance

Image Source: VT Powell River Project



Case Study: Kepler and McCleary 1994

Parameter Influent Effluent Influent Effluent
pH 4.7 6.2 6.0 6.6
Acidity (mg/L of CaCO3) 321.0 92.6 83.5 5.2
Calcium (mg/L) 182.4 230.2 196.2 221.2
Magnesium (mg/L) 94.8 99.8 N/A N/A
Sulfate (mg/L) 1,189.0 1,033.0 750.0 717.0
Ferrous Iron (mg/L) 193.0 102.0 1.6 1.0
Ferric Iron (mg/L) 1.6 0.0 19.0 0.1

Howe Bridge SAPS Schnepp Road SAPS

Table Adapted and Reformatted from Kepler and McCleary 1994 (Tables 3/8)



Constructed Wetlands - Aerobic
Operating Conditions
◦ Aerobic

Best Suited For:
◦ Fe/Mn Removal
◦ Mildly Acidic or Net Alkaline Waters

Limitations
◦ May Acidify Effluent
◦ Large Area Required
◦ Plant Uptake Limited
◦ Turnover Potential

Image Source: Zipper et al. 2011



Case Study: Hedin et al. 1994

Site Ca Mg Na SO4

Donegal -1 -2 0 0
Emlenton +1 -1 -2 -1
FH +55 0 +2 -25
Gourley +3 +3 +6 +3
Latrobe +14 -2 +8 -20
Piney A +2 +4 +4 -3
Piney B 0 0 -2 +2
Somerset +53 0 +15 -16

Table Adapted and Reformatted from Hedin et al. 1994 (Table 10)

Percent Change (%) of Various Ions at Eight Different Aerobic Wetlands



Constructed Wetlands - Anaerobic
Operating Conditions
◦Anaerobic

Best Suited For:
◦Metal Capture & Removal
◦Acidic, Neutral, or Alkaline Waters

Limitations:
◦ Large Land Requirement
◦ Long HRT
◦Odor

Image Source: Zipper et al. 2011

Image Source: Skousen and Ziemkiewicz 2005



Case Study: Rees and Bowell 1999 

 IRON REMOVAL

 SULFATE REMOVAL

pH  

ALKALINITY 



Sulfate Reducing Bioreactors
Similar to SAPS

Operating Conditions
◦ Anaerobic
◦ Mixture of Organic Substrate & 

Limestone

Best Suited For:
◦ Sulfate Removal
◦ Metal Capture & Removal
◦ Acidic Waters

Image Source: Kaksonen and Puhakka 2007



Sulfate Reducing Bioreactors
Advantages
◦Able to Handle Varying pH
◦ Can use Waste Organics
◦Resilient
◦Able to remove Trace Metals
◦Generates Alkalinity
◦ Low Maintenance

Disadvantages
◦Odor
◦May Require External Carbon Source 

(e.g. Ethanol)
◦ Long Startup Time
◦Bed Compaction
◦ Potential Sludge Production
◦ Potential Release of Soluble Organics



Case Studies:
Hiibel et al. 2008 & Ňancucheo and Johnson 2014
Hiibel et al. 2008
◦ Increase in pH
◦Removals at Two Sites
◦ Sulfate: 37/64 %
◦ Iron: 18/86 %
◦ Aluminum: 46/100 %

Ňancucheo and Johnson 2014
◦ Significant SO4

2- removal could 
be achieved in very acidic waters

Nancucheo and Johnson 2014



Hybrid Systems



Case Study: Semi-Passive BSR System 
Configuration
◦ Settling Pond
◦ Carbon Addition
◦ Biological Sulfate Reduction Reactors
◦ Polishing Pond

Limitations
◦ Drop in Performance in Winter
◦ Solids Removal

Walker et al. 2015



Case Study: Sericite & Microalgae System
Configuration:
◦ Sericite Bead Compartment
◦ Microalgae Photobioreactor

Sericite Beads
◦ Neutralization
◦ Metal Removal

Microalgae Photobioreactor
◦ Metal Removal

Limitations
◦ Light Source

Choi 2015



Conclusions
Gap in Knowledge
Sulfate Typically Largest Constituent
Passive Systems Needed
◦ Combination
◦ In Conjunction with Active Technologies
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Questions?



AMD Ionic Makeup

Merovich et al. 2007



Case Study: Watzlaf et al. 2000



Case Study: Ziemkiewicz et al. 1994 

***Double 
Check Units



Case Study: Kepler and McCleary 1994



Case Study: Hedin et al. 1994



Case Study: Hiibel 2008



Case Study: Choi 2015
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