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Remediation and Revegetation 
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This talk was presented at the 2003 SSSAJ meetings in 
memory of Bill Evangelou who was a great colleague.  

Throwing any more money at acid 
mine drainage prediction without 
understanding the fundamental 
reaction chemistry behind it is like 
pouring money down a  
%$^&*&^   rat hole!

Bill Evangelou, Dec. 1981 in Lexington Kentucky.
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Topics for Today
• Basics of pyrite oxidation in the 

environment.

• Major worldwide impacts of 
pyrite oxidation.

• Prediction of net acid release and 
water quality effects.
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Topics for Today
• Summary of mitigation 

approaches.

• Review of specific effects and 
studies in the eastern USA.

• Contributions of Bill Evangelou.

Pyrite Form and Reactivity

• FeS2 occurs in two major forms, 
pyrite (isometric) and marcasite
(orthorhombic).

• Pyrite is the more common form 
in coals and sediments; marcasite
is less stable.



4

Pyrite Form and Reactivity
• Formed via biogeochemical reduction in 

sediments, but also commonly found in igneous 
intrusive and metamorphic rocks, and in 
hydrothermally altered metal sulfide ore deposits. 
(Bottom Line: you can find it anywhere!)

• Framboidal pyrite forms slowly under low C 
input marine environments while single crystals 
form more rapidly in active salt marsh 
environments.

• Massive crystalline pyrite is commonly seen as 
secondary replacement phenomenon in coals and 
in hydrothermal deposits.

Active pyrite 
depositional 
environment 
in high C 
and sulfate 
input tidal 
marsh.
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Fig. from 
Fanning & 
Fanning.

Framboidal pyrite 
forms from Fanning 
et al. (2002). Finely 
divided framboidal 
pyrite is  much more 
reactive than larger 
and more crystalline 
forms. 
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Massive 
pyrite 
crystals 
in coal

“Simple” Pyrite Oxidation
(Singer & Stumm 1970; Nordstrom, 1982)

FeS2 + 7/2O2 + H2O          FeII + 2SO4 
2- + 2H+  (1)

FeII + ¼ O2 + H+ FeIII + ½ H2O            (2)
(Direct oxidation; relatively slow)

FeIII + H2O                Fe(OH)3 + 3 H+                          (3)

FeS2 + 14FeIII + 8H2O        15FeII + 2SO4 
2- + 16H+

(Oxidation by FeIII; very fast under pH < 4.5)           (4)
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Important Considerations
• Once initiated by direct oxidation, reaction rate is 

controlled primarily by the availability of FeIII ; reaction 
2 (ferrous to ferric) is very slow under acid conditions.

• However, at low pH (< 3.5), T. ferrooxidans and others 
are ubiquitous in the environment and greatly accelerate 
reaction, even under very low O2 partial pressures (< 
1%; Hammack & Watzlaf, 1990). 

• Mn4+ will also directly oxidize pyrite (major insight by 
Bill Evangelou in early 1980’s). 

Oxidation Summary
The foregoing discussion was an oversimplification 
of a very complex set of interlinked processes. 

Temperature, oxygen diffusion rates, media 
permeability to water, secondary salt precipitation 
and dissolution, Fe-complexation, etc., all affect 
reaction rates and net acid generation.

Regardless, whenever pyrite is exposed to anything 
short of an anoxic environment, the consequences 
tend be the rapid generation of large loads of 
acidity. 
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Major Actors in Pyrite Oxidation

• Coal mining (spoils/wastes/water)
• Metal mining (spoils/tailings/water)
• Sand & gravel mining
• Metal smelting (after secondary 

combustion/volatilization)
• Road building & construction
• Land drainage in coastal zones

Typical Appalachian Haul-Back Contour Mine
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Acid-forming materials on 
1970’s “pre-SMCRA”
surface mine in Virginia
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Deep mine adit
drainage in 
West Virginia

AMD impact in 
northern WV
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Coal Refuse 

Disposal Area

Coal Processing Wastes

• Up to 50% of run-of-mine coal from 
Appalachian deep mines reports to coal 
waste disposal piles

• In Virginia alone, we have over 5000 ha 
of active and abandoned coal refuse piles

• The vast majority of Appalachian coal 
refuse is potentially acidic with an 
average lime requirement of > 10 Mg per 
1,000. 
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Complex sulfate 
salts and AMD

Berkeley pit at Butte. This is one of three pictures 
necessary to see entire pit from this vantage point.  
Acidic, metalliferous mine waters are accumulating 
and rising due to pumps being turned off. 



13

Metal mine tailings at 
Anaconda, Montana

Old smelter tower at Anaconda
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View from Anaconda smelter. The entire valley 
(significantly beyond photo right and left) has been 
affected by smelter emissions and over 2,000 ha in 
center is covered with acidic tailings. Area in 
foreground has been revegetated with prescriptions 
developed by D. Dollhopf at MSU. 

Copper Basin, Ducktown, 
TN, in 1973
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Outcrop of 
tertiary 
aged 
marine 
sediments 
near 
Richmond, 
VA, with 
soil pH’s in 
the 1.8 to 
3.0 range. 

Acid-S soil bank at Mechanicsville

Acid sedimentation and drainage from 
airport construction in Virginia.
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Coastal mangrove Coastal mangrove 
swamp in swamp in 
Senegal. Photo Senegal. Photo 
from Fanning & from Fanning & 
Fanning.Fanning.

Acid sulfate soil in Senegal 
due to land drainage.
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Acid drainage in Queensland 
mangrove development; 
courtesy Col Ahern.

Prediction of Net Acid Release

• Potential Acidity is the total amount of 
acidity that a given pyritic material can 
theoretically generate over time after 
complete oxidation.

• Most commonly, this is estimated 
stoichiometrically based on total pyritic-S 
in a given sample.
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Theoretical Maximum Potential 
Acidity (MPA) via Carbonate 

Neutralization (Skousen et al., 2002)

FeS2 + 2CaCO3 + 3.75O2 + 1.5H20

2SO4 
2- + 2Ca 2+ + 2CO2

Result: 1000 Mg of waste at 1% pyritic-S requires 
31.25 Mg of CCE to neutralize.



19

Potential Acidity Estimators 
for Water Quality Prediction

Acid-Base Accounting - Smith et al.,1976
MPA is estimated from pyritic-S and balanced 
against neutralization potential (NP) and 
expressed in Mg of CCE excess (+ NNP) or 
demand (- NNP) per 1000 Mg. 

This very conveniently converts to tons of 
lime requirement per AFS for the non-SI 
world!
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ABA Interpretation and Issues

Strata with net acidities in excess of -5 Mg 
per 1000 are generally regarded as 
potentially toxic. Strata > 0 are presumed 
not to be acid forming.  Predicting  
between 0 and –5 is something of an art.

Assumes complete reaction of acid-forming 
components with neutralizers.  However, 
pyrite oxidation kinetics are much faster 
than carbonate dissolution.
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ABA Interpretation and Issues

Carbonates may become “coated” with 
Fe, Mn and other metals, greatly 
restricting reactivity and alkalinity 
release.

Carbonate species vary widely in their 
dissolution rates and in the 
subsequent solubility of their sulfate 
salt reaction products.

Evangelou, 1995
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Secondary Salts
• MgSO4 is much more soluble than CaSO4

in pyrite neutralization environments, so 
use of dolomite or high Mg limes will lead 
to much higher soil and leachate EC.

• More complex acid salts such as 
copiapite, jarosite, and melanterite are 
common in these systems, and their 
formation and subsequent dissolution 
often leads to seasonal or time-lagged 
release of acidity to water. 

Jarosite

Gypsum

Salts on Tertiary 
aged shells 
reacted with 
sulfuric acid 
from pyrite.
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The “Cravotta Factor”

• Cravotta et al. (1999) proposed that in confined 
systems, CO2 would not diffuse away and 
would recombine to form carbonic acid, 
doubling the actual lime demand per mole of 
pyrite reacted. Needless to say, this got some 
attention!

• Skousen et al. (2002) tested conventional ABA 
predictions vs. actual water quality at 52 sites 
in WV and did not find evidence of any critical 
under-prediction of net acid release.  

Sulfidic metal mine tailings 
at Anaconda, Montana
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ABA Interpretation and Issues

Metal sulfide ores and tailings can be 
particularly high in pyrite content and 
reactivity. Many advocate at least 
doubling standard ABA lime 
recommendations for these materials.

CaO and Ca(OH)2 are commonly used in 
high risk scenarios to overcome solubility 
and coating concerns.

Other P.A. Techniques

• Direct bulk oxidation with H2O2 and 
titration of net acid load.

• Humidity cells and incubation 
techniques

• Leaching columns 
• Soxhlet Reactors 



26

Orndorff, 2001, Ph.D. 
Dissertation

Procedures evaluation: Soxhlet Extraction

hot plate

water 
reservoir

vapor by-pass 
tube from 
reservoir to 
condenser

siphon drains 
leachate in 
extractor to 
the reservoir

inlet for cooling 
water to the 
condenser

outlet for cooling 
water from the 
condenser

sample is held in 
cellulose thimble 
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Mitigation of Pyrite Oxidation 
and AMD

• Direct addition and incorporation of 
liming agents.

• Utilization of alkaline residuals such as 
kiln dust, alkaline fly ash, etc.

• Utilization of organics like biosolids and 
mill sludges combined with lime.

• Variation of above combined with topsoil 
covers. 

Copper Basin, Ducktown, 
TN, in 1973
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Ducktown in 
1993 
following 
liming.

Acid sulfate materials from dredging in Queensland mangrove area. 
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Compacted 
clay layer

Leachate collection drains

Bunds

Guard layer

Aglime

ASS

• Verification testing

• Compact soil

• Go again

ASS mixed with aglime

Guard layer of Guard layer of aglimeaglime
Place ASS on guard layerPlace ASS on guard layer

Spread the Spread the aglimeaglime, , 
mix it in, mix it in, 

verification testing verification testing 
& then go again!& then go again!
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Incorporation of 45 Mg/ha 
lime on sulfidic coal waste 
materials.

Coal Waste Revegetation Criteria 
Daniels et al., 2000, Agronomy Mono # 41

• Coal refuse materials with PA > 50 Mg/1000 
will require soil or spoil covers of up to 0.5 m 
depending on acidity. Adding a lime “blanket”
at the refuse/soil contact significantly decreases 
the thickness requirements.

• Coal refuse can be direct-seeded without a 
topsoil cover if an appropriate liming material 
is added at or above ABA requirements and 
incoroporated along with organic amendment 
and high P (> 350 kg/ha) 
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Effects of 10 Mg/ha Lime plus 
50 Mg/ha Papermill Sludge on 
Acidic Coal Refuse

Surface Reclamation vs. Water Quality

• Liming and revegetation of acidic coal refuse 
materials and mine spoils clearly improves 
surface water quality via sediment loss 
reduction and buffering of runoff pH.

• However, surface liming of even the upper 50 
cm of potentially acidic materials has little, if 
any, affect on water quality deeper in the fill or 
pile (Li et al., 1998; Stewart, 1995)



32

33% volumetric addition of alkaline 
fly ash to acidic coal refuse.
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Large unsaturated leaching columns used by Stewart et 
al. (2001) to evaluate effects of fly ash alkalinity and 
bulk blending rates on AMD generation and quality. 

Acid mine drainage 
(pH=2.3; Fe=10,000 
ppm) from unsaturated 
leaching of high S coal 
refuse (4% pyritic-S).

Sample columns 
reported by Stewart et 
al. (2001). Note: gas 
trap bottom not shown 
here.
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Stewart et al., 2001, J. Envir. Quality

Stewart et al., 2001, J. Environ. Quality
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Area in foreground has been revegetated with 
prescriptions developed by D. Dollhopf using 
topsoil covers over limed subsurface contacts. 
Work with direct seeding into surface stabilized 
with various alkaline waste products is ongoing.  

Mitigation of Pyrite Oxidation 
and AMD

• Anti-microbial agents to knock out T. ferooxidans. 
Effective but short-lived.

• Bulk addition of Rock-P. Serves as a sink for ferric 
Fe. Variable results in lab and field. Does not coat 
pyrite.

• Micro-encapsulation via application of H202 plus 
KH2PO4 in a buffered low strength solution by 
Evangelou et al. 
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Mitigation of Pyrite Oxidation 
and AMD

• Direct chemical neutralization of 
AMD (see Skousen et al., 2000, in SSSA 
Mono 41)

• Constructed treatment wetlands
• Anoxic limestone drains
• Submarine or subaqueous disposal
• Impermeable caps/capillary barriers
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Orndorff et al. (2001, 2002) studied effects of 
disturbance of sulfidic materials by VDOT…...

Iron 
staining

Poorly 
established 
vegetation

Stafford County, northern Virginia

Sites sampled by Orndorff, 2001
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Compiling a state-wide sulfide hazard map 
for Virginia: the Tabb Formation.

Pond at Hampton 
Roads Center 

Runoff from stockpiled 
material at Hampton 
Roads Center.

pH = 3.09

pH = 3.05

Compiling a state-wide sulfide hazard map for 
Virginia: the Tabb Formation.

Sample 
locations 
 

Hampton and Suffolk 

PPA < 10 Mg CaCO3/1000 Mg material 

Total-S < 0.2% 
 

pH  3 - 4 

water pH = 3.1;  Fe = 12 mg/L;  Mn = 2 mg/L 
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Compiling a state-wide sulfide hazard map for 
Virginia: Tertiary marine sediments.

Chesterfield County: Proctor’s Creek was redirected to 
this excavated channel during road construction.

Compiling a state-wide sulfide hazard map for 
Virginia: Tertiary marine sediments.

Within 5 years, erosion has 
removed over 30 cm of 
sediment...

…and the guardrail is 
severely corroded.
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Compiling a state-wide sulfide hazard map for 
Virginia: the Quantico Formation.

Iron-staining along 
curbs and sidewalks 
through the Hampton 
Oaks subdivision. 
Homeowners in this 
neighborhood apply 
the equivalent of 2 
Mg agricultural lime 
per ha per month to 
maintain soil pH 
above 5.5.

Compiling a state-wide sulfide hazard map for 
Virginia: Devonian black shales.

Culvert beneath I-64 in Clifton Forge
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Compiling a state-wide sulfide hazard map for 
Virginia: Devonian black shales.

Inside the culvert at Clifton Forge.

Relative Sulfide Risk Classes
Class 1: > 90% of samples tested < 10 Mg CaCO3/1000 

Mg PPA and < 0.5% S.
Class 2: > 90% of samples tested < 10 Mg CaCO3/1000 

Mg PPA; but > 10% were > 0.5% S.
Class 3: > 10% of samples > 10 Mg CaCO3/1000 Mg 

material and < 10% were > 60 Mg CaCO3/1000 PPA.
Class 4: > 10% of  samples > 60 Mg CaCO3/1000 Mg 

material.
PPA = Potential acidity via modified H2O2 oxidation 

procedure of Barnhisel and Harrison (1976)
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50 0 50 100 Kilom eters

N

Tertiary marine sediments; PPA generally 10 - 60 M g calcium carbonate/1000 M g material

Sulfidic m aterials documented in literature; acid potential unknown

Tabb formation; PPA generally < 10 M g calcium carbonate/1000 M g material

Extent of acid-sulfate 
forming materials in 
Virginia Coastal Plain 
of Virginia that are 
within excavation 
depths (5 to 20 m). 
The darker shaded 
tertiary aged marine 
sediments are the 
most extensive and 
damaging. 

However, a belt of 
Piedmont materials 
just to the west of 
Fredricksburg and 
Stafford is actually 
much more 
problematic!
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Predicting depth to sulfides in the  
Coastal Plain: Valladares, 1998, U. MD.

terrace deposits

Fe oxide zone
Fe oxide,
jarosite
zoneunoxidized sulfides

45 m

45 m

250 m

275 m

Predicting depth to sulfides in the Coastal 
Plain: Final map by Orndorff.
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NRCS Flood Structure 
on Tributary Of 
Potomac Cr.  Waters 
discharging here in 
February 2002 were pH 
3.5 with 10 ppm Fe, 40 to 
50 Al, 150 sulfate, etc. 

Stafford Airport Project

• Approximately 200 ha acre cut-and-fill 
site was initiated in 1998 and supposedly 
completed in the fall of 2001.

• Site was inadvertently excavated through 
lower Tertiary sulfidic sediments which 
contain up to 2% pyritic-S.

• Average soil pH was less than 4.0; many 
areas were less than 3.0; some were 1.8!
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Stafford Airport Project
• A mixture of lime-stabilized biosolids (24 to 

52% CCE) was applied in March, April and 
early May of 2002.

• Loading rates were based on predicted lime 
requirements of the sulfidic soils and ranged 
from 50 to 175 Mg/ha. Average loading rate 
was around 70 Mg/ha as biosolids = 30 
Mg/ha CCE. 
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Area revegetated in late May as it 
appeared in July, 2002. Unfortunately, 
April through October of 2002 was the 
hottest/driest period on record.  

Same view of Stafford Airport after a 
reasonable weather year. Second-order 
stream draining left hand side of this 
picture recovered from pH 3.5 to 7.2 over 
this period of time.
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Summary
• Pyrite oxidation has profound effects on soil 

and water quality in a variety of geologic 
setting worldwide.

• Accurate prediction of pyrite oxidation and 
net water quality effects is complicated by 
differences in the kinetics of oxidation of 
varying sulfides and carbonate dissolution,  
microbial interactions, complex secondary 
salt precipitation and dissolution,  
carbonate armoring, and other poorly 
understood factors. 

Summary
• The best way to avoid pyrite oxidation is  

to avoid exposing it to the near-surface 
environment!  Subaqueous disposal or 
encapsulation/isolation of potentially acid-
forming materials from oxygenated water 
is the best second choice. 

• Bulk liming with an appropriate 
neutralizer according to ABA is the most 
effective approach for neutralizing 
potential acidity in most land disturbing 
environments. 
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Summary
Bill Evangelou was a major contributor to this 

area of scientific understanding particularly in 
the areas of:

1. Carbonate dissolution/reaction/armoring
2. Combined factors influencing pyrite 

oxidation
3.   Microencapsulation technology with P 

All the good basic science in 
mined land reclamation has 
been done. This group needs to 
move into new areas of 
endeavor.

Bill Evangelou, 2000 CSREES review of Virginia 
Tech CSES Dept. 
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