Prediction of Water Quality at Surface Coal Mines

Prepared by Members of the Prediction Workgroup
of the
Acid Drainage Technology Initiative (ADTI)

Edited by
Robert L. P. Kleilnmann

Published by
The National Mine Land Reclamation Center
Located at West Virginia University in Morgantown, West Virginia

ADTI is agovernment/industry joint venture dedicated to the development and use of
best science applications to the problem of acid mine drainage.

The National Energy Technology Laboratory of the U.S. Department of Energy
prepared this document for publication. The U.S. Office of Surface Mining and the
National Mining Association provided funds to offset the printing costs.



Table of Contents

Chapter 1: Introduction and RecCOMMENALIONS..........cccoiiiererieniereeie e 1
THE NATURE OF THE PROBLEM ... .ottt e e e ean e 1
OUR OBUJIECTIVES. ...ttt ettt ettt e e e e e e e e e et s e et e e e e e et e e et e e ean s eeaneeenneaennns 2
FORMATION OF ACID MINE DRAINAGE .......oottiiiiiiiiit ettt 2
METHODS OF PREDICTION ... .ctttiiiitieee ittt e e e ettt e e e e e e ettt ee e e e e e e s ettt e e e aeeeesannneneeeeeeeens 3
RECOMMENDATIONS. ...ttt ettt e e e e et e e e et e e e e et e e e e et e e e e et e e eeetnnnes 6

Chapter 2: How Geology Affects Mine Drainage PrediCtion ............coceoeveneneneneneseseeeees 8
NI 5 1 L I PSS 8
GEOLOGIC FACTORS......cecetiee ettt ettt e e e e e ekttt e e e e e e e e bbb et e e e e e e e e e anbbbeeeeeaaeeesannnrenes 10
Paleocimatic INFIUBNCES.........ooiiiiiiii 10
Paleoenvironmental INFIUBNCES ..........ooviiiiiiiii 10
Depositiona Environments of 1ron Sulfide MIinerals............uueiiiiiiiiiieiiiie e 12
Pyrite and Other FOrmS Of SUITUN .........coiiiiiie e 13
Carbonate Mineras and Their Importance in Mine Drainage QUality ...............ueveeeeeveuiieieieieiiriiiienennns 15
Lithologic and Stratigraphic Factors Affecting Mine Drainage Quality...........cccccccvvviiiiiiiiiiiiiiiiiccee, 18
s (= o £ o< PSRN 20
Effects of Surface Weathering and Glaciation on Mine Drainage QUality............coevviiiieeeiiiiiiiiiinnnenn. 21
CONCURRENT RECLAMATION AND SPECIAL HANDLING PRACTICES.........ccccvvieiieeeeeeiiieee. 24
S (= = ol 0 =TT PPPPPPPTRRPTPRPN 26
REFERENCES ... .ottt sttt et e e e et e et e et e e e e et e e e eeae s e e essaneeeeenneeennan 29

Chapter 3: Hydrology of the Appalachian Bituminous Coal Basin............cccccvvvverenereneennn. 36
INTRODUGTION ...ttt ettt e ettt e e e e e e ettt e e e e e e e s e b b be et eeeeaeasaannatbeeeeeaeeeaeannnnnneas 36
L€ o oo [T o= 1] o 36
Physiography and SUIfaCe DIaiNa0E .........ccivveeeiiiiiie e ee et e e e e e s e e e e e e eearna e ees 38
L@ 100 =TT 39
GROUNDW ATER ...ttt e et e ettt e et et e e e et e e e e et e e e eeba e e ee et e eeeatannns 39
FLIOW SYSEEIMS. ....cciiiiiiiiiiiee et 39
=04 L == PSPPI 42
= (001 o ] L1 PSR PPPP 43
Groundwater AVAITEIDIHTTY .......cceeeeeiiee e e e e e e e e e e 44
WATER CHEMISTRY ..ottt ettt e e e e ettt e e e e e e e ettt e e e e e e e e annneneeeeeeens 46
LC (01N [0l (V= = ST PP PTPPPTPTRRPTPPPN 46
SUITBEE VWBLES ...ttt ettt ettt ettt ettt sttt ettt ettt bbb bbb b bene e 47
CONCEPTUAL GROUNDWATER MODELS..... .ottt e et e e et eenana s 48
HYDROLOGIC EFFECTS OF MINING ...t e e e 50
UNderground IMINING.........eueie e e e e et e e e e e e e e e et e e e e e e e e e e s bbb eeaeeeeeesbaa e aeas 50
W= =Y T o PPN 52



PRE-MINING WATER QUALITY AS A PREDICTION TOOL .........cuuuiimiiiiiriiiiiiiniiiiiiiienennenenenenens 52

S (S = o 0 =TT 55
GROUNDWATER CHEMISTRY FROM ADJACENT PREVIOUSLY MINED AREASAS A
PREDICTION TOOL .....uttiitiieeeisiiittieeeee e e e e ee ettt e e e e e s s st et eaaaeeassanssaaseeeaaeeasaasssbseenaaeeessanssrsnees 58
Proper Correlation of Sedimentary UNitS.........coooviiiiiiiiiiiii 59
Effects of Variations in Stratigraphy, Weathering and Disturbed Area............coovvviiiiiiiiiiiiiiiiiieine, 60
Hydrogeol 0gic COMPIICALIONS. .........uuueiii e e ettt e e e e e e e et e e e e e e e eeernnneeeeas 61
Differences in MiNiNG PraCliCaS .......uuuiiii it e e e e s e e e e e e e e e e e e s 63
Sz (S = ol 0= PPPPPPPTTRPTPRPN 64
HYDROLOGIC CONTROLS.......cciiieeeii ittt e e e ettt e e e e e e e sttt e e e e e e e s aannttbeeeeaaeeeeeannenaeeeaaeens 66
REFERENCES ... ..iiiiiiiiieee ettt e e e e e ettt et e e e e e e ettt e e eaeeeee e eebe s eeeeaaeasaanetbeeeaaaaeeaeasnnnnees 67
Chapter 4: STATIC TESTSFOR COAL MINING ACID MINE DRAINAGE PREDICTION
IN THE EASTERN U.S. ..ottt sttt e s nbe e nnnes 73
INTRODUGTION .....uiiiitiiititeeees ettt et e e e e s e sttt eeeeaeeassasstebeeeaaaeeesaassbaseeeaaeessaasssbseanaaeesssansnnsnees 73
STATIC TESTS AVAILABLE FOR PREDICTING ACID MINE DRAINAGE..........cccoocviieeeieiiiienee, 73
ACIO-BASE ACCOUNTING. ... ettt e e ettt e e e e ettt e e e e e et e ettt e e e e e e e ee ettt aeeeeeeeeeaabnnn s e aeeeeeeensnnnnns 73
British Columbia Research Initial Test Method.............uuuiiiiiiiiiiiiiiiiiiiiiiii e 77
ASTM Carbon/SUITUr MEINOAS ... 77
F O = @ 1 I N A U 77
S LT 0T 1 TP TTPPPPTTRPTPTPN 77
Methods to Determine Acid POtential.............oooviiiiiiiiiiiiii 79
Simulated WEatNENNG TESES......ceviiiiiii i e e e e e e e e e e e e e e e e e e e eerbaa e eaeas 81
NEUTRALIZATION POTENTIAL METHODS........cciiiiiiiiiiiiiieeee et e e et e e e e e e e eennenes 81
Neutralization Potential (NP) Procedure in Acid-Base ACCOUNTING ......ccuuuuiieeeieiiiiiiiieee e eeeeeiiiinn e 81
The Modified Neutraization Potential TECNNIQUE.............iiiiiiiie e e e 82
(O @ R O 1 o]0 1= 1 Y 84
EVOLVED GAS ANALY SIS (EGA) ...t eettteeeiiiiitie ettt e e e ettt e e e e e e e s et eeeaeeeesannnenes 85
ACID-BASE ACCOUNTING BY DOWN-HOLE PROMPT GAMMA RAY SPECTROSCOPY
WIRELINE LOGGING .....cciiiiiiiitieieeee e ettt e e e e e ettt e e e e e e e e ettt e e e e e e e s e nettneeaaeeeeesannnnneeeaaeens 86
INTERPRETATION OF OVERBURDEN QUALITY BY ACID-BASE ACCOUNTING...........cuvvvernnns 89
STATE PRACTICES ... .eitiiiiiie e e sttt et e e e e e et e e e e e s e sttt e e e e e e s sasbe e e eeeaeeesastsbaeaaeaeeessassrnsees 90
RECOMMENDATIONS AND FUTURE USE OF ACID-BASE ACCOUNTING.........cuvvvvrmiriernnnienennns 90
REFERENCES ... .ttt ettt e e oottt e e e e e e et b be et e e e e e e e aannbbb e e eaeeeeeaeannnreneas 92
Chapter 5: Guidelines and Recommendations for Use of Kinetic Tests for Coal Mining
(AMD) Prediction in the Eastern U.S..........ooiiiiiecee s 99
KINETIC TESTS USED IN COAL MINING PREDICTION .....ccttiiiiiiiiiiiiiiieee e 99
[ 100 T A = P 100
[I=="ox o1 o T @113 P 101
o) dg = R (== o (0 £ TP 103
Applicability of Other KiNetic TESES .....cooii e 103
L T= o I =S £ PR 104



FACTORS TO CONSIDER IN KINETIC TEST DESIGN ........cutiiiiiiiiiiiiiiiiiiiiiiiininieeeieneneenenenens 104

PAITICIE SIZE ...ttt bbb bbb bbb bbb bbb e bees 104
Antecedent Storage ConAItiONS...........ovuuiiiiii i e e e e e e e e e e e aaaaan 108
Interleach Storage CONAITIONS .......coooiiiiie e 108
Degree Of SAIUMGLION........cciiiiiiii e 109
Size, Shape and StruCture Of APP@IGLUS ... ....uuerrurrerereririiererereberebebe bbb rererenee 110
Volume and Placement of Overburden Samplesin aKinetic Test Apparatus...........coovvvvvvvnininneeenennns 111
(= ot ] oo 1= 7 111
INFIUENE COMPOSITION ....ceieeeiie et e e e e e e et e e e e e e e eeeaetaa e e eeeeeeeestnsnaaeaeaeenees 112
ROCK t0 WELEN RO .....cceiiiiiiiiiiiiiiii i 113
POre Gas COMPOSITION .....uuuiiiieeei et e e e e e e e e e et e e e e e e e ee ettt e e e eeeeesteta s e e eeeeeeessannnes 114
Bacterial EffeClS......coiiiiiiiiiiiii 116
Pyrite Morphology @nd TEXIUNE........cceiviiiiiiiiieee ettt 116
L0700 | =SSP 117
CRITERIA FOR DETERMINING WHETHER TO CONDUCT KINETIC TESTING.............cuvvvene. 119
RECOMMENDATIONS/GUIDELINES FOR SELECTION OF KINETIC TEST ......cccccvvviiiiiiininenn. 119
RECOMMENDATIONSGUIDELINES FOR SAMPLE PREPARATION......ccooiiiiiiiiiei, 119
RECOMMENDATIONS FOR STANDARDIZATION OF LEACHING COLUMN TESTS................ 120
Particle SIZE.....ccooiiiiiiiii 121
Antecedent Storage CONTItIONS. .........oooieieiee e 122
Interleach Storage CoNAITIONS .......cooieiiiei e 122
Size, Shape, and Structure Of APPEIGLUS ..........uuuuurerereririiirererererebebe bbb 123
Volume of Sample and Placement within @ COlUMN ...........cooiiiiiiiiiin e 124
(= ot ] oo N 1= 7 P 124
Influent CompPOoSition and AdOItiON...........ueiiiii e e e e e e e e e e eeae 124
ROCK t0 WELEN REHO .....ceiiiiiiiiiiiiiiiii i 125
POre Gas COMPOSITION .....uuuuiiieeee it e e e e e e e et e e e e e e e e e e et e e e e eaeeestata s e e eeeeeesnsrnnnas 125
Bacterial EffeClS.....ccoiiiiiiiiiiii 125
Pyrite Morphology @nd TEXIUNE........cviiiiiiiiieieee ettt 125
L0700 | =SSP 125
Data PrESaNtaliOn ........covviiiiiiiiiiiiei ettt 126
RECOMMENDATIONS FOR STANDARDIZATION OF HUMIDITY OR WEATHERING CELL TESTS
............................................................................................................................................... 126
Particle SIZE......cooiiiiiiiii 126
Antecedent Storage ConUItiONS...........oeuuiiiii i e e e e e e e e e e e aaaaaan 126
Interleach Storage ConditioN...........coooi i 127
Size, Shape and StrUCtUIE Of APPAIEIUS ... ...vuvuerruereretererireeereeeeeeeeeeeeenereeerereeeeeeeeeeereeereeeeeeerererenees 127
Volume or WeIght OF ROCK.........cooiiiiiee e 128
Leaching Interval, Influent Composition and Rock to Water Ratio.............ceevvveiiiiiiiiiiniieeeeeeeiiiinnnn, 128
POIE Gas COMPOSITION ....uuuuiieeeeeeeeeitis e s e et e et e s s e e e e e e eeeta e e e e e e eeeeetes s eeeeeeeeesennnnaaaeeeeeenennnnnnn 129
(@107 g § = £ PP PPPPPRPTRRTTPR 129
Data PreSentation ..........ooiiiiiiiiiiiieeee e 129
(D= ir= W 1015 o (== 1 o o USSP 129
RECOMMENDATIONS FOR STANDARDIZATION OF FIELD SCALE TESTS........ccovvvvviieienenn. 130
e N[ 131



Chapter 6: Overburden Sampling ConSIderations..........ccooeeveeeeneerenee e 140

INTRODUGTION .....uiiiiiiiiieeee s ittt e e e e e e s ettt eeeee e s s s st b aeeeaeaesssassbsaaeeeeeeasaasstbraeeeeeeesssnsssnsees 140
SAMPLING GEOLOGICAL POPULATIONS. ... .ccoiiiiiiii i 140
RATIONAL STEPS IN SAMPLING DESIGN .....uiiiiiieiiiiiiiiiie et 142
SAMPLING METHODS.......ceieiiee ittt e ettt e e e e e e e ettt eeeeeeasannneebeeeaeaeaeaane 143
Air Rotary Rig: NOrmal CIrCUIBLION .........uueeiiieeiie st s e e e e e et s e e e e e e eeetann e e eeeaeeeae 143
Air Rotary Rig: REVEISE CIrCUIBLION .......uvueeiiie e e ettt s e e e e e et s e e e e e e eaatan e e e e aaeeenes 143
[T F= 0170 o [ ] U 145
F U To (< 112 (o [PPSR 146
Channel Sampling (HIGhWall) ........oveei e 146
Overburden SaMPliNG PraCliCeS ........ ittt e e e e e e eeeaea e as 146
SAMPLING DESIGN CONSIDERATIONS AND GUIDELINES........ccooiiiiiiiiiiee e 146
Relevance t0 ACId BaSe ACCOUNLING . ....uuuiieeeiieeiiiiiis s e e eeeeeeetias s e e e e e e eeetean s e e e eeeeeeeaannnaeeeeeeeeeennnnnns 146
Geologic Considerations Involved in Sampling DESIGN .......ueiiii i 149
Surface Weathering EffeCLS.........uuuiiii e 149
Facies Changes and Other Paleodepositiona / Paleoenvironmental Considerations...............ccccevveeen. 150
Stratigraphic Considerations-Lateral Variation and Number and Distribution of Boreholes.................. 151
Vertica Sampling INtEIVAIS ........oi i e eaaeans 154
Representative INterval SAMPIES ........uuuiiii e 156
Guidelines for Drilling and Sampling Overburden and Coal at Surface Mine Sites...........ccocevvvvennnn.. 157
GEOSTATISTICAL APPROACHES. ......coeiiieeii ittt et e e e e e e e e e e e enes 158
F N 0= VS E Yo I £ 1 = T 158
V2= L0l ='o ) VA= o N N T 1 o SN 159
Visualization and Three-Dimensional MOGEIING............uiiiiiiiiiiiiiii e e e eeens 160
FINDINGS AND RECOMMENDATIONS. ......uutiiiiieieeiiiiiiieiieeee e e e s eiieer e e e e e e s e neeaaeeeeaee e e e snneneees 161
REFERENCES ........iiiiiiiite e e e ettt e e e e s ettt e e e e e s ettt et et e aee e s s st s bebaeeeaeeesaesstbssaeeeeeessssseneees 163
Chapter 7: Mine Drainage Prediction, A Summary of Concepts and Processes.................... 168
INTRODUGTION .....ciiiiiiiiieee e ettt e e e e e e ettt et e e e e e e e eate et e e aeaeasaansteaeeeeaaeesaannnaneeeaeaeessanneneees 168
GEOLOGIC PRINCIPLES ... ..ttt ettt ettt e e e e e e ettt e e e e e e e e e nnttae e e e aeeeeeannnneeas 169
MINEIAIOGY ..o 169
PalEOBNVITONIMENE ... .ot e e e e e e e e e e e e et e e e e e e e e e et st e e e e eeeeesrsaaaaas 169
GEOIOGIC WEBENENTNQ. .ttt 170
GEOCHEMICAL PRINCIPLES ...ttt ettt e e e e et e e e e e e e e aeneeeeas 170
HYDROLOGIC PRINCIPLES ..ottt ettt e e et e e e e e e e eeaaeeeaeanes 172
A= (= o P 172
Groundwater Fracture FIOW SYSLEM........ouuuiiiiii e e e e e e e e e e e e e e e aeeaees 172
MINESPOIH AGUITEES. ... e e e e e e et e e e e e e e e e et et e e e e e e e e eraraaaas 173
Pre-mining Water QUAaIITY .........ooiiiiiiiiie e 173
Water Quality from Adiacent MiNe SITES......cooei i 173
RESOUICE SENSITIVITY ..eiieeiiiiiii ettt ettt e e e e e e e e e ettt e e e e e e e e e eaeban e e e e eeeeeesennnnas 174
SAMPLING OVERBURDEN, SOILS, AND MINE SPOILS .......cuiiiiiiaiiiiiiiiiieeee e 174
OVERBURDEN TESTING AND INTRERPRETATION ...ttt e e e 175

\Y



Wi o 7= s A oo 11 1] oo 176

KINBLIC TESES. ..ottt 181

A GENERALIZED APPROACH TO THE ANALYSIS OF SITE DATA AND PREDICTION OF MINE
DRAINAGE QUALITY eetttiteee ettt e ettt e e e e e e ettt e e e e e e e s sss bt eeeeeeeeaasntbeeeeaaeeessassnneees 183
Developing Mine Drainage Science: Issues, Opportunities and Needs.............ccoceeeeieiiiiiiiiiiinieeeeeeeeen, 190
REFERENCES ...ttt ettt e e et e e e e e e e et et e e ee e e e sa s s bbb eeeeaeeesaanttbaaaeeaeeesssssraeees 191
Appendix A. Considerations for Chemical Monitoring At Coal Mines.........ccccceevevveveeenenee. 195
INTRODUGTION .....ciiiiiiiiieee e ettt e e e e e e ettt et e e e e e e e e eteeeeeaaaeasaassbeaeeeeaeeesaanntbeeeeaeaeeasasnennees 195
HYDROGEOCHEMISTRY OF COAL MINE DRAINAGE.........cciiiiiiiiiiiiiiie e 196
WATER QUALITY MONITORING AND EVALUATION.......cciiiiiiiiiieiee et 197
Measurement of pH, Alkalinity, 8N ACIAITY ........uuueiiiieeii e 199
GROUND WATER MONITORING CONSIDERATIONS.........uiiiiiiiieiiiiiiiiiiiee e eiieeee e e 202
QUALITY ASSURANCE/QUALITY CONTROL .....utiiiiiieeaiiiiieieeeee e e e e eeiiieeee e e e e e e s ameeeeeeeaeaeaenes 204
FIELD SAMPLING PROCEDURES ........ccoiiiiiiiiiiiiee ettt iee e e e et e e e e e e et eeaaee e e e anneneeas 205
Field Measurement of Unstable Water-Quality CONSHIUENES........coeeeeevieiiiiiiiie et e e 206
FIELD NOTES/DOCUMENTATION......eeiiiiiiitiiiiitee e ettt e e e e e sttt e e e e e e e aenetaeeeeaeeeeeeennenees 208
SAMPLE CUSTODY PROCEDURES ......ccottiiiiiiiiitiiitite e e e s ettt ea e e e s asstetaeeeaaeeessannnnsaaneeaaeasannnes 209
SELECTION OF LABORATORY AND ANALYTICAL PROCEDURES ..........cooooiiiiiiieeeeeeeeeeeee, 209
Laboratory Sample AnalySiS and QA........coviiiiiiiiiiiiiii e 210
SPECIFIC ROUTINE PROCEDURES TO ASSESS DATA ...ttt 212
REFERENCES ... ..ottt e e e e e e ettt e e e e e e e e sttt e e e e e e e s enneeteeeeeeeeeeeannenees 214
Appendix B—CHAPTER 6 CASE STUDIES........ccoo oottt 219
ANALY SIS OF VARIANCE (ANOVA) ...ttt ettt e e e e e e s s stsaaaen e e e e e e s annnrnaaeeeaeens 219
Lower Kittanning Coal, PENNSYIVANIA.........cooiiiiiiiii e e e e 219
VARIOGRAPHY AND KRIGING ... ..ouiiiiiiiieiiiiiiii ettt e e e e e e e e e e 224
New Allegheny Ming, WESE VilgiNIa. ... ..ciiieeeiieeiiiiiiss e e e et i e e e e e e e e e e e e e eeeeenn s e e e eeeeeeennnnnes 224
SIgNIfICANCE OF RESUITS. ... .. eiee et e e e e e e et e e e e e e e e eeeaea e eaes 234
SKY NG MINE, TENNESSEE. ..o e iieeetiie et e e ettt e e e e ettt e e e e e e e e e e et e e e e e e e e e es et e s eeeaeeenatnanaaees 235
VISUALIZATION AND THREE-DIMENSIONAL MODELING.........ccciiiiiiiiiiiiee e eiiiieee e e e 237
N T Y LT ST 1= G T 237
APPENIX C-AUTHORS. .. ..o e e e e e et e e e e e e te e e e aen e 240

Vi



Preface

This report presents the principa techniques and methods used to predict the water quality that will result
from surface cod mining and reclamation. It has been prepared by a subset of the Cod Sector of the Acid
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inthe field of acid drainage. The ADTI Cod Prediction Workgroup was initiated by the Office of Surface
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and the Nationd Mine Land Reclamation Center (NMLRC), which coordinates and facilitates ADTI
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Center for Cod and Energy (WV U) each contributed funds that aided in the completion of this effort.

This report summarizes some of the more recent advances in understanding and experiencein the field of
mine drainage prediction as well as some previoudy unpublished experiences in cod mine drainage
prediction. It isintended to provide a balanced and moderately detailed overview of coad mine drainage
prediction and to serve as aguide to the literature of this rather broad field. Contact information for al of
the authors can be found at the end of the book, in Appendix C.
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CHAPTER 1: INTRODUCTION AND RECOMMENDATIONS

by
Robert L. P. Kleinmann, Roger Hornberger, Bruce L eavitt, and David M. Hyman

THE NATURE OF THE PROBLEM

Nationwide, over 19,300 km (12,000 miles) of rivers and streams and over 730 kn? (180,000 acres) of
lakes and reservoirs are adversdly affected by contaminated water draining from abandoned mines. The vast
mgority of this problem occursin the eastern United States, EPA Region 3 (which includes Pennsylvania,
West Virginia and Maryland) considers coa mine drainage to be its most significant non-point pollution
problem. However, despite the magnitude of the problem, the Situation is much better than it was 30 years
ago, when the number of stream miles adversdly affected was 50% worse. The improvement can be
attributed to the reclamation of many abandoned operations, and to the regulatory requirements on cod
mining operations, which now must both prevent acid mine drainage (AMD) generation and treat their
effluent water during and after mining to meat effluent limits.

The regulatory authorities and the mining industry have worked hard to improve water quaity during and
after mining. A key component of this activity is predicting the post-reclamation water quality before mining
occurs. The regulatory agencies make such predictions to aid in permitting decisons. Generaly, where
andysisindicates that poor post-reclamation water quality is anticipated, permits to mine are granted with
regtrictions (requiring the use of specia preventive practices, such as dkaine additions, to overcome
neutrdization deficiencies, or deleting acod seam or an area from the permit) or are denied dtogether. The
mining indugtry is generaly required to demondrate that no pollution will result. Despite these efforts AMD
iscommon at reclaimed surface mines, in part because the task of predicting post-mining water quality is
highly problematic. As a result, the industry spends over a million dollars a day chemicaly tregting
contaminated mine water. The industry can only afford the long-term liability of water treatment if it is
planned for; unanticipated water treatment that must continue after mining and reclamation has been
completed can bankrupt a company.

At surface cod mines where the overburden chemisry is dominated by either calcareous or highly pyritic
drata, the prediction of pogt-reclamation water quality isrelatively sraightforward. However, & sSteswhere
neither clearly predominates, predicting post-reclamation water quality can be complex. Fifteen years ago,
researchers found that at these more difficult-to-predict Stes, overburden andysis procedures generaly
used to predict post-reclamation water quality a surface cod mines were no more effective than flipping
acoin. Sincethen, agrest ded of effort has gone into improving the procedures. Pennsylvania has compiled
daidicsindicaing that overdl, its permitting decisions are now accurate 98% of thetime; that isto say, only
asmdl percentage of the mines anticipated to produce neutra or akaline water produce AMD. (It is not
possible to estimate the number of mines not permitted to open in Pennsylvania because of anticipated
AMD that, in fact, would have produced acceptable water.) Largely asaresult of ADTI, other States are
now beginning to smilarly assessther permitting practices. However, even without the gatistics from other
dates it isclear to dl of those working in the field that prediction of post-reclamation water qudity has
improved.



OUR OBJECTIVES

This report provides an overview of techniques, methods, and procedures that are being used to predict
the quality of water that will be generated after aSteis surface mined for cod, and then reclaimed. It was
prepared by a subset (Group 1) of the Acid Drainage Technology Initiative (ADTI), which inturn is a
codition of State and Federd agencies, industry, academia, and consulting firms working together to
promote communications and technology enhancement in thefield of acid drainage. Group 1 is comprised
of about 25 people, who focus on problems associated with predicting water qudity, while Group 2 focuses
on avoidance and remediation. Group 2 published a handbook in 1998 that should be considered as a
companion volume to this one.

The objectives of this report are to provide a summary of the various options available to predict post-

reclamation water quality at surface cod mines, including their relative strengths and limitations, and to
promote the integrated use of the various methods. Idedlly, this report will lead to an increased avareness
and condderation of the various options that are available, and encourage both industry and regulatory
agencies to use the most gppropriate and cost-effective means of accurately predicting post-reclamation
water quaity. Recommendations are provided at the end of severd of the chapters; these are summarized
at the end of this chapter.

Currently, dthough amilarities exist, each State’ s permitting agency has its own mine drainage prediction
methodology. The amount and types of data required vary from date to date, including different
requirements for documenting pre-mining water quaity, overburden lithology and geochemica properties,
and the propased mining and reclamation plans. As aresult, the degree of successin preventing AMD on
new permits varies. Thisreport incorporates the results of an informa survey of the mine drainage prediction
processes and risk reduction techniques used by Alabama, Indiana, llinois, Kentucky, Maryland, Ohio,
Pennsylvania, Tennessee, Virginia, and West Virginia The objective of this survey was to lay the
groundwork for an extensve, long-term post-mortem regiona analysis of mine permits reative to predicted
post-mining water discharge qudity, Smilar to what Pennsylvania has accomplished. Thiswould dlow locd
and regiond variations to be factored into future recommendations. The authors hope that al of the
regulatory agency personnd reviewing this document will learn ways in which they can improve the
permitting process in their sate, in part by incorporating successful techniques being used e sewhere.

It should be noted that this report presents only the components relevant to predicting water quaity at
surface mines a which cod is being mined. Although the generd gpproach is smilar, issues and
interpretation of results can be quite different for hard rock operations and underground cod mining.
Therefore, a separate volume will soon be produced that will focus on hard rock issues. In the future, a
volume to predict the water qudity from underground minesis aso planned, once we have sufficient fied
vaidation of the technology being used.

FORMATION OF ACID MINE DRAINAGE

Acidity a cod minesis principally due to the oxidation of pyrite, FeS, which is commonly associated with
the cod and surrounding strata. Cod owes its originsto the burid of organic matter in swamps, pyrite dso
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formsin such environments. Severd types of pyrite may be present, and the reactivity of the different forms
can be sgnificantly different due to the nature of their formation and the effect that grain Size has on surface
area.

Mining disrupts the rock strata and exposes the pyrite to air and water, alowing oxidation to take place.
Oxidation of the sulfide component of the pyrite to sulfate produces 2 moles of acidity for every mole of
pyrite. Sulfur may aso be present in the rock as sulfate minerads, such asjarosite (KFex(SO,), (OH)s), or
as organic sulfur. Some of the sulfate minerd's can dissolve and form acid solutions, but the organic sulfur
isorganicaly bound with the coa and has little or no effect on acid potential. Acidity is aso produced by
the oxidation of the iron from Fe', ferrous, to Fe'™, ferric iron, and its subsequent hydrolysis. The acid
water that results from dl of these reactions leads to the dissolution of other common contaminants, such
as auminum and manganese, and occasonally other metals such as copper, zinc, and nickd.

At the same time, the rock dtratatypicaly include components that dissolve and produce dkdinity. In cod-
bearing dtrata, dkdinity is principaly represented by CaCQO;, ether as limestone, cacareous cement or
cacite, or as CaMg(CO:z),, dolomite. FeCOs, Sderite, is also commonly present but does not contribute
dkdinity.

Although these minerds can oxidize and/or dissolve in the abosence of mining, the disruption and
displacement of the rock sratatypicaly accelerates the processes. Accurately predicting post-reclamation
water qudity involves understanding how the minera components will react in the mine environment and
how the acid-forming reactions and the acid-neutrdizing or akainity-generating reactions will balance at
agiven gte. There are many complicating variables. For example, concentrations of pyrite and carbonate
minerds vary both horizontally and verticdly, so that accurately determining the amount of each a adte can
be very difficult. The kinetics of the reactions change as the water quality changes (for example, as pyrite
oxidizes and the pH drops). Reaction rates are dso affected by such variables as climate, the activity of
iron-oxidizing bacteria, the rate of diffuson of oxygen, water infiltration rates, aimospheric chemigtry within
the mine spoail, the degree of compaction, pyrite and carbonate minerd grain sze and morphology, the
relaive locations of the pyritic and calcareous rocks, and the location of the weter table.

Prediction of water qudity involves measuring the most important variables, making certain assumptions
relaive to less-important variables, extrapolating from what has been learned through experience a other
gtes, and sometimes conducting laboratory smulations to evauate kinetic agpects. Generdly, one attempts
to predict whether the Site will produce acidic or dkdine drainage, though sites that produce dkaine water
may dill require chemica trestment or specid handling, due to the level of metd contaminants present.

METHODSOF PREDICTION

Mot frequently, prediction of post-reclamation water quality at surface cod mines involves analys's of
overburden samples. These samples can be analyzed using one of severd datic tests, which involve
determining and comparing the amount of potentidly acidic and dkaine condtituentsin therock. There are
aso kinetic tests, which are principaly leaching methods in which rock samples from the proposed mine
dte are subjected to smulated westhering conditions and the leachate is analyzed in alaboratory for mine
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drainage qudlity parameters. These kinetic tests may be conducted in an gpparatus in the [aboratory or in
the field, and the test results may be evauated independently of dtatic tests or integrated with dtatic test
results on the same rock samples. Other methods of prediction include the use of geophysicd and/or
geochemica procedures.

As an dternative gpproach, the prediction of drainage quaity from the naturd background water qudity a
the gte or from the chemigtry of water & an adjacent mined Ste involves scientific inference and common
sense. If representative samples of surface and ground water are collected on or near a proposed Site, it
is reasonable to assume that they should indicate something about the geology of the Site and the qudity of
the mine drainage that will be produced after mining. For example, within areas of the Appaachian Cod
basin of the eastern United States where mgjor stratigraphic sections of carbonate rocks are present,
surface and ground water will have a rddively high concentration of akainity, particularly in the head
waters of amdl tributaries and in sorings and ground water seeps. If the springs, seeps and tributary samples
on or near a proposed mine Ste have low buffering capacity, it isless likdy that carbonate rock will be
present to produce akaine drainage or to neutrdize AMD. However, amgor problem in relying solely
upon background water qudity isthat Sgnificant sections of potentialy acidic Stratamay be present on Ste,
but not reflected in the pre-mining water quaity. This occurs because the high acidity only results after the
pyrite or other acid-producing mineras are exposed to increased oxidation and weeathering during mining.

The use of mine water qudity a nearby Stesisavery smilar, and generdly more useful, technique. Post-
mining discharges, highwall seeps, and pit waters at adjacent active, reclamed, or abandoned Sites can
provide good indications of whether future mine drainage is likely to be highly akaline, highly acidic or
somewhat neutrd, if adequate sratigraphic correlations of coa seams and overburden lithologic units can
be made. Discharges from active or abandoned underground mines are of some vaue, but not as useful as
surface mine data. Such data can be compiled from state agency permit files of active or completed Sites.
At least two magjor problems may impede the accurate prediction of proposed mine site drainage quality
from nearby stes. Oneisthat the proposed mine ste may have sgnificantly different overburden chemistry
due to facies changes, differencesin depths of weathering or other local-scale geologic variations. A second
isthat the exigting water qudity may reflect past mining and reclamation practices. For example, the exigting
reclamed Ste may have cod preparation plant refuse or large amounts of dkaine additives, such asflyash,
buried in the backfill, both of which will skew the water quality one way or the other. These potentid
interpretation problems are discussed in more detail in chapter 3.

Static and kinetic tests incorporate chemica anayses performed on rock samples from the actua mine Site,
A critica point isthat these methods are only vaid if the rock samples are truly representative of the Ste
where mining is proposed. Rock samples may be collected from exploration boreholes or other sources
(e.0. exposed highwals). Both gtatic and kinetic tests produce site-specific geochemica evauations of
potentid acidity or dkdinity, and possibly other parameters of predicted water qudity. The mgor difference
between gatic and kinetic tests is that Static tests provide measurements of the amount of selected chemica
condituents in the rock sample (eg. totd sulfur, neutrdization potentid), while kinetic tests provide
measurements of the amount of selected chemica condituents that comeout of the rock samplesin leachate
(e.g. acidity and iron concentrations) under Specified conditions. The tota amount of an eement or minera

(e.g. sulfur or pyrite) in the rock sample may not be directly proportiond to the amount of the associated
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parameter (e.g. sulfate or iron) in the smulated effluent produced in aleaching test or actud mine drainage
in the fidd. Thisis due to reaction kinetics, minera solubility controls, crystdlinity and morphology of the
minerds, and other physicd, chemica, and biological factors. However, both static and kinetic tests have
potentia value, provided that their limitations are recognized when interpreting the results.

In this report, we focus primarily on the gtatic test that is most commonly used to predict mine drainage
qudity in the eastern United States, namely acid-base accounting (ABA). This method involves a
comparison of the maximum potentid acidity (MPA), typicdly caculated from the totd sulfur in the sample,
to the neutraization potentia (NP). Other Static tests have been developed and employed for use in cod
mine drainage prediction, but ABA is the most routingly used method for cod mine drainage prediction. A
recent innovation, Evolved Gas Andyss (EGA), dso deserves mention as it has the potentid to fill agap
between datic and kinetic tests, Snce it is a datic test that provides some information that can be used to
factor in reaction kinetics. In addition, geochemica logging techniques adapted from the oil and gas industry
can be used to provide an ingtantaneous andyss that amulates ABA. All of these methods are discussed
in Chapter 4.

Kinetic tests are most gppropriately used when the results of gtatic tests falls between the regions defined
(by practice) asacid or dkadine. The most commonly used kinetic tests for mine drainage prediction involve
ether leaching columns or humidity cedlls. These tests have been used, evduated, and compared in many
cod mine drainage prediction udies, but arein fact only occasondly used by the mining industry and Sate
regulatory agencies in the Appaachian Cod Basin. Other kinetic test methods, such as the Soxhlet reactor,
have aso been used in prediction efforts, but even less frequently than humidity cdls and leaching columns,
Kinetic test methods are more routindly used by the metal mining industry and regulatory agencies in the
western U.S. and Canada. Barriers to their use in the eastern United States include their expense and the
time (months) needed to obtain results, as well as the fact that they have not had the widespread field
vaidation that ABA has had.

Kinetic testsincorporate dynamic dements of the physica, chemica, and biologica processesinvolved in
the weathering of mine rock, and attempt to Smulate the kinetics of the chemicd reactions that control the
production of acidic or dkaine mine drainage. Factors that may be incorporated include: size, shape and
gructure of the apparatus, volume and placement of the rock samples in the apparatus, particle size;
mineralogy; antecedent storage conditions; interleach storage conditions, rock to water ratio; leaching
solution composition; leaching interva; pore gas composition and nature of bacteria populations. If the
criticd physcd, chemicd and biologicd conditions are proportiondly representative of the naturd
environment, the water quality of the leachate may be used to predict or estimate the water qudity from the
proposed mine ste. Unfortunately, kinetic test procedures are necessarily smplifications of the natura
environment, and it is easy to be fooled by |aboratory procedures that underestimate or overestimate some
component of the red world. These issues are addressed in detail in Chapter 5. In addition, the vaidity of
kinetic tests, like static tests, depends on how well the samples represent the site. It is important to
remember that despite gpparently precise laboratory andyses, test results may not accurately predict mine
drainage qudlity.



To summarize, this report provides information on numerous methods to predict post-reclamation water
quality at surface cod mines. The various advantages, disadvantages and assumptions of the principa
methods are discussed; these must be understood by anyone selecting or interpreting the results from these
techniques. Thisarray of prediction methods is anadogous to a collection of tools in atoolbox. The choice
of which tool to useisidedly afunction of Ste-gpecific circumstances, but in the pad, the decison has often
been dictated more by familiarity with the test and the ability of practitionersto extrapolate the test results
to mine scae decisons. In the context of compliance and enforcement, when the only tool in your toolbox
isahammer, everything beginsto look like anall. 1t isthe hope of the ADTI participants thet, with sufficient
information, practitionerswill fed comfortable usng toolsthat are more gopropriate, rather than just familiar.
Regulatory agencies and the mining industry should both consder and promote the proper use of dl mine
drainage prediction tools, and to become comfortable using them in concert to optimize the odds of
accurady predicting the effects of mining agiven sitein aparticular manner.

RECOMMENDATIONS

The use of ABA for accurate prediction of mine water quaity depends on obtaining representative samples
of the geologic materids that will be disturbed. Geologic variability within a Ste must be captured through
the use of a sufficient number of samples. The effect of weathering on the sampled dtrata must be
consdered; the absence of carbonate mineras or pyrite in the top 20 feet of overburden sampled islikely
not representative of the same Srata a greater depths. Studiesin Pennsylvania have shown that an absolute
minimum of three and more typically six or seven holes are needed per 100 acresin order to capture the
geologic varigbility of agte. The collective experience of the ADTI Coa sector underscores Pennsylvanid's
findings, though of course each steisdifferent and it is hard to generdize. However, Pennsylvaniahas dso
found that their sampling requirement can be entirdy waived if water qudity is good a adjacent mines that
have extracted the same cod seam. In fact, they have found that the most effective predictor of AMD
potentia has been previous mining in the same seam and generd location as the proposed operation.

If the dtrata are adequately sampled, overburden andyss, and in particular, ABA, works wdl in most
overburden. However, an overburden anayss located between andytica results clearly associated with
akdine discharges and those that are clearly associated with acidic dischargesis said to fdl within agray
zone. The uncertainty is caused by variability in rock strata and the ability to adequately represent those
gratawith alimited volume of sample materid, aswell as sources of error in the anaytica procedures.

For example, the presence of the minerd Sderite haslong been known to cause fase levels of dkdinity to
be reported in ABA reaults. In addition, the subjective fizz test has been shown to result in Sgnificant lab-to-
lab variahility in ABA test results on the same sample. Chapter 4 contains a modification of the ABA
procedure that eiminates these two sources of error. The ADTI Coal sector strongly recommends to all
operators, researches, and regulators that these ABA modifications be adopted. The authors believe that
broad application of this methodology will result in fewer mines that produce acidic discharges, and dlow
for the safe permitting of mines that would not have been permitted utilizing the old procedure.

It is ds0 necessary to define the gray zone. The ADTI cod sector recommends that strata with a
neutraization potential (NP) less than 10 tons/1000 tons or a net neutralization potential (NNP) less than
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0 tons/1000 tons be considered potentialy acid producing. Strata with an NP greater than 21 tons/1000
tons or an NNP greater than 12 tons/1000 tons can be considered dkaline. The gray zone is the defined
region between these values. These vaues are based on the ABA procedure currently used inthe U.S,, and
thelr derivation is discussed in chapter 4. Asthe ABA modifications recommended in thistext are gpplied
inthefied, it is anticipated that the accuracy of predictions should improve. These vaues should therefore
be re-assessed once the modified test procedures have been adopted. It is anticipated that the eimination
of the Sderite problem and the dimination of subjectivity in the fizz test should reduce the sze of the
undecided gray zone, and lower the bresk points for the generation of an akaine discharge.

Dynamic or kinetic testing, in which the rock samples are subjected to mild to severe weathering under
laboratory conditions, are described in detail in Chapter 5. While kinetic tests have been utilized to make
permitting decisons, the time and effort required for such testing have generdly limited their gpplicability.
In addition, the lack of standardization has aso caused problems. The Chapter 5 recommendations should
correct the latter problem; presumably, this will dlow kinetic tests to be used when clarification of the
likelihood of acid generation for sitesin the defined gray zone is necessary.

Findly, it should be emphasized tha regardiess of whether one is preparing or reviewing a permit, the
unique character and condition of each mine Ste precludes a smple cookbook gpproach. If dte
characterization is adequate, it is generdly possble to predict pos-mining water quality. This evauation
should then be factored into a consideration of whether this predicted water qudlity is likely to have
unacceptable effects on locd water qudity, and if o, whether anything can be done during mining and
reclamation to alow it to proceed without such adverse effects.



CHAPTER 2. HOW GEOLOGY AFFECTS MINE DRAINAGE PREDICTION

by
Keith Brady, Roger Hornberger, William Chisholm, and Gary Sames

INTRODUCTION

Acid mine drainage (AMD) isamgor problem in the northern Appdachian Basin, particularly within the
Allegheny Group dratigraphic section (Appaachian Regiond Commisson, 1969; Wetzd and Hoffman,
1989). AMD is much less sgnificant in the midwestern sates, and so this chapter and the next emphasize
the Appaachian dates. Figures 2.1 and 2.2 illudtrate the extent of contamination in the northern Appaachian
Basin, usng datafrom Wetzd and Hoffman (1983). It should be noted thet the digtribution of contaminated
mine water is not smply afunction of the amount of pyrite and limestone in the overburden. For instance,
some watersheds are much more intensely mined than other watersheds, and some watersheds on the
periphery of the basin may have little or no cod. However, some generd statements on the distribution of
water quality problems can be made. The West Branch of the Susquehanna River has the highest
percentage of streamswith pH less than 6.0 (56%). This watershed has a correspondingly high percentage
of streamswith sulfate above 75 mg/L, indicating that the proportiondly low pH is due to mining. The other
two watersheds with gregter than 35% of the streams having a pH less than 6.0 occur where mining would
have encountered the Allegheny Group. Watersheds in southern West Virginia and Kentucky that have
sulfate concentrations above 75 mg/L in gregter than 35% of the sreamsiilludrate thet high suifate does not
necessarily correspond with low pH; none of the sampled streams have a pH less than 6.0.

Although thereisagenerd rdaionship between geology and mine drainage qudity, no comprehensive study
relating geology and mine drainage qudity has been atempted for the entire Appaachian basin. An
examinaion of geologic sudies suggests some sgnificant differences in minerdogy for the southern
(Pottsville) and northern (Allegheny through Dunkard) Appalachian drata (eg., Cecil et d., 1985;
Donddson et d., 1985a). Four principa geologic processes have contributed to the variability of coa
properties and the chemistry/minerdogy of the intervening srata Two of these, paeoclimate and
pal eodepositionad environment, date back hundreds of millions of years to the Pennsylvanian Period. The
other two, surface westhering and glaciation (in the northern part of the basin), are more recent, occurring
within the past few million years.

The paleoclimatic and paleodepositiona environmentad influences on rock chemidry in the northern
Appaachians resulted in the formation of cod overburden with greatly variable sulfur content (0% to >10%
S) and cacareous minera content (0% to >90% CaCQOs). The wide variationsin rock chemistry contribute
to the wide variationsin water quality associated with cod mines.
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Figure 2.2. Percentage of Streams in the Watersheds With Median Sulfate > 75 mg/l



GEOLOGIC FACTORS
Paleoclimatic I nfluences

Various attempts have been made to reconstruct the paleoclimate of the northern and centra Appalachian
Basin during the Pennsylvanian (Cecil et d., 1985; Donddson et d., 1985a; Phillips et d., 1985; Winston
and Stanton, 1989). The modd s developed in these studies differ asto how wet or dry the upper Pottsville
was, but they agree that at the time of deposition of the Allegheny Group, the dimate was moderatdly wet,
athough drying as the deposition continued. All agree that during deposition of the Conemaugh Group, it
was dry. The base of the Monongahela was deposited in awet period, and the climate probably became
drier higher up in the section. Cecil et d. (1985) and Donadson et d. (19854) concluded that the period
during which the Dunkard was deposited was comparatively dry.

Cecil et d. (1985) suggest that climate affected the shape of the peet depodts, the chemistry of the swamp
and ultimately the chemidtry of the cods. Periodic dry conditions would alow the surface of the pest to dry,
oxidize, and degrade, thusincreasng ash content. These conditions, taken together, would result in higher
sulfur and ash in the northern Appaachian cods. Cecil et d. bdieve that this explains why the cods of the
southern Appaachian Pottsville Group are lower in sulfur (typicaly <1% sulfur) and ash (typicaly lower
than 10% ash) than the younger cods of the northern Appaachians (typicaly >1% sulfur and >10% ash)
(Figures 2.3 and 2.4).

Aswith cod qudity, Cecil e d. (1985) and Donaldson et . (1985a) concluded that overburden strata are
aso influenced by paeodimate. The drier conditions during the Upper Pennsylvanian (upper Allegheny and
younger strata) resulted in the common occurrence of freshwater limestones, calcareous cements, and
ca careous concretions in non-marine sandstones and shales.

A second category of geologic processes that influenced the chemidiry and mineradlogy of Pennsylvanian
Period cod-bearing sediments, including the distribution of cacareous and pyritic rocks, was depostiond
environment. Typicaly, within the Pennsylvanian, paeocenvironment is dassified as freshwater, brackish and
marine (Williams, 1960). These three categories ae not evenly didributed geographicdly or
dratigrgphicaly.

Paleoenvironmental | nfluences

Pd eoenvironment is an important control on the distribution of carbonates and pyrite. Marine limestones
can have dgnificant dkalinity-generating cgpability, and mines that encounter these limestones generdly
produce akdine drainage. Freshwater limestones are common in the upper Allegheny and Monongahela
Groups. Mines that encounter these limestones, likewise, routingly produce adkaline drainage. Brackish
environmentstypicaly lack cacareous minerds, with Sderite being the only carbonate present. Overburden
of marine and brackish origin often have much greater thicknesses of high sulfur strata than overburden of
freshwater origin. Brackish environments therefore cause strata to be high in sulfur and low in calcareous
minerds, which often resultsin AMD. These paeoenvironmentd influences on the distribution of carbonates
and sulfur (pyrite) will be examined in more detall below.
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Figure2.3. Stratigraphic variation of sulfur content for 34 coal beds of the central Appalachians (Cecil et a., 1985).
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Depositional Environmentsof Iron Sulfide Minerals

Guber (1972) found thet the highest sulfur in rocks overlying the lower Kittanning cod in north-centra

Pennsylvania was associated with sediments deposited under brackish conditions (Degens et d., 1957,

Williams and Keith, 1963). Guber concluded that a brackish environment provides optimum conditions for
pyrite formation, with sulfate derived from the brackish water and iron from the nearby terrestrial sources.

These sources, coupled with high arganic content, provide optimum conditions for pyrite formation: a
reducing environment with an ample supply of sulfur and iron.

Relationships between sulfur and depositiona environment for cod have aso been documented in Texas
and Audrdia In Texas, Eocene cods deposited in marine and brackish lagoonda environments typicaly
have the highest sulfur (S) concentrations (1.5 to 2%), while dluvid plain cods exhibit the lowest S vaues
(< 1%). Déltaic cods are intermediate in S (1 to 1.5%) (Kaiser 1974, 1978). Permian codsin Audrdia
deposited in lower delta plain facies usudly contain > 0.55% S, whereas those associated with braided
fluvid facies found further inland, usudly on dluvid plains, contain < 0.55% S. Upper ddta plain cods,
which are located between the lower ddta plain and the dluvid plains, are typicdly of intermediate sulfur
(Hunt and Hobday, 1984).

Englund et d. (1986) noted that sulfur in the Pottsville Group Pocahontas No. 3 cod in southern West
Virginiaand western Virginiawas highest a the margins of the deposit (0.9%) and lowest away from the
margins (0.4%). Two studies of the Allegheny Group upper Fregport coa in southwestern Pennsylvania
show smilar trends. Skema et d. (1982) found that cod near the margins contained 4 to 5% sulfur, while
cod toward the center of the deposit had 1 to 2% S. Sholes et d. (1979) found that coa near the margins
had 5to 6% S, and 3% or lessin the center.

Some of the examples cited above show well-documented relationships between sulfur in cod and
paleodepodtiond environment. However, even where present, the reationships between sulfur and
paleodepositional environment are region-specific. For example, the freshwater cods of northern
Appdachiaare generdly higher in sulfur than the marine cods of Texas. Therefore, the use of high and low
sulfur as a predictive tool for paleodepositiona environment should be used with extreme caution.

Changesin percent sulfur have aso been observed a amore locd leve than discussed above. Studies of
the vertical digtribution of sulfur in cod have been done for coa's around the world, encompassing various
geologic periods and cod rank. Increased sulfur at the top and bottom of cod seams appearsto betypical.
This has aso been observed in cod seams of the northern Appaachian basin. Reidenour et d. (1967) found
higher sulfur at the top and (Sometimes) bottom of Clarion and lower Kittanning codsin Clearfidd County
that have roof rocks that were deposited in a brackish depositiona environment. Appalachian cods
interpreted to have been deposited in afreshwater depoditiond environment aso show high sulfur at thetop
and bottom of the seam (Cheek and Donaldson, 1969; Donadson et a., 1979; Donaldson et a., 1985b;
Hawkins, 1984).

It cannot be assumed that high sulfur in the upper portion of acod bed, or high sulfur within acod bed, are
evidence of marine influence. Paleocenvironmentd interpretations using sulfur done may not be vdid. The
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fact that high sulfur is frequently found at the top and bottom of coa seams, regardless of paeoenvironmert,
is, however, important from amining sandpoint. The top and bottom of a cod seam are the most likely to
be Ieft behind on the mine dte as pit deanings because of high sulfur or ash, or as cod that is not
recoverable in the mining process. The acid potentia from this source must be considered in any evauation
of potentid acid-materias problems.

Pyrite and Other Forms of Sulfur

Although pyrite may comprise only afew percent, or even afraction of a percent, of the overburden rock,
its importance to past-mining water qudity far outweighsits ssemingly minor presence. An overburden that
averages just afraction of apercent sufur, in the absence of neutrdizing rocks, can cregte sgnificant post-
mining water quality or revegetation problems, if not dedlt with properly.

Forms of sulfur that occur in cod overburden are sulfide, sulfate and organic. Two iron sulfide mineras
occur in the mgority of bituminous cod and overburden: pyrite and marcadte. Both have the chemica
formula FeS; and are 53.4% S, with the remainder being iron, but the two mineras have different
ayddlinity. For amplicity, wewill refer to iron sulfide mineras as pyrite. Excdllent explanaions of the series
of chemicd reactions by which AMD is produced from pyrite and other iron sulfide minerds are found in
Evangelou (1995), Kleinmann et d. (1981), Lovell (1983), Rose and Cravotta (1998), and Singer and
Stumm (1968, 1970). Data and discussion of factors related to pyrite oxidation rates are contained in
Braley (1960), Clark (1965), Cravotta (1996), Hammack and Watzlaf (1990), McKibben and Barnes
(1986), Moses et d. (1987), Moses and Herman (1991), Nicholson et d. (1988), Rimstidt and Newcomb
(1993), Rose and Cravotta (1998), and Watzlaf (1992).

Sulfate minerds are generdly secondary weethering products of pyrite oxidation. Nordstrom (1982) shows
the sequence by which these minerds can form from pyrite. Many sulfate minerds have been identified in
overburden, including those listed in Table 2.1. These mineras (with the exception of barite) are typicaly
very soluble and transent in the humid east. They form during dry periods and then are flushed into the
groundwater system during precipitation events. The phases that contain duminum or iron are essentidly
stored acidity and will produce acid when dissolved in water. Gypsum, which is not acid forming, is
relaively uncommon in Northern Appaachian Basin cod-bearing rocks, wherees other sulfate mineralssuch
as pickeringite and hd otrichite occur more commonly. Additiona information about these sulfate minerds
isfound in Cravotta (1994), Lovell (1983), and Rose and Cravotta (1998).

Organic sulfur is sulfur thet istied up in organic molecules. This sulfur can originate by two processes: it can
be associated with the origina plant materia, and it can be complexed with organic molecules during
diagenesis. Organic sulfur is not acid forming (Casagrande et ., 1989).

When overburden is andyzed, weight percent totd sulfur is generdly determined as a means of estimating
pyritic sulfur and thus the acid-producing potentid of the rock. Because of difficulties with anaytica
methods, added cost of andysis, and the fact that most sulfur in overburden rock is pyritic, typicaly only
total sulfur is determined. However, when forms of sulfur are determined, organic sulfur estimates are usualy
determined by difference (Noll et d., 1988); that is, total weight percent sulfur minus pyritic sulfur and
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ulfate sulfur. As a result, pyritic or sulfate sulfur are sometimes underestimated during analys's, which
causes the organic sulfur fraction to be artificidly eevated and gpparently acid-forming.

Table 2.1. Secondary sulfate minerds identified in western Pennsylvania mine spoil and overburden.
(Minerds from Cravotta (1991, 1994), L. Chubb and R. Smith (PA Geologic Survey, persona
communications), and observations by the authors. Mineral chemigtries are from Roberts et . (1990).
Acid-Producing

Fickeringite: MgAI(SOy)4- 22 H,O

Haotrichite ~ Fe™Al(SO4)s 22 H,0

Alunogen: A|2(SO4)3' 17 H,0O

Copiapite: Fe”Fe*(S04)s(OH), 20 H,0

Copigpite Group: duminocopiapite with Mg?

Coquimbite: Fex(SOy4)3- 9 HO

Roemerite: Fe2+Fe23+(S0,),- 14 H20

* Jarogite: K Fes™(S0,)2(0OH)6

Non-Acid-Producing
Gypsum: Ca(SOy)- 2 H,O
Epsomite; MgSO,- 7 H,O
Baite BaSO,

“Jarositeis less soluble than the other acid-producing
ulfate mineras.

Typicdly, higher sulfur values will be found in marine mudstones than in freshwater mudstones, and
carbonaceous rocks will typicaly contain more pyrite than non-carbonaceous rocks for any given
paeocenvironment. A positive linear relationship has been shown between percent organic carbon and
percent sulfur for Recent and Pleistocene marine sediments (Goldhaber and Kaplan, 1982; Raiswell and
Berner, 1986). The higher the content of organic matter, the darker the rock tends to be. If amudstoneis
known to be of marine or brackish origin and it is dark in color, thereis agood chance that it isaso high
in sulfur. Carbonaceous rocks (> 5% organic carbon) may be high in sulfur, a leest relative to other rocks,
regardless of paeoenvironment. This can be useful in heping to identify potentidly high sulfur rocksin the
fidd or in drill cuttings/cores.

Congderable effort has been expended over the yearslooking at pyrite morphology and atempting to reae
thisto acid generation. Some of the earliest work is by Caruccio (e.g. 1970); however, numerous other
individuals have aso examined this issue. Pyrite occurs in severd crystal morphologies, ranging from
micron-sze to millimeter (or larger) crystals and coatings. Pyrite genesis has been suggested as a factor
influencing pyrite reactivity. For example, sedimentary pyrite is more reactive than hydrothermd pyrite
(Borek, 1994; Hammack et d., 1988). Most pyrite associated with the northern Appaachian Basin is
sedimentary in origin.
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Morrison (1988) defined nine classes of pyrite morphology, end members being framboida and euhedral

cryda dructures. Framboida pyrite consgts of aggregates of very smdl pyrite crystds (<1 micron in Sze),

while euhedrd are generdly larger (tens to thousands of microns). Framboidal pyrite therefore has a
proportiondly larger surface area than euhedra crystds. Classification systems have aso been discussed
(eg., Aroraet d., 1978; Hawkins, 1984). Caruccio (1970) and Morrison (1988) found a relationship

between relative surface areaand acid production, with the smal particles being more reective.

Normdly, determination of total sulfur will adequately serve as a proxy for acid potentid. Thisis because
it includes the sulfur from acid-generating sulfide and sulfate minerals and typicaly the amount of organic
sulfur in overburden rock is inggnificant. In locations where gypsum and other sulfur-bearing, non-acid-
forming materids are abundant, accurate determination of sulfide sulfur should provide a better prediction
of acid potentid.

Table 2.2 isinduded in this section to provide typicd and extreme examples of acidity, dkdinity and reated
water qudity parametersin cod mine drainage and nearby well and spring samples. These water samples
were compiled from tables contained in Hornberger and Brady (1998) and Brady et d. (19989) to illudrate
mine drainage qudity variaionsin Pennsylvania Smilar variationsin mine drainage qudity exig in the other
datesin the Appdachian Basin.

In Pennsylvania cod mine drainage, some of the most extreme concentrations of acidity, iron and sulfate
have been found a the Leechburg Mine refuse site in Armstirong County, and at surface mine Sitesin
Centre, Clinton, Clarion and Fayette Counties, as shown in Table 2.2. Acidity concentrations of segps from
Lower Kittanning Cod refuse at the Leechburg site exceed 16,000 mg/L (as CaCQOs), while the sulfate
concentration of one sample exceeds 18,000 mg/L. At a surface mine on the Clarion Cod in Centre Co.,
a 35 gpm (132.5 L/min) post-mining discharge had an acidity concentration over 9,700 mg/L with aniron
concentration of amost 2,000 mg/L. A water sample from a pit in Fayette County had an acidity
concentration greater than 5,900 mg/L and an iron concentration greater than 2,000 mg/L. Schueck et d.
(1996) reported on detailed AMD abatement studies conducted at a backfilled surface mine sitein Clinton
County. A monitoring well there penetrated a pod of buried cod refuse and produced a maximum acidity
concentration of 23,900 mg/L and a mean acidity concentration of 21,315 mg/L, based on 13 samples. The
maximum concentration of iron was 5,690 mg/L. and the maximum sulfate concentration was 25,110 mg/L
in the same monitoring well. Toe of spoil seeps at the Clinton County Ste have acidity and sulfate
concentrations greater than 3,500 mg/L and 3,700 mg/L, respectively.

Carbonate Mineralsand Their Importancein Mine Drainage Quality

Carbonate minerds form under marine and freshwater environments. Marine limestones, or other cacareous
marine rocks, play asignificant rolein preventing acid drainage in the Appaachian Basin. Marine limestones
a0 sgnificantly contribute to the dkaine water of the lllinois Basin and the Western Interior Cod Province.

Marine rocks in the northern Appaachian Basin occur principdly in the lower Allegheny Group and the
Glenshaw Formretion. The rocks represent open marine to margind marine (brackish) conditions. The open
marine facies ae frequently limestone or cacareous shdes. Brackish facies often lack
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Table 2.2 Water Quality Parameters at Mine Sitesin Pennsylvania

Site Name County pH | Alkainity | Acidity Fe Mn Al SO, | Typeof Sample
mg/L mg/L mg/L mg/L mg/L mg/L
L eechburg Armstrong 24 0.0 16594.0 | >300.0 16.5 >500.0 | 11454.0 | Seep
L eechburg Armstrong 24 0.0 167180 | >300.0 19.3 >500.0 | 18328.0 | Seep
L eechburg Armstrong 31 0.0 1368.0 >300.0 13.9 82.3 1896.0 | Deep Mine Discharge
L eechburg Armstrong 20 0.0 103835 | 22000 33 N.D. 14565.2 | Diversion Ditch Discharge
TreesMills | Westmoreland | 2.5 0.0 3616.0 1904 135 73.1 1497.8 | Deep Mine Discharge
Lawrence Fayette 2.2 0.0 5938.0 2060.0 73.0 146.0 3600.0 | Pit Water
Lawrence Fayette 26 0.0 1840.0 166.0 89.0 85.0 2700.0 | Surface Mine Discharge
BlueLick Somerset 29 0.0 2594.0 > 300.0 35.7 180.0 27010 | Seep
Stott Centre 2.7 0.0 9732.0 19598 | 2053 N.D. 4698.0 | Surface Mine Discharge
Stott Centre 2.8 0.0 4520.0 4880.0 149.5 N.D. 51394 | Surface Mine Discharge
Orcutt Jefferson 32 0.0 4784.4 61184 | 5100 N.D. 7500.0 | Spoil Piezometer
Orcutt Jefferson 39 0.0 5179.6 28480 | 3490 N.D. 11120.0 | Spoil Piezometer
"Fran Clinton 22 0.0 239000 | 5690.0 79.0 22400 | 25110.0 | Monitoring Well
"Old 40 Clarion 22 0.0 100000 | 32000 | 2600 | 5500 | 14000.0 | Monitoring Well
"0ld 40 Clarion 20 00 10000.0 44,0 920 3800 | 10000.0 | Monitoring Well
""0ld 40 Clarion 24 0.0 50000 | 7000 | 900 1800 | 3300.0 | Spoil Drain
"0ld 40 Clarion 2.2 00 44000 | 12000 | 750 250.0 4000.0 | Spoil Drain
""0ld 40 Clarion 31 0.0 11000 | 2600 | 550 26.0 21000 | Seep
"0old 40 Clarion 26 0.0 12000 | 19000 | 1400 58.0 1900.0 | Seep
Zacherl Clarion 2.3 0.0 9870.0 28600 | 136.6 583.0 7600.0 | Toe-of-spoil Discharge
Waynesburg Greene 78 379.0 0.0 012 0.04 N.D. 165.0 |Deep Mine Discharge
Redstone Fayette 74 626.0 0.0 165 105 <05 1440.0 |Spring
Redstone | Westmoreland | 8.1 338.0 0.0 0.66 0.33 05 1810 |Spring
BlueLick Somerset 6.8 166.0 0.0 2.86 052 <05 2200 |PRitSump
BlueLick Somerset 79 276.0 0.0 <03 <0.05 <05 436.0 |Spring
BlueLick Somerset 7.7 1380 00 112 0.86 <05 4940 |Stream
BlueLick Somerset 6.9 226.0 0.0 0.81 0.83 <05 11020 |Stream
Vanport Lawrence 75 324.0 <2 210 0.07 N.D. 400 |wdl
Wadesville Schuylkill 6.7 414.0 0.0 361 3.37 <05 1038.0 |Deep Mine Pumped Discharc
Wadesville Schuylkill 6.9 370.0 0.0 195 342 <05 884.4 |Deep Mine Pumped Discharc
Valentine 1 Centre 75 2260 0.0 <001 | <001 | <0135 1450 |[Pit Water Ouitfall
Valentine 2 Centre 75 146.0 0.0 0.29 <001 04 1050 ([Pumped Pit Water
Vaentine3 Centre 7.6 1020 0.0 207 0.05 39 440 |Raw Pit Water
Vaentine4 Centre 80 164.0 00 0.22 <001 0.59 68.00 [Deep Mine Discharge
L edger Chester 80 284.0 0.0 004 0.01 <0135 410 |PitSump
Loyalhanna | Westmoreland | 7.7 152.0 0.0 <03 <0.05 <05 1432 |Pit Water

akainity-generating ca careous minerds, dthough Sderite (FECOs) can be abundant. Marine rocks can dso
be an important component of cod overburden in southern Appaachian (Pottsville) rocks [Alabama -

16



Horsey (1981), Pody (1987), and Demko and Gastaldo (1996); Tennessee - Dorsey and Kopp (1985);
Kentucky - Chestnut (1981); and southern West Virginia- Martino (1994, 1996)].

Freshwater cacareous rocks, including lacustrine limestones, occur in the upper portion of the Allegheny
Group and throughout the Conemaugh, Monongahela and Dunkard Groups of the northern Appaachian
Basn. The extengve laterd digtribution of some of these limestones was discussed in the Sratigrgphy section
of Brady (1998b). These limestones, and other calcareous rocks, are responsible for the dkaline nature of
many of the mining-associated discharges within these stratigraphic horizons. Freshwater calcareous rocks
aso occur in the Conemaugh Group, and are important when they occur above the upper Freeport codl.

In addition to freshwater limestones, the upper Allegheny Group frequently contains an abundance of
cacareous claystones, mudstones and sltstones. Much of this intervd is digtinctly cacareous (>10%
CaCQOs,), but only smdl portions are limestone (> 50% CaCOs). Additiond information on dratigrgphic
changesin thisinterva isincluded in Chapter 3 and in Brady et a. (1988, 1998).

The most common carbonate mineras found in coad mine overburden are listed in Table 2.3. Carbonate
minerds are often nat “pure’ end members, but form solid solution series with cation subditution, and vary
with respect to their capacity for acid neutrdization. Calcite is more soluble than dolomite dthough the
overd| dissolution isgmilar to that shown for cacite (Geidd, 1982). Bath cdcite and dolomite will neutrdize
acid, and potentidly inhibit pyrite oxidation. Siderite isless soluble than cacite and dolomite, and does not
contribute akainity.

Table 2.3. Common carbonate minerals in mine overburden, listed in descending order of their capability
to neutrdize acid.

Minera Chemigry

Cdcite CaCOg;

Dolomite CaMg(COs),
Ankerite Ca(FeMg)(COs),
MnSdeite  (Fe, Mn)COs
Siderite FeCO3

Freeze and Cherry (1979) dtate that the solubility of carbonates is dependent on the partia pressure of
carbon dioxide (pCO,), and show arange of vaues that are relevant for naturd groundwater. They show
solubility for calcitein water at 25° C, pH 7, 1 bar total pressure, and apCO, of 10 bar is 100 mg/L,
while the solubility a apCO, of 10™ bar is 500 mg/L, using data from Seidell (1958). However, these
relationships may be more complex than they initidly appear. According to Rose (personad communication,
1997), the range of bicarbonate concentrations for calcite dissolution in pure water ranges from 83 mg/L
at apCO,of 10°to 370 mg/L at apCO,of 10, using the methods (i.e. Case 4) described in Garrels and
Chrigt (1965). Additiond discusson of carbon dioxide partia pressuresis found in Hornberger and Brady
(1998).
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Since the dkalinity production process has a dramaticaly different set of contrals, the resultant maximum
akainity concentrations are typicaly one or two orders of magnitude less than the maximum acidity
concentrations found in mine environments. Examples of reatively high akainity concentration in mine
drainage, groundwater and surface water associated with surface and underground minesin Pennsylvania
bituminous and anthrecite cods are shown in Table 2-2. The highest naturd dkainity concentration found
in PA DEP mining permit file data (and reported in Table 2.2) is 626 mg/L in a spring located near the
cropline of the Redstone Cod in Fayette County. Thick sequences of carbonate Strata, including the
Redstone Limestone and the Fishpot Limestone, underlie and overlie the Redstone Codl. A curiogity is that
some of the highest dkdinity concentrations shown in Table 2.2 are accompanied by equivaent or grester
sulfate concentrations, so that bicarbonate may not be the dominant anion in some of these highly adkdine
groundwaters.

Carbonate minerds play an extremely important role in determining post-mining water chemistry. They
neutralize acidic water created by pyrite oxidation, and there is evidence that they aso inhibit pyrite
oxidation (Hornberger et d., 1981; Perry and Brady, 1995; Williams et a., 1982). Brady et a. (1994)
determined that the presence of aslittle as 1% to 3% carbonate (on a mass weighted basis) on amine ste
can determine whether that mine produces alkaine or acid water. Although pyrite is clearly necessary to
form AMD, the rdationship between the amount of pyrite present and water quality parameters (e.g.,
acidity) isonly evident where carbonates were absent.

Neutrdization potentia, ameasure primarily of the carbonate content of the overburden, relates pogtively
to the dkdinity of post-mining water. A knowledge of the distribution, amount, and type of carbonates
present on amine Steis extremdy important in predicting the potentia for post-mining problems and in
designing prevention plans.

Lithologic and Stratigraphic Factors Affecting Mine Drainage Quality

Lithology is controlled by geologic factors such as paeoclimate and paeodepositiona environment.
Sandgtones are deposited in high-energy envirorments, whereas shales and sltstone are deposited in quieter
environments.

Published studies of Allegheny Group mines with abundant sandstone overburden attest to a problem with
water quality. For example, diPretoro (1986) found that al but one mine ste within his sudy area (northern
WV) containing greater than 63% sandstone produced net acidic drainage. Sixty-seven percent of siteswith
less than 30% sandstone had net dkdinity (Figure 2-7). An examination of 41 mine Stes in western
Pennsylvania by the Department of Environmenta Protection (DEP) and the Office of Surface Mining
(OSM) dso shows rdationships between % sandstone and water qudity. They found asmilar rdaionship
between the % sandstone and acid production for the Allegheny Group. However, in contrast, the
sandstones of the Monongahdaand Dunkard Groups are typicaly calcareous (cements) and were found
to usudly produce dkdine drainage. Both studies show that when thereisalow percentage of sandstone,
the mine drainage is generdly dkdine (Figures 2.5 and 2.6). Although there are certain rules of thumb
regarding the rdationship between sandstone and mine drainage qudity, Ste-specific information is
necessary to accurately predict water quality from a particular mine site.
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Brady et d. (1988) looked at the overburden above the upper Kittanning cod in the Stony Fork watershed
in Fayette Co., PA. Mine siteswith predominantly channel sandstone overburden produced acidic drainege.
The sandstone lacked cacareous mineras or cements. Overburden in areas away from the sandstone
channels contained ca careous shaes and muddy limestone, and mining in these areas resulted in dkaine
drainage.
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Figure 2.5. Net dkdinity as a function of percent sandstone for surface mines that encountered the
Waynesburg, upper Fregport and lower Kittanning cods. Sites are in northern Preston County, WV. Most
gtes with greeter than 63% sandstone are acidic, and mogt sites with less than 20% sandstone are dkdine
(diPretoro, 1986).
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less than 20% sandstone are dkaine.
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Sandgoneistypicaly low in sulfur, even when acid-producing. Channd sands can contain eroded materid,
including ripped up mats of peet (present day “cod spars’) and even fossilized, and often codified, logs.
Individualy these cod indlusons can be high in sulfur, but during typica overburden sampling, the inert
quartz and other mineras that compose the sandstone dilutes this high sulfur. Thus, such sandstones may
contain acid-forming materid (cod spars), and yet yiedd samples that have low overdl sulfur concentrations.
Occasiondly there are pyrite-rich sandstones. Some of these are black and high in organic carbon, while
othersarelight in color, but high in sulfur. The light- colored high-sulfur sandstones seem to occur just above
cod or organic-rich shde. Additiond discussonisfound in Williams et d. (1982) and Brady et d. (1998b).

Frequently, the highest sulfur sirata are high-ash coals and other organic-rich rocks. Typicdly, these
organic-rich rocks are immediately above, below or within acod seam (e.g., a parting) and the shde above
the cod isdso high in sulfur (Guber, 1972).

As mentioned earlier, cacareous carbonates are more important than pyrite in controlling water quality from
surface mines. The presence of only 1 to 3% carbonate minerds can influence whether acidic or dkdine
drainage is produced (Brady et d., 1994; Perry and Brady, 1995). The amount of sulfur present is not
directly related to acid production except in the absence of cacareous strata.

Carbonate minerds form under both marine and fresh water environments. Marine units contribute
ggnificantly to akaine water in the Illinois Basin and the Western Interior Cod Province, but are dso
sgnificant in the Appaachian Basgin, such as within the lower Allegheny Group. A good example of thisis
the Vanport horizon, which occurs above the Clarion Cod. In Butler County, Pennsylvania, where the
Vanport limestoneisthick and in dase proximity to the cod, mining of the Clarion cod will result in dkdine
drainage. Where the Vanport-equivaent facies are brackish shale and the shde lacks cacareous minerds,
such asin Clearfidd County, Pennsylvania, the mine water istypicaly acidic. It should aso be noted that
in addition to limestones, other marine sediments are often calcareous.

Freshwater calcareous rocks, including lacustrine limestones, are dso important. For example, the
Monongahela and Dunkard groups have numerous thick, laterdly perdagtent, lacustrine limestones.
However, in generd, freshwater limestones often contain relaively high concentrations of day and slt, and
can be thin and discontinuous.

State Practices

Alabama, lllinoisand Indianarequire drill logs with narrative descriptions for any holes drilled on the permit
property. Geologic cross sections to assess lateral continuity of the strata and a structure contour map at
the battom of the codbed are dso required usng dl the available drill hole information. Depositiond andyss
is not required but permit reviewers are aware of acid-producing units associated with the various coa
seams being mined within their Sate.

Kentucky requires only that the data presented be adequate to describe each aquifer and hydrogeologic
regime. A description of the depositiona environment is rarely required.
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Maryland and Tennessee require a geologic cross section covering the permit area and a descriptive log
of any avalable drill holes They do not use depostiond environment information during the AMD
predictive process.

Ohio requires a generd description of the geology within the proposed permit area and adjacent areas
down to and including the first stratum below the lowest cod seam to be mined or any aquifer below the
lowest cod seam that may be adversdly affected by mining. The description must incdlude informetion on the
ared and structurd geology and any other geologic parameters that may influence required reclamation. A
description on how the ared and structura geology may affect the occurrence, availability, movement,
quantity, and quality of potentidly affected surface water and ground water is dso required. Test holes
containing lithologic descriptions are required. A description of the depoditiond environment is not required,
but is accepted and reviewed if submitted.

Pennsylvania requires that dl drill hole information on a property include narrative logs, and thet they be
used to build geologic cross sections to assess laterd continuity of the sirata, and to construct structure
contour map of the bottom of the coabed. Pennsylvania does not require any depositiona anadyss by the
permit gpplicants, but does use depositiond information internally during review.

Virginia requires a geologic cross section of the permit area from core holes or measured sections of
highwalls to assess laterd continuity of the strata. Permit reviewers do not use depositiond environment
information but are aware of acid-producing units associated with the coalbeds mined within the state.

West Virginiarequires drill logs with narrative descriptions for any holes drilled and geologic cross sections
to assess laterd continuity of the strata. West Virginia does not use depositiond environment information
during the AMD predictive process.

State practices for the eva uation of Site geology and depositiona environment are outlined in Table 2.4.

Effects of Surface Weathering and Glaciation on Mine Drainage Quality

This section will deal with amuch more recent geologic process, the physica and chemica weethering of
rock, which has occurred within the past million or so years. The sgnificance of this influence on the
digtribution of carbonate and sulfide mineras (pyrite) can be as great as that which occurred in the more
distant past. Westhering results in the near-surface removad of carbonates and sulfide mineras, carbonates
by dissolution and sulfides by oxidation. This zone is usudly recognizable by the ydlow-red hues (indicative
of oxidized iron) of the rocks. Generdly, in the unglaciated portions of the Appdachian Plateau, the
intensely weathered zone extends to 15 to 60 ft (6 to 20 m) below the surface.

Chemicd wegthering of bedrock is enhanced by physicd factors such as sressrdief fracturing on hill dopes
and bedding-plane separations due to unloading. Clark and Ciolkosz (1988) have aso suggested that
periglacid conditions during the Pleistocene contributed to the shattering of near-surface rock, which
accelerates weethering by increasing surface area. All of these processes acting together increase the
permesbility of the wesathered zone. The ground water associated with the weathered zone
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Table 2.4 State Requirements for Site Geology and Depositiona Environment Informeation

description of dl test holes are required, dong with a
discussion of how the surface and ground water might
be affected.

STATE SITE GEOLOGY DEPOSITIONAL ENVIRONMENT

Drill logs with narrative descriptions required for any | Does not require any depositiond andysis by
AL, IL, | holesdrilled on the permit property. Geologic cross | gpplicants. Reviewers are familiar with the
IN sections used to assess laterd continuity of the Strata. | depositiond environment of the codfidds and

Requires structurd contour map for the bottom of the | kegp that information in mind during the

codbed ugng dl the avallable drill holeinformation. | review process.

The data must be adequate to describe each aquifer | A description of the depositiond environment
KY and hydrogeologic regime. israrely required.

Geologic cross section covering permit area and | Does not use any depositiona environment
MD descriptive log of overburden anadysis required. information during the predictive process.
OH Geologic description of the permit areaand lithologic | A description of the depositiona environment

IS not required, but is accepted and reviewed
if submitted.

PA

All drill hole information must include narrative logs
Information is used to build geologic cross sectionsto
assess laterd continuity of the strata and congtruct a
structure contour map of the bottom of the coalbed.

Does not require any depostiond andysis by
the permit gpplicants. Uses depositiona
evironment information interndly during
review, mainly as a regiond indicator of
AMD potentid.

TN

Requires a geologic cross section of the permit area
and adescriptive log of any avallable drill holes.

Does not use any depositiond environment
information during the predictive process.

VA

Requires a geologic cross section of the permit area
from core holes or measured sections of highwallsto
assess latera continuity of the Strata.

Reviewers do not formaly use depostiona
environment information, but are aware of
acid-producing units associated with the
coal beds.

Requires drill logs with narrative descriptions for any
holes drilled and geologic cross sections to assess
laterd continuity of the strata.

Does not use any depositiond environment
information during the predictive process.

is dilute, in terms of dissolved solids, because readily soluble products have been removed by chemica
wegthering (Brady, 1998Db).

Chemicd wegthering is do influenced by lithology. Coarser, more permegble lithologies may dlow
oxidation to extend to agreeter depth. Kirkadie (1991) measured the depth of the highly weethered zone.
He noted that the maximum thickness of highly weathered rock was 28.9 ft (8.8 m) in sandstone, and only
11 ft (3.3 m) in shde. His observations were based on the physica gppearances during drilling and may not
directly correlate with chemica weethering. This weathered-rock zone exists throughout the Appaachian
Pateau. In spite of this, it has been little studied. Smith and his colleagues (Grube et d., 1972; Smithet d.,
1974; and Singh et d., 1982) invedtigated the effects of weathering on the Mahoning sandstone in northern
West Virginia, and noted a“ pyrite-free weathered zone gpproximating 20 feet (6 m) of depth below the
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land surface...”. Singh et d. (1982), in addition to noting the pyrite-free zone, dso noted aloss of “dkdine
eath” dements within 20 ft (6 m). Loss of dkaine earth dements (cacium and magnesum) is best
explained by aloss of cadcareous minerds (cacite and dolomite). Brady et d. (1988; 1996) and Hawkins
et d. (1996) dl noted smilar weethering depths in Appaachian drata.

It is hard to provide rules of thumb for the depth of leaching of carbonates and oxidation of pyrite because
these mineras can only occur where they were origindly present (before weethering). If no pyrite was ever
present within a dratigrgphic horizon, its absence is not due to westhering, but to the fact that it was never
therein thefirgt place. The sameistrue for cacareous Strata. Brady et d. (1998) concluded that rarely do
NPs greater than 3% CaCO; or S greater than ~0.5% occur within 20 ft (6 m) of the surface in
Pennsylvania. A good example of this effect isthe Blue Lick cod. Where the cod is under shdlow cover,
it has less than 0.7% S; however, where the cod occurs under about 60 ft (20 m) of cover, the coa
averagesover 2% S.

Brady (1998) examined shdlow groundwater chemigry from stes in the northern and southern
Appa achians. Springs, which would represent water associated with the shallow weathered zone, had low
concentrations of ions regardless of geographic location, indicating the widespread presence of a shdlow
wegthered zone.

An accurate knowledge of the extent (depth) of the weathered zone is important from an overburden-
sampling standpoint. Overburden sampling should adequately represent the weathered zone and
unweethered bedrock. Thiswill entall drilling overburden test holes at maximum cover to be mined and at
lesser cover. Drilling only maximum cover or only lower cover overburden holes will probably not
adequately define the overburden chemistry of the entire mine.

An underganding of the effects of weethering on the digtribution of pyrite, sulfate salts, and carbonates is
important in accuratdy defining their distribution within unmined overburden, desgning a mine plan to
prevent post-mining problems, and accurately predicting post-mining water qudity. An understanding of
the weathering profile isjust as important as understanding the lateral and vertica didtribution of srata and
their pyrite and carbonate content, as shown in Figure 2.7.

As with bedrock, the weathering of tills and other glacid sediments results in a change in their effect on
water quality. At least 8 tills have been identified in Pennsylvania (White et d., 1969) and in northeastern
Ohio (White, 1982). The bedrock in the Lake Erie basin, which was the source for the glacid sediments,
conggs of alarge amount of limestone and dolomite. Therefore, the sediment contained in the glaciers was
high in carbonate minera's when it entered Pennsylvania and Ohio.

In the Illinois Basin, mog of the cod fidd is within the glaciated region and the bulk of the tills have
carbonate contents greater than 10% in the clay fraction, and up to 64% in the coarse sand fraction
(Fleeger, 1980). The presence of glacid depodgts is thus more sgnificant for the prevention of AMD in
lllinais than in Pennsylvania. Although cod and associated dratain the Illinois Basin are sometimes high in
sulfur (Maksmovic and Mowrey, 1993), acid streams (pH< 6) were only identified south of the glacid
border (Hoffman and Wetzel, 1993, 1995).
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Figure 2.7. Schematic cross-section showing relaive postions of high-sulfur strata and cal careous
drata (brick pattern). In this example, 40 ft (12 m) or more cover must be mined in order to encounter
the dkadine materid.

Weathering produces a vertica minerdogica gradation within tills (Leighton and MacClintock, 1930,
1962). Sulfide concentrations are typicaly negligible, even in unwegthered tills, but weathering can remove
carbonate mineras that would otherwise be present in sgnificant quantities. In generd, the upper portion
of thetill haslogt sulfides and carbonates, while the lower portions retain them. Because anumber of factors
control the depth of leaching (and other weathering characterigtics), the sametill may be leached to different
depthsin different locations. Asarule of thumb, older tills are leached of carbonates to a greater depth than

younger tills

In glaciated areas of Pennsylvania, post-mining water quality is frequently good, presumably due to the
carbonate content of glacid sediments. However, not dl minesin glacid overburden have dkdine drainage.
Older tills, especidly in their outcrop area, are low in carbonate and may not provide much neutrdization.

In summary, glacid overburden can be beneficid in preventing AMD if it is cacareous. Because of the small
grain sze, unlithified nature, and the source of carbonates in glacid sediments, the NP determinations of
glacid overburden probably more accurately reflect the ability of the glacia sediments to prevent and
neutraize acidity than is sometimes the case with bedrock overburden. Site specific data are required to
determine the NP of glaciad sediments because of ther variability in texture and compodtion due to dilution
and wesathering.

CONCURRENT RECLAMATION AND SPECIAL HANDLING PRACTICES

Experience indicates that AMD production is strongly influenced by the length of time between mining and
reclamation. In theory, leaving a Site open acceerates oxidation of the pyritic minerals and subsequently
increases acid production. Concurrent reclamation and burid of acidic materid can inhibit oxidation and
ameliorate AMD formation. The importance of concurrent reclamation is generally accepted.

Specid handling of acidic spoil materiads, athough not well documented in terms of success, is often used
to prevent the formation of AMD. ABA data, either as an NP value for a unit or as the percent sulfur
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contained, is generdly used to determine the need and scope of specid materid handling to prevent or
mitigate AMD.

There are currently two commonly recognized methods of specid handling. The firgt, and most common,
isto place the acid-producing materia above the highest projected ground water table levd: the high and
dry scenario. This should reduce the formation and mobilization of acid and metals. The second isto place
acid-producing materid so that it will ways be below the water table: the dark and deep scenario. The
dark and deep method controls AMD production by preventing contact between atmospheric oxygen and
the pyritic materid. In theory, and in laboratory studies, placing the pyrite below the water table should be
superior to the high and dry placement method. However, maintaining a permanent water teble over acid-
forming materias can be difficult given the hydrologic conditions a many Appaachian surface mines.

An active surface mine in Clearfieddd County, Pennsylvania provides an example of how predicting the post-

mining water table level can be a problem. The specia handling plan at this mine placed acidic materid 10
feet aove the pit floor to keep it high and dry (Hawkins, 1996). However, less than a year after

backfilling, ground water levels were at times at least 14 feet above the pit floor, putting the acid-forming

materidsin the zone of water table fluctuation. While sudies indicate that placing acid-forming materiasin
a fluctuating ground water zone is highly undesirable, Leach and Caruccio (1991) concluded that a
reduction in acid load resulted from any time pyrite spent under water. Subagueous burid of acidic materid

was advocated by Cederstrom (1971) and is coming back into favor, due to research supported by the

Canadian MEND program and work performed by the U.S. Bureau of Mines (USBM) (Watzlaf and

Hammack, 1989; Watzlaf, 1992) and others (L each and Caruccio, 1991). A review of the many studies
on specid handling of acidic material can be found in Robins and Associates (1982).

Alkdine addition is commonly used to raise the neutrdization potentia of the mine poil to prevent or abate
the formation of AMD. Limestone and dolostone are the most frequently used materids because of their
widespread availability and rdatively low cogt (Hawkins, 1995). Other materids, such ashydrated lime and
akaline cod combugtion wastes, are dso used where they are cost effective due to thar availability. ABA
data, usudly the overdl NNP vaue, is generdly used to determine the need for dkaine addition and the
amount of adkaine materia necessary to mitigate AMD formation.

Determining the quantity and placement requirements for the dkaine materid are two difficulties associaed
with dkaline addition. The most common dkdine placement practices include liming the pit floor, blending
dkdine materids into the backfill with overburden of lower neutrdization potentia, and cgpping the backfill
with dkaline materid below the soil horizon. Brady and others (1990) conclude that dkaine addition “to
prevent AMD from surface cod mines may be effective provided that the akdine-addition rates are
aufficient (to offset negative NNP) and the overburden has rdatively low-sulfur content.” They dso
recommend incorporation of the alkaline materid concurrently with mining and backfilling, and note that
while neutral or akaine discharges may result, meta's concentrations may not be reduced.
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State Practices

Current State requirements regarding concurrent reclamation, specia handling and akaline addition are
summarized below and in Table 2.5. Given time, some of these requirements may change o if you are with
amining company, you should check to see that the tatements are il valid.

Alabama encourages concurrent reclamation, but relies on laws governing and limiting the amount of
exposad highwall, spoil, and ungraded acres. Overburden units with an NP deficiency of 5 tons CaCO; per
thousand tons of materid or grester are consdered acid-producing. Alabama s specid handling provision
dlows only for high and dry placement of acidic materid. Applicants have the option of overcoming the
acidity potentid of those units usng either dkaline addition or specid handling. With respect to dkdine
addition, Alabama generdly assumesthat akaline drainage will result from overburden with an NNP of 5
tons or greater of excess CaCO; per thousand tons of material. Overburden with an NNP below -5 tons
CaCO; per thousand tons of materid is conddered acid-forming, and the gpplicant is then required to
develop a plan to overcome the inherent acidity through any or dl of the tools available to them (specid
handling, dkaline addition, mining methods). Sites with overburden NNP values between -5 and 5 tons
CaCO; per thousand tons of materia are considered candidates for dkaline addition if the NNP can be
atered to ensure an excess of dkalinity.

[llinois requires concurrent reclamation and regulates the number of open pits, the amount of exposed spail,
and grading activities. Timely burid of high sulfur materid is viewed as very important in reducing the risk
of AMD. AMD treatment is rarely addressed in permit gpplications except for the possibility of short term
treatment of sedimentation ponds. AMD problems are rare, except in instances where approved
reclamation plans are not implemented. Secondary recovery operations (carbon recovery or remining) has
the grestest potentia for exposing large amounts of acid-generating material. The most common specid
handling methods are blending the acidic materid with avallable dkdine maerid and adequate cover. Dark
and deep is the preferred cover option. Alkaine addition is generdly limited to surface application of
graded spoil in cod refuse digposa areas and |ocations where acidic materid inadvertently ends up on the
fina graded surface and cannot be adequately covered.

Indiana requires concurrent reclamation and regulates the number of open pits, the amount of exposed spoil,
and grading activities Timely burid of high sulfur materid is viewed as very important in reducing the risk
of AMD. AMD problems are rare, except in instances where approved reclamation plans are not
implemented, and S0 are rardy addressed in permit gpplications. Sediment control structures are Sometimes
used temporarily to meet effluent limits. To insure that water qudity problems do not occur, any overburden
unit with a calcium carbonate equivaent deficiency of 5 tons CaCOs per thousand tons of materid or
gregter or apH lessthan 4 must be addressed by specid handling. Generdly, this ranges from less than 5%
up to 30% of the overburden. Maost commonly, the specid handling method used isto blend acidic materid
with available dkaline materid, and then cover. Dark and deep is the preferred cover option. Alkaine
addition is generdly limited to surface gpplication of graded spail in cod refuse disposal areas and locations
where acidic materid inadvertently ends up on the find graded surface and cannot be adequately covered.
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In practice, Kentucky permit gpplications do not usualy propose specid measuresto treat or avoid AMD
since the gpplications dmogt adways predict no sgnificant AMD. If problems arise after mining has
commenced, treetment is proposed in revisons to the permit. In cases where a permit would otherwise be
denied, specid handling can change the determination. Typicaly, specid handling includes lime addition,
selective spoil handling, and accelerated reclamation.

In Maryland, overburden units with atotal sulfur content of 0.3% or greater are congdered potentialy acid-
producing and candidates for specid handling. High and dry is the preferred method. Materia must be
placed at least 4 ft above the coabed floor in backfill that is expected to remain dry, or 10 to 15 ft above
the floor if the backfill is expected to hold water.

Ohio requires contemporaneous reclamation, unless a variance is granted (for specia circumstances only).
Limited amounts of acid-forming and toxic-forming materids are usudly handled by dl or most of the
following practices. they must be kept away from the fina highwall, buried above the pit floor and above
the predicted reestablished water table devation (high and dry), away from naturd or reconstructed
drainage courses (to prevent exposure by erosion) and surrounded by at least four feet of non-toxic
materid. For larger amounts of toxic-forming materid, amore intense waste digposa plan (involving discreet
caculaionsfor ether neutrdization or seding) must be submitted. This usudly istriggered when cod refuse
is brought to the gte for digposdl. Alkaline addition isused in alimited number of casesif other mechanisms
for preventing AMD are not practical or are not expected to be successful. Drainage contrals, postive
drainage, and impermeable bases are required for coal stockpiles.

Pennsylvania requires concurrent reclamation and views quick burid of high sulfur meteria as very important
in reducing the risk of AMD. Overburden units with atota sulfur content of 0.5% or gregter are considered
acid-producing and candidates for specia handling if the units are laterdly consgstent and recognizable.
Miners must be able to handle them with the tools thet are avalable. Specid handing (preference for high
and dry or dark and deep was not identified) is generdly not requested for any individua rock unitsif the
overburden andyses resultsin an overal high NNP. If NNP islow, specid handling must be combined with
akaine addition.

Tennessee requires concurrent reclamation of every permit gpplicant. No threshold numbers for identifying
acid producing units were cited, but high and dry placement in compacted lifts was indicated as the
preferred specia handling method.

Virginiamodly rdies on laws limiting the amount of expased highwall to drive reclamation, but resarvesthe
right to set specific limits on the time that acidic materia can be exposed to the weather. Any overburden
unitswith greeter than a5 ton CaCOs deficiency per thousand tons of materid are required to be addressed
with specid handling. The most common specid handling method identified in Virginiawas the blending of
acidic materia with that of higher NP. High and dry handling is dso dlowed with a least 4 ft between the
acid materid and the floor and compaction of the enclosing material.

West Virginia has contemporaneous reclamation standards that must be met. Threshold standards for
identifying acid units were not cited, but specia handling provisions were acknowledged as common and
important permit requirements. Applicants must have a storage plan for any acidic
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Table 2.5. State Requirements for Concurrent Reclamation, Specid Handling and Alkdine Addition.

STATE | CONCURRENT SPECIAL HANDLING AND ALKALINE ADDITION (AA)
RECLAMATION (CR)
CR is encouraged, Specia handling provisions alow only for high and dry placement of overburden

AL limiting the amount of | with NP deficiency of at least 5 tons CaCOs; per 1000 tons of material. If NNP is
exposed highwall, <-5, overburden is considered acid-producing and a plan is required to overcome
spoil, and ungraded the inherent acidity. If the NNP value is between -5 and 5, the overburden is a
area candidate for AA.

CRisrequired. AMD is rare when approved reclamation plans are implemented. Secondary

IL recovery can cause AMD. Dark and deep placement preferred. AA applications are

limited.
CRisrequired. AMD is rare. Overburden with NP deficiency of at least 5 tons CaCO; per 1000

IN tons of material or apH of 4 requires special handling. Dark and deep placement is

preferred, along with blending of akaline and acidic material.

KY Significant AMD problems are rarely predicted before mining. For post-mining
See entry under AMD problems, permit revisions are used. For otherwise deniable permits, the
Special Handling. inclusion of specia handling provisions can change the determination. AA should

result in an overburden NNP with excess akalinity.

MD No CR standards or Overburden with total S> 0.3% considered for special handling. High and dry is
genera requirements. | preferred: at least 4 ft above the pit floor if backfill is expected to be dry, or 10-15

ft above the floor if backfill is expected to hold water. AA should result in an
overburden NNP with excess akalinity.

OH CR required unless High and dry generally required, plus must be away from watercourses and
variance is granted. surrounded by at least 4 feet of non-toxic material; more intense waste disposal plan

required for coal refuse. AA used when necessary.

PA CRisrequired. Quick | Overburden with atotal S > 0.5% considered for special handling if the units are
buria of high S laterally consistent and recognizable. If NNP is low, specia handling must be
materid is viewed as combined with AA, producing an overburden NNP with excess akalinity.
very important.

™™ CRisrequired. No threshold numbers for identifying acid producing units. High and dry placement

in compacted liftsis preferred. AA plans that will result in an overburden NNP with
excess akalinity accepted.

VA VA reserves right to Any overburden unit with greater than a 5 ton CaCO; deficiency per thousand tons
st limitson thetime | of material must be addressed with specia handling, most commonly blending of
that acidic material acidic material with that of higher NP. AA that will result in an overburden NNP
can be exposed to the | with excess alkalinity accepted. High and dry is aso allowed with at least 4 ft
weather. between the acid material and the floor, and compaction of the enclosing material.

WV CRisrequired; Specia handling provisions are common. High and dry isolation is the accepted

storage plan for any
acidic material can’t
exceed 45 days.

method. WV will assist in developing a training program to fecilitate identification
of key overburden units and proper mining techniques. AA plans should result in an
overburden NNP with excess akalinity.

materia (that may include covers or other specia conditions to reduce exposure to the weather), which
cannot exceed 45 days. High and dry isolation of acidic materid in the backfill is the accepted specid
handling method. Permit reviewers will meet with gpplicants and ingpectors to assure that specid handling
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plans are feasible and can be monitored, and will assst in developing a training program for workers to
facilitate identification of key overburden units and proper mining techniques.
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CHAPTER 3: HYDROLOGY OF THE APPALACHIAN BITUMINOUS COAL
BASIN

by
Thomas Callaghan, Keith Brady, William Chisholm, and Gary Sames

INTRODUCTION

The bituminous cod fidds of the Appalachian Cod Basn have certain pervasive fegtures that influence
hydrology, including discontinuous flat-lying sedimentary rocks of contrasting permesbility, incised
topography, a shalow westhered rock zone, dendritic stream patterns, and smilar patterns of rock
fracturing. These features dlow for the development of regiondly vaid conceptua groundwater flow
modds Alsp, the limits of the basin dign dosdy with the margins of the Appaachian Flateaus physographic
province. The province's physca geography permits certain regionad generdizations regarding
groundwater/surface water interactions. Therefore, loca and ste-specific hydrologic studies often have
basin-wide gpplicability.

While certain generd concepts have been deve oped, the basin’ s groundwater hydrology is very complex.
This complexity is related to the ared’s inter-fingering lithologies and to the prevaence of secondary
permesbility features. On the Plateaus, discrete fractures, partings, or fracture zones can significantly
influence groundweter flow within smal areas, such asindividua cod mining Stes Due to these complicating
eements, regiona conceptud modds, while useful, should not subdtitute for Site-specific hydrologic studies.
The following narrative outlines some of the sgnificant groundwater studies within the basin, briefly
describes surface water drainage, outlines hydrologic impacts from mining, and emphasizes important basin-
wide hydrologic characteristics.

Geologic Setting

The Appdachian Cod Basin follows the spine of the Appaachian Mountains through nine sates from
Pennsylvaniato Alabama, covering an areaof approximately 72,000 square miles. It is 175 mileswide at
the widest part in Pennsylvania and Ohio, and 35 miles wide at the narrowest part in Tennessee (Figure
3.1). The rocks are predominately flat-lying, conssting of sandstone, conglomerate, sltstone, shde,
claystone, limestone and cod (Miller et d., 1968). The bituminous cod seams are contained in relaively
flat-lying Pennsylvanian and Permian age dadtic drata The outline of the Pennsylvanian system is
approximately co-extensve with the border of the Appaachian Plateau physiographic province. Rocks of
Permian age and younger Pennsylvanian rocks of the Monongahela, Conemaugh and Allegheny Groups are
confined to an dliptical areain Pennsylvania, Ohio, West Virginia, and Maryland. The oldest Pennsylvania
rocks, the Pottsville Group, extend from western Pennsylvania to northern Alabama. Glacia outwash
deposits of Pleistocene age occur at the surface in the valeys of northern Pennsylvania, and dong the
Allegheny and Ohio Rivers,
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The cod-bearing rocks in the basin are folded into severd hundred amd| subsdiary synclines and anticlines,
and, on the eastern edge of the basin, afew cod-bearing synclines are separated ructurdly from the main
part of the basin (Arndt et a., 1968). Hills have been subjected to stress-rdlief and unloading forces that
have intengfied fracturing and bedding-plane separations, and subsequently, westhering. This physica
wesethering, coupled with chemical wegthering, has resulted in higher permesbilities within the weathered
zone (Hawkins et d., 1996).

Physiography and Surface Drainage

The minegble cod seams are located primarily in the Appaachian Plateau physiographic province. The
Appaachian Plateau province is a high upland dissected by many incised, dendritic streams. The
topography can be generdized as a series of loping, uplifted, dissected plateaus that are topped by resistant
layers (Fenneman, 1938). The eastern edge of the Appaachian Plateau province is an escarpment that rises
abruptly 1,000-3,000 feet above avaley that bounds it on the east. This eastern ridgeis the highest section
of the Appaachian Plateau, with devations ranging up to 4,800 feet in parts of West Virginia Relief inthe
western part of the province, in centra and southwest Pennsylvania, West Virginia, eastern Kentucky, and
northern Tennessee is 500-1,500 feet. Thisareais carved into small steep-sided hills. Sopes of 45° are
common and steep dopes, some vertical, prevail dong the mgor rivers (Davies, 1968).

The surface drainage network generdly follows a dendritic pattern indicating minima underlying structurd
control. The underlying geology does however exert some control on the degree of valley downcutting and
thus on the gradient of individual streams and sections of streams. In the north, the more easily eroded,
subhorizonta rocks of the Plateau section have alowed streams and rivers to reduce the land to gentle
dopes resulting in mild stream gradients dong the valeys of the Ohio, Allegheny, and Monongahda Rivers.
Runoff rates for this region are among the highest in the country. Average annud runoff ranges from 10 —
30 inches, generdly increasing from north to south (Schneider, 1965). The numerous sub-basins of the
Pateau Section are characterized by rounded hills and steep-9ded valeys. These tributary sreams generdly
have steeper gradients and more V-shaped valeys than the madter sreams. To the eadt, dong the anticlines
of the Allegheny Mountain Section, the more resistant folded bedrock results in drainage patterns that
pardld theridges, with mgor rivers cutting through in only afew locations. The ggps where sreams cut the
ridges are often localized by geologic Structure. Stream gradients in this section are therefore sgnificantly
steeper than on the adjacent plateau. Unconsolidated depodts (dluvium) overlie the bedrock in some
locations, particularly dong mgjor stream valeys within the Plateau Section. Stoner et d. (1987) describe
typical seasond streamflow variation in their report on the water resources of southwestern Pennsylvania:

“...The hydrographs show atypica low flow in October and early November; anincreasein flow
in late November and December as evapotranspiration decreased and winter rains and snowfall
increased; a decreasein flow in late December and January when ice formed on the streams; an
increase in flow in February due to thawing and an increase in rainfdl; adight decreasein flow in
March due to a decrease in precipitation; an increase in flow in April resulting from increased
ranfal and snow melt; a decrease in flow in May as rainfal decreased and evapotranspiration
increased; and unusudly high flow in June due to large amounts of rainfdl; and generdly low flow
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in duly, August, and September, interrupted by high flowsin late July and early September caused
by thunderstorms.”

Climate

In the Appaachian Basin, the average annud temperature in the north is about 50° F (~10° C) ranging up
above 60° F (>15° C) in the south. Precipitation dso increases from north to south, with rainfdl averaging
35 inches (90 cm) in northern Pennsylvaniato more than 55 inches (140 cm) in Alabama (Schneider, 1965;
Weeks et d., 1968). Precipitation averages about 47 inches annudly, much above the nationd average for
regions of comparable size. Most is derived form eastward-moving air masses that |ose moisture as they
are forced upward over the mountainous areas. High precipitation thus tends to occur dong the western
sdes of mountain ranges, and digtinct rain shadows are found east of them. The annud infiltration rate of
water isgenerdly sufficient to consstently flush groundwater through the shdlow rock strata from recharge
to discharge points. This flow tends to leach out the soluble products of the more weatherable minerals.

In generd, lessthan 15 inches (38 cm) of the average precipitation infiltrates the groundwater system, with
evaporation and transpiration accounting for roughly 20 inches (51 cm) annudly (Becher, 1978). The
remaining precipitation directly runs off to surface waterways. These numbers are esimates; actud amounts

vary depending on geology, soils, vegetation, and topography.
GROUNDWATER

Regions such as the Appa achian cod measures with their smadl basins, marked relief, and humid climate
generdly develop a groundwater system that can be readily broken into digtinct parts: loca (shdlow),
intermediate, and regiond (deep) (Poth, 1963). The contrast in permesbility between the various lithologic
units creates a series of aternating aquifers and aguitards. This results in a predominance of laterd
groundwater movement within the cod measures. However, well-devel oped joints syssems commonly serve
to augment verticd communication

Flow Systems

The effects of topography, geologic structure, and Sratigraphy control the groundwaeter flow patterns.
Williams (1982) describes generd groundwater flow on the Northern Appaachian Basin:

“Three generd flow systems are recognized within the high-to-intermediate-reief modd. Shalow
flow systems convey groundwater over short distances, tens to hundreds of meters, and respond
rapidly to chemica and physical changes within the environment. Groundwater within intermediate
flow systems travels distances of hundreds to thousands of meters and has response times ranging
from months to decades. Deep flow systems trangport groundwater distances of thousands to tens
of thousands of meters from points of recharge to discharge, with travel times measured in yearsto
hundreds of years.”

39



0 FR L P T 1N P
Shale or clay

CHurees piovok s

VW ares tale
Aoinre & Frmeo Tl ™

DGeroral directicorn of
e - sweater Tl

e e St o S T

Figure 3.2. Idedized perched and semi-perched groundwater conditions (modified from Ward and
Wilmoth, 1986)

The shdlow flow system underlies hills, dischargesto locd streams, and, to some extent, lesks downward
into the deeper, intermediate system. Contrastsin the permesbility of successve strata can result in marked
deflection of flow lines and in greeter horizonta flow components than in homogeneous aguifers. In some
areass, shdlow systemsinclude water thet is“perched” above beds of lower permesbility (Figure 3.2). This
groundwater may then move laterdly due to permesbility contrasts, and discharge as sorings above stream
leve.

Poth (1963) describes the shallow groundwater as circulating in aseries of “hydrologic idands’. The water
table located within the ridges between surface drainageways tends to become depressed to the level of
the surface streams. However, semi-perched zones occur routingly within the ridges due to the numerous
low permegbility units. The dissected nature of the bedrock surface has resulted in hills, largdly surrounded
by valeys containing perennid streams. These hills condiitute the hydrologic idands (Figure 3.3). A discrete
groundwater flow system operates within each hydrologic idand and is hydrologically segregeted from the
locd groundwater flow systems in adjacent idands. The base of the locd flow system (particularly for
idands adjacent to first and second order streams) is a distance below the leve of the stream valleys
bordering the idand. It is defined by the maximum depth & which groundwater originating within the
hydrologic idand will flow upward to discharge in the adjacent stream valey. Recharge to the locd system
iscompletely from within the hydrologic idand. Discharge from the local systlem isinto the adjacent sream
valeys and vialeskage into deeper intermediate and regiona groundwater flow systems. In areas adjacent
to larger streams and rivers, loca groundwater that lesks downward may co-mingle with intermediate or
even regiond flow, which isrisng to discharge within the vdley. This shalow flow sysem isthe mogt active
groundwater circulation area, and contributes water to the vast mgority of domestic wells.

A prominent subsystem within the region’s shalow groundweter flow system is a weethered regolith of
gpproximately 10-20 meters in depth. It is a highly transmissive zone conssting of soil, unconsolidated
sediment, and weethered, highly fractured rock. Wesathering has removed most soluble mineras, and
groundwater flowing through this materia picks up little mineral matter. Because of the open nature of the

40



—fracture zone

L] =~ -~

Shate Sandstone Lines of equal head Flow lines

Figure 3.3. Groundwater flow in and beneath a*“hydrologic idand” (modified from Poth)

fractures within this zone, the groundwater “flow-through” time is short and this subsystem dlows a
sgnificant portion of recharge to short-cut to locd discharge points. Various hydrologic tests have shown
hydraulic conductivities within this zone to be one to two orders of magnitude gregter than in zones that are
only marginaly deeper (Schubert, 1980).

Water chemistry within the weethered regolith subsystem should not be used to characterize groundwater
under deeper cover, which flows through unwesthered rock. For example, rock units closer to the ridge
center may contain groundwater with sgnificant alkainity due to drculation through unweethered cacareous
drata. In comparison, an outcrop spring a the same dratigraphic interva shows little or no dkdinity
becauseit islargely fed by groundwater that traveled an abbreviated path through leached and weathered
rock dong the “rind” of the hill.

Recharge to the wesathered regolith subsystem is through ridge-top and valey-wal fractures. Groundwater
flows through the interconnected bedding-plane partings and fractures to springs flanking the hillsdes
(frequently a cod outcrops) and into sSream channels. Much of the water that enters this shalow subsystem
never penetrates to the nearby ridge-cores, nor to deeper flow systems. Resdencetimeis as short as days
to aweek (Hawkins et al., 1996).

Lithology and regiond joint sets control flow within the ridge-cores. The ridge-core subsystem receives
recharge through the weathered regolith subsystem and through the dstressrdief fracture system.
Groundwater flow is through tectonic fractures, bedding-plane partings, and to a much lesser degree,
intergranular porosity. Low permesbility units (Such as daystones and shaes) exert more control within the
ridge cores due to the lack of stress-rdief joints and weeathering, which control groundwater movement

adong the margins of the hills. Because the integrity of these low permeshility layers has not been
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compromised fully in the ridge cores, as may be the case aong the hillsdes, groundwater can mound on
these layers. It then ether flows laterdly to mix with groundwater within the stress-relief/weethered regolith
ubsystemn and dischargesto the locd stream valey; or lesks downward to an intermediate or regiond flow
sysem.

Residence times and response times to preci pitation events within the ridge cores are intermediate between
those for the weathered regolith subsystem and deeper systems. The ridge-core subsystem is part of the
local flow system becauseit is part of the hydrologic idand that dischargesinto the valey adjacent to the
locdl recharge area.

The intermediate groundwater flow system is recharged via multiple shdlower (locd and intermediate)
systems and at the drainage basin divide of the defining recharge area. Flow passes beneath two or more
hydrologic idands and discharges in valleys above the lowest levd of the drainage basin. Flow rates and
residence times are generaly between those of locad and regiona groundwater flow systems, probably
varying from years to decades, depending on the leve of the intermediate system and the length of the flow
path. A deep, regiond groundwater flow system, which lies benegth the leve of the hydrologic idands and
intermediiate flow system, operates independently of the shdlower systems. Highly mineraized water occurs
naturaly at depths of lessthan 500 feet over large sections of the basin. The base of the regiond sysem is
the fresh water/sdiine water contact. Recharge to the regiond system is from mgor drainage basin divides
and leskage from multiple shdlower (locd and intermediate) systems.

Fractures

Superimpaosed on these flow systems (particularly on the shdlow system) are additiond digtinct flow zones
(subsystems) defined by the dendty, interconectedness, and aperture of rock fractures. Fractures and
bedding-plane partings are commonly the main groundweter flow peths. The characterigtics of the fractures
(width, spacing, and frequency) differ between, but may be consstent within, various stratigraphic units.
Therefore, it is gopropriate to congder the ratigraphic units as the aquifers. Joint permestiility is particularly
ggnificant, if not dominant, in shalow rock drata (15-50 meters) and may increase permegbility vaues by
ten to athousand times when compared to intergranular permesbility vaues taken adone (Parizek, 1971).
Sames and Moebs (1989), working in the eastern Kentucky cod field identified vertical weethered joints
(“hillssams’) as important groundwater avenues. Fracture zones (areas where numerous fractures dissect
the rock mass) are common and can have a profound impact on groundwater flow. Fracture zones are
typicaly 7-12 metersin width (Gold, 1980) and depths can range into the hundreds of meters.

Hydraulic conductivities associated with fracture zones are often severd orders of magnitude higher than
unfractured rock. These features commonly counteract the layered heterogeneity of the cod measures by
augmenting vertical conductivities dlowing for Sgnificant vertical communication within the system, particular
on loca scdes. Additiondly, rock typeswith relatively low primary permesbilities can become significant
water producers due to interconnected fractures. Because of the importance of secondary permegbility
features to groundwater flow in this setting, the dassic use of terms such as aguifer, aquitard, and confining
layer can be confusing. A singlelithologic unit, such as ashde, can be characterized as ether an aguifer or
an aquitard over ardaively short latera distance depending on conditions such as proximity to the shalow
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weethered zone, proximity to stream valeys, and magnitude of open joints (generaly decreasng with
depth).

Valey-rdated stressrdief fracturing is another important secondary permesbility feature. Stress-relief
fractures are a fracture network unrelated in age and orientation to tectonic stresses. They are often the
most transmissve part of an aquifer. The fracture network has been attributed to “de-stressing” of rocks
during downcutting of streams and the formation of the steep and narrow valeys characteridtic of the
Plateau region (Wyrick and Borchers, 1981). Wyrick and Borchers sudied two valley-rdated stress-rdlief
systems on the Appdachian Plateau in West Virginia and determined that the fractured rock paralels
topography. Hydrologic sudies in the area have shown thet the stress-relief zone is more transmissive than
other surficia or bedrock units. Wyrick and Borchers state;

“... ground water occurs mainly in horizontal bedding-plane fractures under the valley floor and in
nearly vertical and horizontal dump fractures aong the valey wal. The aquifer is under confined
conditions under the vdley floor and unconfined conditions aong the valey wall. The fractures pinch
out under the valey walls, which form impermegble barriers. Tests of wells near the valley center
indicated a change in storage coefficient as the cone of depression caused by pumping reached the
confined-unconfined boundaries; the test dso indicated barrier-image effects when the cone reached
the impermeable boundaries.”

Water levesin wdlsin the sress-relief zone respond quickly to precipitation events (Hawkins et d., 1996).
Wyrick and Borchers (1981) determined that stress-relief fractures sSgnificantly affect the surface water
hydrology in Appaachian Plateau valeys Ther sudy in the Black Fork valey in West Virginia showed thet
gtream flow per square mile of drainage areaincreased 6-11 times downstream from the outcrop of stress-
relief and bedding-plane fractures in the stream bed.

Per meability

Groundwater within the area occurs under both weter table (unconfined) and artesian (confined) conditions.
The vast mgority of groundwater circulates in the fractured near-surface bedrock, dong stress-rdlief
fracture networks, open joints, and within the weathered regolith zone. Water-bearing zones commonly
consst of horizontd fracture openings that occur preferentidly at lithologic contacts. Studies indicate that
hydraulic conductivity decreases with increasing depth a the rate of an order of magnitude for every 30
meters (Stoner et d., 1987). Water avallability and well yied are afunction of the number, openness, and
interconnectedness of fractures, which in turn isrelated to proximity to the surface. The yields of bedrock
wells generdly increase in conjunction with the number and size of water-conveying fractures intercepted.
Medium- and coarse-grained sandstone can show significant pore space permesbility depending on the
degree of cementation between grains and the presence of shde lenses. Many of thelithologies are laterdly
discontinuous and permeability changes considerably over short distances.

Brown and Parizek (1971) conducted laboratory tests on rock cores using a permeameter to determine
vertica and horizonta primary permesbility of various rocks within the cod measures of Clearfield County,
Pennsylvania. The reported horizontal and vertica permesbilities of shaes, claystones, and sltstones were

0.0004 gpd/ft? and 0.0001 gpd/ft?, respectively. Rock cores near Elkins, West Virginia had somewhat
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higher conductivities, ranging from 0.0004 to 1.0 gpd/ft?, as reported by the U.S. EPA (1977). Brown and
Parizek followed up their laboratory work by conducting field pumping tests on the same horizonsin order
to better account for secondary permesbility. The pumping tests yielded coefficients of permeshiility ranging
from 0.12 to 680 gpd/ft?, averaging about 61 gpd/ft?. Coefficients determined by Schubert (1978) via
pumping tests on the Plateau of western Pennsylvaniawere lower and ranged from 0.023 to 2.20 gpd/ft>.

Hobba (1991), working in Preston County, West Virginia, conducted aquifer tests on shalow middle and
upper Pennsylvania rocks, including the Upper Freegport cod. Hobba describes his hilltop study site as
follows

“Two aguifers occur within 65 feet of land surface at the test Site. The overburden aquifer is the
water-table aquifer and it consists of about 50 feet of mainly shae and sandstone beds. The leaky
confined cod aguifer liesimmediately below the overburden, and it conggts of 4.5 feet of cod. Water
occurs in both joints and intergranular openings in the overburden aquifer. Sandstones that contain
both intergranular and joint openings are commonly filled with secondary minerals and the verticd
joints and horizonta bedding plane joints are poorly developed; thus, the sandstonesyidd little water
to wdls. In generd, shales do not yidd large quantities of water, except in areawhere the rocks are
intensdly fractured.”

Congant-head permesbhility tests were run at 10-foot intervas throughout the overburden above the cod.
The most permeable rock was within 33 feet of the land surface. Testing conducted on the 4.5-foot cod
seam indicated that it is dmost as transmissive as the 50-foot overburden aguifer. Hobba concluded that
magjor and minor fracture sets creste anisotropic hydraulic characteristics that favor groundwater movement
parald to the mgor fractures in both the cod and the overburden. He dso found that the orientation of
maximum transmissvity in the cod approximately pardlelsthe direction of face cleats in the cod.

Groundwater Availability

Over mogt of the area, sufficient water for domestic purposes can be obtained from bedrock wells drilled
to the 75-250 feet range. These bedrock wells are naturdly low yielding. Well yidds can range up to 100
gdlons per minute (gpm) or more but are typicaly below 10 gpm with alarge percentage below 3 gpm.
Yiedslarge enough for indusiria or municipa purposes can be difficult to obtain. Large cgpecity wells have
been successfully developed near or a the intersection of fracture traces to increase the likelihood of
fracture-enhanced groundwater flow to the well bore. Bedrock wells often exceed recommended drinking
water concentrations for iron. Wedls in valeys, where the water table is closer to the land surface, have
more avallable drawvdown than wells of the same depth of hills and hillsdes, and tend to be less vulnerable
to negative impacts caused by groundwater leve fluctuations.

Working in the Stillwater Basin on the Appaachian Plateau of east centrd Ohio, Waker (1962) found
consderable variability in yield of bedrock wells. Certain sandstone aquifers supplied up to 25 gpm.
However, most bedrock aquifers were found to supply only enough water for domestic uses, generdly less
than 3 gpm. Jones (1988), aso working in eastern Ohio, reported bedrock well yields ranging from 2 to
10 gpm, compared to glacid outwash and dluvid zones dong sream vdleys, which yidded up to 200 gpm
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but typicaly averaged 20 gpm. Wahl et d. (1971), in ther report on Winston County, Alabama, describe
the groundwater resources in the Cumberland Platear’ s Pennsylvanian coa-bearing rocks as follows:

“The Pottsville Formation congists of about 1200 feet of sandstone, shale, and cod. Groundweater
in the Pottsville occurs in openings aong fractures and bedding planes and in permegble sandstone.
The quantity of water avalable from an individud well in the Pottsville depends on the number, Sze,
and extent of water-bearing openings or the permesability and thickness of saturated sandstone
penetrated by the well. ... The number and size of water-bearing openings decrease with depth and
in generd only smal amounts of additiond water are obtained by drilling below a depth of about
350 fest. ”

Wahl reports that even those wells that were developed in highly productive sandstone zones rarely yield
over 50 gpm and commonly produce 5 to 10 gpm. Causey (1961), working in Etowah County, Alabama,
reported low well yields of generdly less than 5 gpm for Pottsville Formation units. Moore (1990) aso
reports generdly low yields (10 gpm) for the Pennsylvanian rocks of the Cumberland Plateau of northern
Alabama, with afew rdatively high+yield wells developed in fracture zones.

In generd terms, wells dong mgor anticlines and in valeys tend to be higher producers due to relaivey
extensve fracturing. Stoner et d. (1987) outlines the following generdities regarding topographic postion
versus well yidd for the coa measures of southwestern Pennsylvania

“Hilltop wells—wéls are commonly drilled only to the depth of sufficient yield. Increasing the well
depth for added yield or storage commonly results in weater-level decline and sometimes complete
loss of well yield. Also, an uncased deep well can often reduce the yield of anearby shalow well.

Hillade wells — In addition to procedures for the hilltop setting, wells need to be Sted & some
distance from potential contamination points such as septic tanks, trash dumps, or stock pens
located upgradient. At many hillsde locations, Sorings are a suitable dternative to wells as a potable
water supply....

Vdley wdls — Highly mineralized groundweter is shdlowest benegth valeys. This condition
commonly limits the depth of valey wellsto be used for domestic supply. High-yidding shdlow wells
are possible in the dluvium of mgor valeys, but groundwater is susceptible to contamination by
surface activities. Tightly cased deep wdls in large valeys may be free flowing.... Of dl the
topographic postions, wdls in valeys have the greatest probable success of producing high well
yields. These high yidds are commonly due to fracturing benegth the valey bottom. This fracturing
is expected to diminish beneath adjacent hills, thereby limiting the effective ared extent and yield of
such aquifers...”

Over the entire sudy area, dluvium, particularly dong mgor rivers, is generdly highly permegble and can
yield large quantities of water to wells. However, permesgbility may change significantly over short disances
because of changesin the degree of sorting. Wells penetrating the coarse basd layers of dluvium generdly
obtain the largest yidlds (Poth, 1973). Well yidds in the 500-gpm range are not uncommon. For example,
the narrow flood plain adjacent to the Ohio River may yied 500 to 1000 gpm to properly developed wells
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(Schmidt, 1959) and yidds of up to 800 gpm are obtained from wells tgpping thick dluvid depositsin Ohio
County, West Virginia (Robison, 1964). In contradt, thin or fine-grained dluvia deposts, such as those
adong most smdl to moderate Size streams, have rdatively low water-yielding capacities. In Harrison
County, West Virginia, dluvia depodts are minor sources of groundwater owing to their thinness, and yidds
of only 2-3 gpm can be obtained (Nace and Bieber, 1958). In generd, water obtained from dluvium is
hard, has high iron, manganese, and dissolved-solids content.

Because sasndgtone typicaly contains both intergranular and joint openings, it generdly yidds the most water
to wels. However, where the pores are filled with secondary minerds and jointing is rdlatively undevel oped,
sandstone will tranamit little water. Williams et a. (1993) ranked hydraulic conductivity from highest to
lowest among bedrock water-bearing units: (1) cod, (2) sandstone, (3) sltstone and shde, and (4)
limestone.

WATER CHEMISTRY
Groundwater

Because of differences in rock mineradogy, resdence time, and influence of the brine underlying the
composite flow system, the chemistry of groundwater in different flow systems and subsystems varies. For
example, groundwater that has come in contact with sandstone and shae containing pyrite remains soft, but
is more acidic and higher in concentrations of iron and hydrogen sulfide than in non-pyritic rocks. Water
in limestone or cacareous aquifersis usudly a cacium magnesium bicarbonate type. Sodium chloride and
other brines occur below adepth of severad hundred metersin al hydrogtratigraphic units, and waters above
this sdine water are usudly hard (Back, 1988).

Poth (1963) and Rose and Dresdl (1990) identify three stages of “flushing” that roughly correspond with
the three levels of the previoudy outlined flow systems. The degpest zone, directly affected by concentrated
brines, which exigt a depth throughout all areas west of the Allegheny Front, is aNaCl-rich diluted brine
zone. This zone is diluted with surface water that has lesked from shdlower flow systems, but retains
gppreciable amounts of both Na and Cl. This chemica sgnature is indicative of the more regiond flow
systems described previoudly.

A shdlower sysem (intermediate zone) exigts in which Cl has been removed by flushing with surface
waters, but considerable Na remains adsorbed to clays and smilar materids, leading to the NaaHCO;
watersthat are commonly found a intermediate depths. The devated Naisaresult of cation exchange, with
Na released from the exchange sites in response to replacement by Ca, Mg, and possibly Fe (especialy
with mine waters) (Winterset d., 1999). Piper (1933) outlined this process:

“...Many of the water-bearing beds - whether they are sandstone, shae, or limestone - contain soft
sodium bicarbonate water where they lie a intermediate depths. This soft water is believed by the
writer to represent calcium bicarbonate water that has exchanged its calcium and magnesium for
sodium by reaction with base-exchange slicatesin the rock asit has percolated downward dong the
dip of the water-bearing bed. The hardness due to the bicarbonate of calcium and magnesum is
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removed in proportion to the completeness of the exchange reaction, and the water findly passesinto
the sodium bicarbonate type...”

In the uppermogt zone, Nais completely flushed leaving a CaHCO; water typicd of shdlow groundweter.
The shdlow flow system is further divided (Brady et d., 1996) into alow dissolved-solids zone associated
with the gress-rdlief/westhered regolith subsystem, and a zone with higher dissolved solids associated with
unwesathered rock (ridge cores).

Because stream vdleys function as sumps for the discharge of groundwater, the contact between the fresh
and sdine groundwater probably “cones up” beneeth the streams, and lies at successively grester depths
away from the sreams. Mining activity and practices for controlling water qudity or quantity may dter the
depth to saline water and the amount of discharge of saline water to the streams (Hobba, 1987).

Wunsch (1993) devel oped a conceptud hydrochemical-facies model for an unmined ridge based on Site-
specific data from eastern Kentucky. According to Wunsch (1993, p. 72):

... Themodd shows four zones where the mgor cations and anions comprising the water type for
apaticular water sample could be predicted with a high degree of probability. The modd shows
a depressed sdt-water interface below the ridge due to downward movement and accumulation
of fresh water. The hydrogtatic pressure imparted on the sat water is transmitted in the salt-water
zone, cauding it to rise a locations where fractures breech confining layers (valley bottoms)...”

Data collected a numerous mining sites in southwestern Pennsylvania support Wunsch's hydrochemica
modd for shalow groundwater flow on the dissected Appdachian Plateau of Pennsylvania (Cdlaghan et
d., 1998). Cdlaghan et d. provide ranges for water qudity for ashdlow “rind of hill” system, ridge cores,
and intermediate flow systems & a Ste in southwestern Pennsylvania (Table 3.2).

Surface Water

Gengrdly, the dreams draining the Appaachian Plateau contain three types of water, based on mgor cation
and anion concentrations. A ca cium-magnesium-bicarbonate type typicaly dominates in streams draining
the limestone and dolomite areas of the Plateaul in Tennessee and northern Alabama. Streams containing
cacium-asulfate waters with bicarbonate and chloride (dissolved solids less than 150 ppm) drain large
portions of West Virginiaand eastern Kentucky. Streams containing calcium-sulfate type water thet is hard
to very hard, with dissolved-solids concentrations from 100 to 2000 ppm, drain the heavily mined areas
of southwestern Pennsylvania, northern West Virginia, eastern Kentucky, eastern Ohio, and north-centra
Tennessee (Schneider, 1965).

Table 3.1. Typical groundwater chemistry rangesfor variousflow systems (mg/l).

Flow system | # of Alkalinity | Sulfate Ca Mg Na Spec. Conductivity
sampl e (umhos/cm)

Rind of hill 22 2-—38 14 - 45 5-38 1-7 2-13 50 — 136

Ridge core 11 80 —199 39-75 40-70 [9-12 |[2-17 300 —470

Intermediate | 26 8 — 861 108-2850 | 2—246 | --------- 191 - 945| 1220 - 4500
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CONCEPTUAL GROUNDWATER MODELS

Kipp and Dinger (1987) presented a conceptual mode of groundwater flow in the Wolfpen Branch basin
in Kentucky:

“Groundwater flow in the basin is complex. Within the interiors of the hills, water is stored and
transmitted in intergranular pore spaces of the predominantly sandstone bedrock. These rocks are
saturated, but wells produce little water. Lithologic cores indicate that saturated sandstone zones
are separated by rdatively impermeable claystone units associated with mgor cod seams, which
limit the vertical movement of water. These confining layers cause laterd flow to the hillsdes where
ground water may discharge as Sorings or seeps or move verticaly downward through the confining
Zones via secondary porosity consisting of fractures and bedding-plane openings. Continuous
water-levd records indicate that bedrock wells monitoring the valey walls and bottom respond
quickly to rainfdl events, evgpotranspiration, and mining activity. This suggests high hydraulic
conductivity and direct connection to infiltration from the surface. Lithologic cores indicate that
secondary fracture permesability, possibly created by stress-reief fracturing, is responsble for the
increased hydraulic conductivity dong hillsdes and valey bottoms, and controls much of the shalow
groundwater flow in the basin. This shadlow ground water represents the principa portion of the
active groundwater flow system.”

Harlow and LeCain (1993), working in cod-bearing Late Missssippian and Pennsylvanian rocks of
southwestern Virginia, confirm many of the same hydrologic conditions. They developed a conceptud
groundwater flow model using borehole geophysica logging, water quaity sampling, and pneumatic
draddle-packer assemblies. The following summary highlights some of their findings:

“...Cod seams had amedian transmissivity of 0.15 ft%/d, whereas other rock types and lithologic
contacts had median trangmissivities less than or equa to 0.001 ft%/d. All rock types tested usualy
were permesble to a depth of gpproximatdy 100 feet; however, at depths grester than 200 ft only
cod seams congstently had measurable permesbility (transmissivity greeter than 0.001 ft%/d).
Injection tegting of intervals immediatdy adjacent to cod seams usudly indicated lower
tranamissvity than that obtained when the cod seams were isolated within thetest intervd, indicating
that most laterd groundwater flow is associated with the cod seams. Potentiometric-head
measurements for these cod seams coupled with the presence of low-tranamissvity intervas
between the seams indicate that some of the cod seams could be partly saturated, confined, or
semi-confined, and, in some instances, water could be perched above these cod seams.

The mean depth to standing water below land surface was 221 feet in core holes located on
hilltops, 109 feet in core holes located on hilldopes, and 39 feet in core holes located in valeys.
Potentiometric-head measurements indicate downward flow on hilltops, laterdl and downward flow
on hilldopes, and upward, laterd, and downward flow in valeys. Because of the high topographic
relief (600 — 1000 feet) in the area, groundwater flow systems are of small ared extent. Head
relationsindicate that high topographic areas function as recharge areas. water infiltrates through the
surface, percolates into the regolith, and moves downward and lateraly through the fracturesin the
shdlow bedrock. Permeshiility decreases with increasing depth, and most water may move laterdly
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aong fractures or bedding planes, or through cod seams until encountering more permegble rock
through which to move downward. If more permegble rocks are not encountered, water continues
to move laterdly, discharging as a spring or seep on the hillsde. Where verticd permesbility is
appreciable, water follows a air-step path through the regolith, fractures and bedding planes, and
cod seams, discharging to streams and (or) recharging permeable coal seams at depth. ...”

Harlow and LeCain’'s study supports the finding of Williams et d. (1993) that cod seams, sandstones, and
lithologic contacts were the mogt transmissve zones with dltsones and shdes having the lowest
transmissvities. They confirmed that transmissvities of dl rock types generdly decreases with depth as
fracture gperture and number decrease. Ther aquifer test dataindicated that the horizontal conductivity of
coa isafunction of depth and probably decreases under ridges due to increased overburden pressure.
Regarding topographic setting, they found that hilltops had sharp downward gradients, hilldopes hed
downward gradients, commonly with shalow zones exhibiting intervas of equa head, and valey wels
typicaly exhibited shdlow intervas of equa head below which head measurements indicated downward
gradient. Although valleys serve as discharge zones for shalow and intermediate groundwater in this setting,
many wells did not show digtinct upward gradients. The few wells tested that showed upward gradients
were adjacent to streams, possbly indicating this sgnature is detected only in very close proximity to the
gream. This confirms the observations of Callaghan et d. (1998) regarding the locating of piezometersin
discharge zones on the Appaachian Plateau of southwestern Pennsylvania. Calagahan reports that upward
gradients associated with stream valeys will be detected routindy only where the piezometers are in
proximity to the stream, i.e. the discharge area is very smal compared to the recharge and latera flow
Zones.

Studies conducted in the eastern Kentucky cod field confirm the complex nature of groundwater flow in
this setting and the importance of shalow fracture-controlled flow on the Plateaus. Minns (1993), working
in afirg-order watershed in eastern Kentucky, concluded:

“ ...the mgority of bedrock groundwaeter is obtained from fracture zones that are generaly within
200 feet of the surface where relatively direct connection to infiltrating groundweter exigs. Fractures,
cod beds, and bedded strata dter flow paths largely by differences in fracture density that may be
lithologicaly dependent. This crestes contrasting conductivities among layers. ... A conceptua model
for locd and regiond groundwater flow suggests thet locd flow systems develop in response to
topography: however, the locd flow system is contained within the shallow-fracture zone. Flow that
does not discharge via the shdlow-fracture zone enters the regiona flow system. Regiond
groundwater flow is primarily downward benesth upland areas toward the fresh-saline-water
interface. The interface is generdly located at its degpest point beneath upland regions and dopes
upward toward third-order or larger streams. Regiona groundwater flow roughly parales the
interface; consequently, third-order or larger streams are discharge zones for regiond flow.”

Similarly, work conducted by Wunsch (1993) reinforces the dominant role secondary permesbility features
play in shalow groundwater movement. Based on data from water-injection packer tests and downhole
camerainvestigations at an unmined ridge in the eastern Kentucky cod field, Wunsch found that only cod
seams, verticd fractures, joints, and bedding-plane splits and partings possessed sufficient hydraulic
conductivities to tranamit Sgnificant amounts of water.
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HYDROLOGIC EFFECTS OF MINING

It isestimated that millions of cubic meters of groundwater are diverted from naturd flow sysems every day
via drainage from abandoned mines and pumpage from active mines (Sgambat et d., 1980). Mines below
the water table in regiona groundwater recharge areas can quditatively and quantitatively impact both
shalow and deep aquifers. Mines above the water table in regiond recharge areas generdly pose more of
awaer qudity problem than quantity problem and may, in Some cases, increase groundwater recharge rates
over those occurring prior to mining. In discharge areas, mines that intersect the water table can pollute
shdlow aguifers exposed in highwadls. They can draw down water levelsin both shalow and deep aquifers
that underlie the mine or that are exposed in highwalls. (Parizek, 1978).

E Coal seam D CatMg, HCO5+504
E Fractures Na+Ca, HCO4+804+C1
Na, HCO3+80y4

Figure 3.4. Conceptual modd of hydrochemica facies (Wunsch, 1993).

The ggnificance of changesin flow sysems following mining will vary with the sze of the flow system, the
position of the mine within the flow system and relative to the initid water table, and the mining-induced
fracturing pattern and its interaction with naturd fracture sets.

Underground Mining

The hydrologic effects of underground mining are briefly discussed here because they include watershed-
wide and even regiond scale impacts on groundwater flow systems. Expandve interconnected underground
workings act as man-made aguifers with high hydraulic conductivities, and therefore must be accounted for
when characterizing groundweter flow systems.

Underground mines can intercept and convey surface water and groundwater. When excavated below the
water table, mine voids serve as low-pressure sinks, inducing groundwater to move to the openings from
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the surrounding saturated rock. This dewaters nearby rock units via drainage of fractures and water-bearing
dratain contact with the mine workings. More remote water-bearing units and surface water bodies can
a0 be affected, depending on the degree of hydrologic communication. Mines located above stream levels
serve as free drains and highly permesble aguifers. They promote perched water table formation in poorly
permeable overburden deposits, facilitate dewatering of roof rock, and often produce giant man-made
gprings a mine openings (Parizek, 1978). The extent and severity of the impact on the loca surface weter
and groundwater systems depends on the depth of the mine, the topographic and hydrogeol ogic setting, and
the hydrologic characterigtics of the adjacent strata.

In the flat-lying sedimentary rocks of the eastern bituminous cod measures, underground mining is routingy
accompanied by overburden movement, rock fracturing, dilation of joints, and separation aong bedding
planes. Rock movements occur verticaly above the mine workings and a an angle projected away from
the mine' s edge. Mining-induced fracturing within this angle can result in hydrologic impacts beyond the
margins of the mine workings. The zone aong the perimeter of the mine that experiences hydrologic impacts
issad to liewithin the “angle of dewatering” or “angle of influence’ of the mine. Angle of influence vaues
of 27 to 42 degrees have been reported for the cod fields of northern West Virginia and southwestern
Pennsylvania (Carver and Rauch, 1994; Tieman and Rauch, 1991).

Dixon and Rauch (1988) observed stream depletion associated with longwall mining at three mine Stesin
West Virginia Dewatering was |ess severe at mines with greater overburden thickness. Recovery timesfor
gream flow ranged from eight monthsto five years. Tieman and Rauch (1987) found that streams located
above regiona base level and undermined by longwall pands less than two and one-hdf years old were
partly to completely dewatered during base-flow conditions. They found that streams located above
regiona baselevel and dso aove pands at leadt three years old had normd flow. Water logt from streams
often did not penetrate to the mine, but instead migrated downward through probable subsidence fractures
to near regiond base level, where it migrated laterdly through a sandstone unit to discharge at a master
dream over the mine. Carver and Rauch (1994) drew the following conclusions regarding impeacts to
streamflow, based on their sudy of alongwall minein West Virginia

“...Subsidence from longwal mining typicaly reduced stream discharge for 2-3 years. Panels
positioned beneath upland catchment areas and not under streams caused no gpparent stream
dewatering. ... Monitored stream reaches within the angle of draw zone of an adjacent pand did
not normally become dewatered for panels older than 2.3 years. However, stream reachesin basins
less than 200 acres in Size often experienced dewatering for up to 3.1 years after undermining....
After 2-3 years snce subsidence, recovered streams display lower high base flow and higher low
base-flow discharge, or more uniform base-flow discharge, compared to unsubsided
dreams....Water diverted from affected streams and supplies remained in the shalow groundwater
flow system and probably did not penetrate deeper than locd base leve, as shown by the reported
low groundwater inflow rate to the mine and by the fact that most impacted streams had returned
to “norma” down-gradient flows. The lost waters probably moved downgradient as underflow
through shalow aquifers and then returned to streamflow in unsubsided or recovered aress.”
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Oneimportant aspect of overburden movement, relative to the potentia of high-extraction mining to impact
surface waters, isthe formation of surface extension zone fractures. An extenson zone forms at panel edges
and a the traveling pand face and is most pronounced near the surface. Surface extension zone fractures
aretypicaly 50 to 100 feet deep. This near-surface zone of increased permesbiility and storativity can result
in shdlow aguifer and surface water impacts even where overburden to seam ratios are consderable and
there is no direct avenue for drainage to the mine.

Surface Mining

The impacts of surface mining are typicaly more loca than those of underground mining. However, the
cumulative impacts from numerous operations can have profound impacts on basin-wide runoff and
infiltration, and can even shift the location of surface water and groundwater divides. Such minor shiftsin
surface water divides can cause dgnificant changes in surface runoff characterigicsin amdl watersheds This
can ether increase or decrease tota runoff and/or baseflow compared to pre-mining conditions. Shiftsin
surface water divides tend to be less significant in higher rdief areas, such as the Appaachian Plateau,
where existing topographic features dominate post-mining topography.

According to Parizek (1978), the effect on groundwaeter dividesisless clear. Highly permeable mine spoil
will augment groundweter drainage in a certain direction depending on other controlling factors, such asthe
dip and lithology of the mine floor. Thiswill cause ashift in the groundwater divide, resulting in areduction
in baseflow or spring flow on the opposing side of theridge.

Wyrick and Borchers (1981) gave the following reasons for fully assessng stressrdief systems during
surface mine design on the Appaachian Plateaus.

“Strip-mine benches in the Appaachian Plateau are cut through the dump-fracture zone dong valey
walls, which can affect hydrology significantly. First, aquifer recharge may beincreased in severd
ways during mining by uncovering dump fractures, so that they intercept more surface runoff. The
trip mine bench may be so doped that it retains more runoff water, facilitating aguifer recharge.
Second, reclamation regulations require backfilling benches. Such backfilling can sed dump
fractures and reduce aquifer recharge if impermesablefill materid is used. Third, exposing rocksto
weethering and solution on the strip-mine bench can change the chemicd qudity of aquifer recharge
markedly.”

PRE-MINING WATER QUALITY ASA PREDICTION TOOL

Naturd water qudity in shalow groundwater flow systems of the Appadachian Basin results from the
influences of three factors: the chemistry/mineraogy of the rock the water contacts, the flow path and the
resdence time. Shalow flow systems are the key to understanding pre-mining water qudity. The recharge
areafor mogt sorings is the weet hered/leached regolith or highly fractured and wesathered bedrock (Figure
3.4). The weathered zoneistypically 20 to 40 ft (6 to 12 m) thick, but can extend deeper dong fractures
and is colored red, yelow, or brown due to iron oxidation. The weathered regolith and bedrock has been
depleted of the most readily leachable (e.g., carbonate) and oxidizable (eg., pyrite) minerals. Since this
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wegthered zone is near the surface, has limited thickness, and has higher permesbility (induced by physica
(fracturing) and chemica (leeching and oxidation) weethering), groundwater moves through this zone
rdaively rapidly. Hawkins et d. (1996) estimated the residence time as days to weeks. Thelack of reedily
weetherable minerals and the short residence times result in spring water that istypicaly dilute.

Beow the weathered regolith is a zone of largely unwesthered bedrock (Figure 3.5). Wesethering is
restricted to some fractures and bedding-plane separations. Unwegthered rock can contain readily soluble
minerds, in particular carbonates, if they are part of the rock compostion. The water flowing through the
rock has alonger residence time because of lower permegbilities, and the dower flow rate allows longer
contact with soluble minerds. The permesghility is orders of magnitude less than that for the weethered zone
and the resdence time is measured in years (Hawkins et d., 1996). Groundwater that has passed through
unwegthered rock will typicaly have higher dissolved solids than water emanating from the weathered-
rock/regolith zone,

The qudity of groundwater from both westhered rock/regolith systems and unwesthered rock systems can
help to identify the presence or absence of carbonates within the area to be mined. Water chemistry can
aso shed light on the groundwater flow system. To evauate the relationship between rock chemistry and
water chemistry, Brady (19983) studied severd isolated hilltops where the only recharge was from
precipitation, one of which will be reviewed here.

/ / RAIN / y o
é /e

- Coal

LA IR MR ALY TREE R AR R .

Figure 3.5. Schemdtic cross section showing conceptud shalow groundwater flow mode, which includes
the near-surface westhered-rock zone and the deeper unwesthered-rock zone (modified from Hawkins
eta., 1996).

Field pH and specific conductance were measured prior to mining in several uncased drill holes that were
completed down to the upper Kittanning (UK) cod seam. Additiondly, numerous UK cropline springs
were sampled. Crop springs had akdinities ranging between 1 and 9 mg/L. Unfortunately, dkainity was
not sampled in the drill holes, but it isanear certainty thet the dkalinities were higher, judging from eevated
pH and conductance. This hilltop has been mined and the mine is producing drainage with an average
akdinity of 380 mg/L.
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The specific conductivity of the crop springs and shdlow (near crop) wells had lower vaues (38 to 62
mS/cm) than the drill holes located toward the middle of the hill where depth to cod was greatest (158 to
221 mScm). The pH of the sorings was aso lower than the pH of the wells. NP is negligible in areas with
lessthan 9 to 12 m of cover, evidently because of weethering. The higher pH and conductance increase are
both coincident with an increase in NP. The water in deeper drill holes exhibited higher dissolved solids
(reflected as specific conductance) than in cropline springs and holes with shalow cover, due to the
increasing abundance of cacareous minerds with increasing overburden. The high NP Srata are freshwater
limestones and cadcareous shades. The geology, dratigraphy, and overburden qudity of this area is
addressed in Brady et d. (1988), wherethe mine siteisreferred to asarea“C.”

Powell and Larson (1985) investigated water qudity in an unmined watershed in a cod-producing region
of the Appaachian Plateau of southwestern Virginia. The most common carbonate present was Sderite,
following by cadite and dolomite. Minor amounts of pyrite were generdly associated with cod and adjacent
rocks. They observed that water from springs typicaly had lower concentrations of akainity and dissolved
solids than water from dug wells, which had lower dkdinity then drilled wells. With one exception, sulfate
was less than 40 mg/L for sorings, dug wells, and drilled wells. A few of the springs, and many of the
deeper wells had high dkdinity (>100 mg/L). Springs with high dkainity were unusud, indicating that most
of the springs were from shalow groundwater sources.

A common misconception has been that water quality from cropline springs in unmined aressistypicd of
water associated with the coal seam. As dready discussed, water associated with coal-cropline springsis
typicaly much more dilute than water from the same cod seam under deeper overburden cover. The
cropline springs and shdlow wels represent water flowing through the near-surface weathered-rock zone.
Cacareous rocks are typicaly absent or negligible within this weeathered zone. Wedlls penetrating deeper
overburden are conpleted in unweethered or less westhered rock with lower permesbility. The combination
of cacareous mineras and longer resdence time for the groundwater results in Sgnificant dissolution of
cacareous minerds forming bicarbonate dkadinity. Downward flow and subgstantialy lower hydraulic
conductivities probably result in little of this water reaching the cropline springs.

Pre-mining akdinity in deeper drill holes provides a second confirmatory tool, dong with acid-base
accounting NP, to determine the relative presence or absence of cacareous rock and its didtribution within
the proposed mine area. As discussed by Brady (1998a), there appears to be adirect relationship between
the amount of calcareous materia preserved in the overburden and the akdinity, conductivity, and pH of
the pre-mine groundwater. In contrast, no relationship exists between MPA (i.e., % sulfur) and sulfate
concentrationsin the pre-mine groundwater. Thisis probably because of the very limited oxidation of pyrite
under saturated conditions. Cacareous minerads are rather soluble in groundweter, while pyrite is not.
Beneath the weathered zone, pyrite in uimined areas remains largdy unoxidized. If eevaed sulfae
concentrations are found, it may indicate contamination from an adjoining mine or from an oil or gaswell.

To summarize, water qudlity is directly related to the flow peth, the dissolution of minerds contacted by the

groundwater, and the contact time of the water with the rock. Cropline springs and shdlow wells (6-9 m

deep) that have little or no akdinity indicate shallow leached/weathered overburden. No sgnificant

calcareous srata (measured as NP) are likely to occur within this zone. Where ca careous rocks are
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present, such as some deeper cover stuations, the calcareous minerals will dissolve in the water and can
be measured as dkdinity. Low akalinity in wel or spring water indicates the absence of cacareous dratia
within the groundwater flow path for that well or spring. It might be expected that sulfate would reflect the
amount of pyrite thet is present, but there is no relationship between the amount of pyrite and sulfate
concentrations, indicating that pyrite oxidetion prior to mining istypicaly negligible.

These findings have severd important implications:

1. Cod cropline springs typicaly reflect very shdlow flow through the regolith and do not necessarily
reflect water quality under deep groundwater conditions.

2. Weédls are needed to ascertain water qudity in the deeper unweathered-rock zone.

3. Thereis ardationship between overburden NP and groundwater dkalinity. If dkainity in wdls is
ratively high (> 50 mg/L), cdcareous mineras are present in the flow system and probably near the
water sampling point. Where dkdinity islow (< 15 mg/L), the rocks within the recharge area lack
appreciable cacareous mineras.

4. Groundwater adkalinity can be used to help determine whether overburden sampling has been
representative. If overburden analys's does not indicate significant calcareous rocks to be present, but
water wells into the same units are dkaline, the sampling may not be representative of ste conditions
and additiond drilling would be warranted. The combination of groundwater dkadinity and overburden
NP can be used together to better define the extent of cal careous overburden.

5. Overburden sampling and water sampling must represent both shalow and deep overburden cover to
adequately represent the entire mine site hydrology and overburden chemistry. Holes drilled a greater
than the maximum cover to be mined may overestimate NP in the overburden that will be disturbed by
mining.

6. Thereisno obsarved relaionship between MPA in the overburden and sulfate or any other parameter
in the groundwater. Sulfate in groundwater from unmined watersheds is typicaly less than 40 mg/L,
regardless of location within the flow system (Brady, 1998a).

7. The above conclusions are probably gpplicable to alarge portion of the Appadachian Plateau. However,
its gpplicability to other areas is unknown.

State Practices

Of the gatesinterviewed, only Pennsylvaniaand West Virginia actively use pre-mining water qudity to hep
predict post-mining water qudity. All do pre-mining water quality assessments, but they generadly do soto
edablish abasdine that will alow them to detect changesin ground and surface water qudity and quantity.
Table 3.2 summarizes the text that follows.

Alabama requires at least 6 months of 1 sample per month, to include seasona variation, for al surface
streams and seeps and at least 1 ground water monitoring well. Water sample andyses must include iron,
manganese, duminum, sulfate, akalinity, acidity, and temperature. Pre-mining ground water qudity
information must also be provided for the strata below the cod bed.

Indiana requires at least 6 months of 1 sample per month, to include seasond variation, for dl surface
streams and seeps. Stream sampling must include data from both upstream and downstream of the permit
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Table 3.2. State Requirements for Pre-mining Water Quality

STATE PRE-MINING WATER SAMPLING REQUIREMENTS COMMENTS
SURFACE WATER GROUNDWATER

AL A minimum of 6 months of 1 sample per | A minimum of 6 months of 1 Performs pre-mining WQ
month for streams and seeps. Water sample per month from at least 1 assessments to establish a
anaysis: Fe, SO4, Mn, Al, acidity, monitoring well. Water analysis baseline for detecting any
akalinity, and temperature. same as for surface water, but impacts on water quality and

includes strata below the coalbed. | quantity.

IN A minimum of 6 months of 1 sample per | A minimum of 6 months of 1 Sameas AL
month for streams and seeps. Water sample per month from all wells.
analysis. flow, TDS or specific cond. Water analysis same as for surface
TSS, pH, Fe, Mn, acidity, and akainity. | water.

KY Surface waters should be sampled at 6 samples over 6 months prior to Sameas AL
each affected watershed. mining; quarterly during mining.

Must characterize each affected
aquifer and hydrologic regime.

MD At least 6 months of 1 sample per month | Not required Sameas AL
or quarterly samples for 1 year. Should
include: Fe, Mn, Al, SO,, dkdinity, and
acidity for surface streams.

OH | Atleast 6 months of 1 sample per month | All ic:ﬁtifiedd aquifers;lnust %et Same 3SA|7[- Sangling

; sampled under seasonal conditions | requirements are being
or one h'f?h f'°¥VD‘;”d one 'F}W flow. Must | *'at least 10 (all if lessthan 10) | changed to insure that
Include. riow, or speaitic wells. Analysis must include at seasonal effects are fully
conductivity, TSS, pH, Fe, Mn, SOy, least same parameters as surface | assessed.
hardness, acidity, and alkalinity. water; more may be required.

PA 2 samples of any surface flow or seep, Data can be from on-site or nearby | Actively uses pre-mining
with monitoring points chosen from residential wells and must be water quality to help predict
background sampling points, which must | sampled during mining as a permit | post-mining water quality.
be sampled monthly for 6 months, requirement. Analyses must Performs pre-mining WQ
including at least 1 month of low flow. include: pH, akalinity, acidity, Fe, assessments to establish a
Must include: alkalinity, acidity, pH, Fe, Mn, SO, specific conductance, baseline for detecting
Mn, SO,, specific conductance, and suspended solids. Results are | impacts on water quality and
suspended solids, and Al for high quality | compared with NP values for quantity.
streams. consistency.

™ A minimum of 6 months of monthly Well samples that are Sameas AL
sampling for surface water, and may representative of undisturbed
request 1 year of baseline data. groundwater quality.

VA At least 6 month baseline of sampling for | At least a 6 month baseline of Sameas AL
surface water. Sampling must include monthly sampling for groundwater
upstream and downstream data. quaity

WV A baseline of water quality and flow for Wl level determinations (if Actively uses pre-mining

all existing surface water for at least 6
months with 1 sample per month.
Sampling and analysis according to
OSMRE methods. Data are used with
models to predict the probable hydrologic
consequences.

landowners allow access).
Sampling and analysis according to
OSMRE methods. Data are used,
with models, to predict the
probable hydrologic consequences.

water quality to help predict
post-mining water quality.
Performs pre-mining WQ
assessments to establish
baseline to detecting any
impacts on water quality and
quantity.

area. Water samples mugt include flow, and be analyzed for: total dissolved solids (TDS) or specific
conductance, total suspended solids (TSS), pH, tota iron, total manganese, acidity, and akalinity.
Additiond parameters may be required to adequately characterize the Site. For groundwater, a minimum
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of 6 months of 1 sample per month isrequired for operator instdled wels and for resdentid/domestic wells
in or within 1000 feet of the permit area. In addition to water level, samples must be analyzed for the same
parameters as required for surface water samples.

Kentucky requires six ground water samples over a period of six months prior to mining, and quarterly
during mining operations. The data should be adequate to characterize each affected aguifer and
hydrogeologic regime. Surface waters should be sampled at each affected watershed.

Maryland requires at least 6 months of 1 sample per month or quarterly samples for one year that include
iron, manganese, duminum, sulfate, dkdinity, and acidity for surface streams.

Premining water qudity assessments are performed in Ohio in order to establish a basdine for detecting any
mining or reclamation impacts on ground and surface water quaity and quantity and to assessthe cumulative
hydrologic impacts of the proposed operation. Ohio currently requires at least one sample per month for
Sx consecutive months or two samples, one during a high flow period and one during alow flow period to
determine seasond variations, with the periods substantiated with supporting data. Only one sample is
generdly required from exigting water impoundments (especialy those from unreclamed mining operations).
The gpplicant must sample for pH, totd acidity, totd dkdinity, specific conductivity or totd dissolved solids,
totad manganese, total sulfates, tota iron, tota suspended solids, total hardness, and flow. Other parameters
may be required. Sites reviewed are generdly within 1000 feet of the proposed operation, dthough the
review area can be extended on a site-specific basis.

However, changes will likely be implemented in near future. Under the draft, one high flow window, one
low flow window, and two intermediate flow windows have been defined, based on higoric flow patterns.
Each required surface water and ground water Ste (other than existing impoundments from previous
unreclaimed mining) must be sampled in the high flow, the low flow, and one intermediate flow window.

All identified aguifers must be sampled under seasond conditions. The gpplicant must sample for pH, totd
acidity, tota dkalinity, specific conductivity or total dissolved solids, totd manganese, totd sulfates, total
iron, total suspended solids, tota hardness, flow (for springs and degp mine discharges)and Static water
leve (for wells). Other parameters may be required. Sampling must be conducted on at least ten (dAl if less
than ten), or 25% of the groundwater Stes, whichever number is greater. Sitesreviewed are generdly within
1000 feet of the proposed operation, although the review area can be extended on a Ste-specific bass.

Pennsylvania requires both ground water and surface water quaity data. Groundwater data can be from
ether ongte or nearby resdentia wells (within 1000 feet) that, in addition, must be sampled during mining
asapermit requirement. Groundwater andyses must include pH, dkainity, acidity, iron, manganese, sulfae,
gpecific conductance, and suspended solids. Results of the anadyses are compared with NP vaues for
consstency. Surface water quality requirements include a background sampling program of 2 samples of
any surface flows or seeps. Monitoring points are then chosen from among these background sampling
points to be sampled monthly for 6 months, including a least 1 month of low flow in July, August, or
September. Andyssisthe same as for ground water, with the addition of duminum for high quaity sSreams.
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Tennessee requires aminimum of 6 months of monthly sampling for surface water, and may request 1 year
of basdine data for areas that are consdered at risk for AMD production. They aso request well samples
that are representative of undisturbed ground water quality.

Virginiarequires a least 6 months of monthly sampling for both surface and groundwater qudity. Stream
sampling must also include data from both upstream and downstream of the permit area.

West Virginiarequires the applicant to establish a seasond basdine of water qudity and flow for al exiging
surface water of at least 6 months with 1 sample per month. West Virginia aso requires well leve
determinations (if landowners will alow access), and sampling and andysis of ground and surface waters
according to OSMRE methods. Together with mathematical models, these data will predict the probable
hydrologic consequences of the proposed operation.

GROUNDWATER CHEMISTRY FROM ADJACENT PREVIOUSLY MINED AREASAS
A PREDICTION TOOL

Water quality from prior mining has been used as a prediction tool since at least the early part of the
twentieth century. More recently, Brady and Hornberger (1990) and Brady (1998b) discussed the use of
post-mining water quality from adjacent Sites as a prediction tool for suface mines. The assumption is that
if the same cod and overburden are being mined and the mining conditions are smilar, hydrogeologic
conditionswill be sufficently dike so that the groundwater qudity from the proposed mine will goproximete
that of the previoudy mined area. Frequently, thisisthe case. Groundwater chemigtry from previous mining,
when available and used properly, can be the best prediction tool in the tool kit. In fact, as subsequently
discussed, there are times when the requirement for acid-base accounting (ABA) iswaived in some states
because water qudity from previous mining has demondrated that mining can occur without pollution.

The mgor advantage of looking at the qudity of pre-existing mine drainage isthat it is the result of afull-
scale weethering (leaching) test, which hasincorporated into it dimatic, mining and other variables Climatic
variables include site-specific precipitation and field temperatures, including any seasond variations. Fied
conditions aso include infiltration and runoff factors. The mining variables include the drata (lithologies)
encountered by mining, including its variability within the Ste, and the redigribution of these rocks in the
gpoail. Other variables include spoil pore gas chemidiry, including vertica variaions, and red world scale
(i.e, rock particle sze, ratios of rock volume to water volume). These are factors that are only
goproximatdy smulated, if at dl, in laboratory leaching tests. Studies of previous mining also provide
information on actua concentrations of mine drainage condtituents, including pH, akdinity, acdity, Fe, Mn,
Al, and sulfate. Interpretation, however, requires an understanding of the limitations of this method.

The most confident predictions of post-mining water quality will aways be those made using a variety of
prediction tools, epecidly if each tool points toward the same conclusion. Adjacent mining is often given
precedence when prediction tools are conflicting. Much more often than not (athough there are exceptions),
if pos-mining water qudity at adjacent minesis good, the ABA will likewise show calcareous overburden
and pre-mining water quadity will be dkaine,



However, certain factors must be considered when interpreting water quality from previoudy mined aress.
whether the proposed mining is on different coals and overburden, whether mining is on the same seam(s)
but with sgnificant differences in dratigraphy or in amount of area disturbed, and whether potentia
hydrologic complications or differencesin mining practices exist. Each of these, if not properly taken into
account, can lead to improper predictions of water quality for the proposed surface mine.

Proper Correation of Sedimentary Units

Predictions of water qudity based on what has occurred at nearby mines can only be vaid if the same cod
seam(s) and strata are being considered. Accurate geologic maps that show cod croplines and structure
are an extremely helpful ad in assuring correct correlations of cod seams. Numerous excellent studies by
the state geologica surveys have helped resolve dratigraphic correlation problems. Loca geologic reports
a0 show dratigraphic correlations, locations of cod outcrops, and structure. However, Site specific and
nearby permit drilling information should aways be used to confirm corrdations.

Some examples will illugrate the importance of knowing which cod seamswere mined. The first example
involves the Clarion and lower Kittanning (LK) cods in Redbank Township, Clarion County, Pennsylvania
Water quality associated with the LK seam istypicaly acidic, and is congstent with results of ABA, which
shows up to 30 ft (10 m) of stratawith % S frequently being 0.5 to 7.5%.

The marine Vanport limestone occurs gratigraphically between the Clarion and the LK cods. Although no
ABA was performed on the Vanport in this vicinity, it typicaly has greater than 80% calcium carbonate.
The limestone is aout 6 ft (2 m) thick in the area of the mine Ste. Where the pail is predominatedy Clarion
cod overburden, the drainage is net-alkdine. Mine discharges predominantly associated with the LK cod
are net-acidic. Discharges that are a mixture of Clarion and LK spoil range from net-akaine to net-acidic.
The mixed spail, even when acidic, isless acidic than water from areas where just the LK cod was mined.
Thus, the overburden from the two cod's produces different water qualities.

The importance of knowing which coas were mined in an area is do illustrated by a study near
Luthersburg in Clearfield County, PA (David Bisko, DEP hydrogeologi<t, persond communication, 1991).
The lower through upper Kittanning (UK) coas were mined. The lower and middle Kittanning (MK) cods,
if surface mined by themsalves, produce acidic drainage. If these cods are mined in conjunction with
sufficient calcareous strata associated with the UK cod, the water qudity is usudly dkaine. Most mines
in the area did multiple seam mining, athough the combination of seams mined varied from gte to Ste.
Overburden above the LK and MK codsishigh in sulfur (up to 2.7%), but low in NP. The highest NP's
are asociated with the Johnstown limestone, which occurs below the UK codl.

The point of the above examplesisthat mines having smilar geology can be meaningfully compared but thet
mines involving different sections of srata should not be compared. Overburden chemigtry above one seam
should never be relied upon to represent a different seam. Water quality prediction requires knowing the
gratigraphic relationships of the cod seams that were mined, and seam specific datais required.
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It is ds0 necessary to accurately corrdate drill holes within a mine gte. If drill logs are not accuratdy
correlated, the interpretation is erroneous.

Effectsof Variationsin Stratigraphy, Weathering and Disturbed Area

Mining may be proposed on the same seam, bt if there are significant Stratigraphic changes between the
previoudy mined area and the proposed area, comparisons may be ingppropriate. The two maost common
factors related to Stratigraphic changes are geologic facies differences from one mine to the next, and the
mining of differing amounts of cover. Higher cover will encounter additiond strata. An additiond factor is
the role that differing amounts of disturbed area can have on water chemistry.

Pd eoenvironmental maps can help predict the didtribution of facies, however, sudies of thistype arerare.
Even if good paeoenvironmenta maps exig, facies changes can be aorupt, and detailed drilling istypicaly
necessary in areas of facies trandtion. Paeoenvironmenta maps probably are best used as a tool for
designing an overburden sampling plan.

An example of the role of facies changes can beilludrated by sx mines sudied in the Stony Fork watershed
in Fayette County, Pennsylvania (Brady et d., 1988). All mined the UK coa seam. The mines developed
in the areainterpreted as a high-energy depositiona environment have sandstone and sltstone overburden.
The sandstone and siltstone units are not calcareous, whereas the low-energy deposits contain calcareous
shale and freshwater limestones. Mines in the area containing the calcareous Strata produce dkdine
drainage. Mines with predominately sandstone overburden produce acidic drainage.

One mine is within both the high- and low-energy depostiond environments. Inspection of the active
highwall revedled an area where the limestone was eroded and replaced by a channd deposit. All the
overburden drill holes were located within the low-energy portion of the mine, thus over-estimating the
cacareous nature of this Site. This permit wasissued prior to an understanding of the laterd distribution of
depositiond facies. If the true nature of the Site had been known, the permit would have been denied or the
mining plan would have been modified to compensate for the acid potentid of the sandstone overburden.

Different amounts of cover mined on the same cod seam can d o result in different water qudity. Because
of equipment limitations, old pre-act mining from the 1940s and 1950s seldom exceeded 40 ft (12 m) of
cover. Improvements in mining technology have dlowed many of these Stesto be remined to grester cover
heights. Mining of additiona cover can have both postive and negative influences. Figure 2.7 illustrates a
dtuation where low cover mining ~40 ft (12 m) or less would encounter high sulfur drata, but no
gppreciable cacareous srata. A mine would not encounter calcareous strata until a highwal height of 40
ft (12 m) or more was reached, due to the Stratigraphic position of the cacareous strata and the dissolution
of carbonates by surface weethering. Shdlow mining <40 ft (12 m) would probably result in acidic drainege,
whereas mining to a cover height of 85 ft (26 m) should encounter enough cacareous rock to result in
dkaline drainage.

An example of where mining more overburden resulted in a deterioration of water qudity isillugtrated in
Brady (1998b). The origind shalow-cover <30 ft (20 m) mining occurred in the 1950s, and only afew tens
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of acres were affected. This Ste had some acid-producing stratalocated near the cod, and essentidly no
cacareous drata. The water quaity in 1978 through 1981 had low concentrations of sulfate, acidity,
manganese, and aduminum, and little variation in their concentrations. Specific conductance was aso low
(~100 uScm). Mining that occurred from Nov., 1980 - Sept., 1985 took a maximum of 80 ft (24 m) of
overburden and affected gpproximately 175 acres (71 hectares). Adidity, manganese, sulfate, duminum and
specific conductivity al increased.

Hydr ogeologic Complications

There are severd hydrologic complications that can affect the use of water quality from adjacent mines as
aprediction tool. The most obvious of these is the Stuation where there is no water discharging from the
previoudy mined area. This can be falsely assumed to mean success, because there are no contaminated
discharges. The absence of discharges does not mean that there is no associated water flowing from the
mined area. In the humid dlimate of the northern Appaachian Basin, groundwater recharges the mine spoail
and is undoubtedly flowing somewhere. It may not discharge as seeps or springs, but may be entering a
deeper groundwater flow system and ultimately discharging as base flow to a stream or contributing to a
discharge from alower dratigrgphic interva.

Adjacent mining as a prediction tool only works where there is representative groundwater (from springs
or wells) that can be sampled and andlyzed. If groundwater sampling points are inedequate, monitoring wells
or piezometers can often be ingdled into previoudy mined poil or into an underlying aguifer to ascertain
the post-mining water quaity. Groundwater chemidtry isrardly uniform through time or through space.

When using water qudity data as a prediction tool, it must be kept in mind that water qudity, even a the
same sample point, is not normaly acongant, but will vary for avariety of dimetic reasons such as seasond
influences and precipitatiorvinfiltration events. In some instances, not only water quadity, but so weater
quantity must be considered. Flow can affect concentration of water quality parameters.

Not adl mines respond smilarly. Smith (1988) and Hornberger et d. (1990), in discussng flow,
concentration, and load, point to three types of discharges. Brady (1998b) describes a fourth type of
discharge that is aso discussed below. The four types of discharges are:
1. High flow - low concentration / low flow - high concentration response, where the flow rate
variesinversdy with concentration and variability is generdly very gred;
2. Steady or damped response discharges that exhibit rdaively minor or delayed responsein flow
rate with minor changesin chemical characteristics,
3. “Sugge” response, where dramatic increases in discharge are accompanied by little changein
concentrations, resulting in large increases in loading; and
4. " Sammer” response, where dramatic increases in discharge are accompanied by increasesin
concentration, resulting in extremely large increasesin loading.

Since mine drainage discharges vary in response to climatic events, to accurately characterize mine
discharge chemidry, it is necessary to have multiple samples that truly represent seasona variation and
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climatic events such asrainfdl and snowmet. The“dugs’ and “dams’ of sulfate and acidity following rain
events at some Sites are gpparently due to soluble sulfate sdts that build up during dry periods as a result
of pyrite weathering in the unsaturated mine spoil. These sdts are essentidly stored mine drainage.
Infiltrating waters from rainfal or snowmet dissolve these sdts, and flush them into the saturated
groundwater zone (Brady, 1998b). If one fals to sample the Ste during such events, an important
component of the Site water chemistry may have been missed.

Anacther complication in interpreting mine Ste water quality isthat water chemistry can vary within amine,
to the extent that some mines produce both akaline and acidic water (Brady, 1998b). In addition, even a
gtesthat produce either dkadine or acidic water, water qudity trends may change over time. The point to
be made hereistha a Sngle sample may not reflect the true character of water being produced by amine.

Another thing that must be kept in mind about groundwater isthat its chemistry can change aong its flow
path. Dissolution or precipitation of mineras can dter the origind chemistry of the mine drainage. When
conditions dlow for oxidation of iron, spoil water within the subsurface may be high in iron, and have a
higher pH, than a surface discharge from the “toe’ of the spoil. As an acidic plume traves through
cal careous rocks, some attenuation of the mine drainage quality should occur. Also, groundwater samples
may be amixture of water from mined and unmined (or mined on a different seam) sources.

Interference from other sources of contamination can aso complicate interpretation. Mine drainage from
cod mines, however, istypicdly diginct enough in chemistry that other sources can be readily identified.
For example, mine drainage is natorious for containing devated sulfate, but surface mines normdly have low
chloride concentrations. Gas and oil well brine waters, on the other hand, have low sulfate in comparison
to the high chloride concentrations. The differences are so digtinct that they should not be confused.
However, sometimes water from the two can commingle, producing amixed chemidry.

The bottom lineis that caution must be exercised when interpreting groundwater chemistry from previoudy
mined areas. Multiple samples from the same location and multiple sample locations, plus an understanding
of the groundwater hydrology, are invaluable and will contribute to accurate interpretations of the data.

Surface water is more difficult to use as a prediction tool than groundwater. Thisis due to dilution of mine
drainage by runoff, mixing of waters from tributaries that are not impacted by mining, groundwater baseflow
from areas unaffected by mining, flow of ground or surface waters affected by mining on a different seam
of cod, and dteration of water quality by oxidation and precipitation of metas (Brady, 1998b). Stream
water qudity can be useful, however, in presenting a* broad-brush” view of mining-related problems over
alarge area. It ismost useful for rdatively conservative parameters such as sulfate and manganese. Surface
water quality studies such as Wetzel and Hoffman (1983, 1989) can show broad regiona trendsin water
qudity. However, unless more detailed information is avallable, such as what seams were mined, how much
of the watershed was mined and what mining and reclamation practices were used, thisinformation is not
generdly ussful for predicting water quality for a proposed mine site.
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Differencesin Mining Practices

Differences in mining practices must be consdered when water qudity from previous mining is being used
to make predictions. Recent advances in surface mining practices have the potentid to favorably affect
water qudity, as compared to old pre-act surface mines. Examples are concurrent reclamation, akaine
addition, specid handling, and engineering water movement through or around the backfill. A Ste that
includes these pollution prevention measures may produce different quaity water than sites that did not.

Mine gtes that clearly employed adverse practices may be producing water of poorer quality than what a
proposed mine Ste would produce employing favorable mining practices. Mining practices that could have
adversdly affected surface mine water quality include disposal of refuse from acod processng plant, auger
mining, improper handling of acidic Srata, and non-concurrent reclamation. Other mining practices that may
influence pogt-mining water qudity are the type of mining equipment used (dragline vs. trucks and loaders
vs. bulldozers), and the length of time a pit remains open and exposed to wesathering.

Regulatory agency experience has shown that long-term interruptions in mining and reclamation on surface
mine stes with low NP overburden can result in poor post-mining water qudity. During the cessation, the
acidic spail isleft exposad to the elements to weeather and form acid products. When comparing mines on
the same cod seam that were mined concurrently with mines that had long-term interruptions, the areas that
were mined intermittently frequently had poorer water qudity.

Water quaity from underground mines may differ sgnificantly from surface mine water quaity on the same
cod seam. Asagenerd rule of thumb, if an underground mine on aparticular cod seam ismaking dkaine
drainage, a surface mine on that same seam will aso produce akaine drainege. The inverse, however, is
not necessaxily true. If an underground mineis discharging poor qudity weter, it should not be assumed that
asurface mine on the same seam will aso produce poor quaity water. The reason for poorer water qudity
from underground mines relative to surface mines is that in underground operations, the strata with the
maximum disturbance and exposure to weethering is the cod, roof rock and floor rock. Thisrock frequently
has the greatest amount of pyrite in the overburden. Post-mining caving and collapse of the mine roof and
crushing of cod pillarsincreases the surface area of these pyritic rocks. Water and air flowing through the
mine will cause pyrite in the rock to oxidize. In contrast, at surface mines, dmog dl of the cod is extracted
and removed, and dratigraphicaly higher overburden rock is disturbed. If this overburden rock is
cacareous, dkainity generation can neutrdize acid and inhibit pyrite oxidation.

“Daylighting” (remining an underground mine by stripping) can thus dramaticaly improve water qudity
(Brady, 1998b; Skousen et d., 1997). For example, a a Ste mined in Allegheny County, Pennsylvania
during the early 1900's, water samples collected in 1974 had a pH below 3 (Pennsylvania DER, 1976).
Aloe Cod Company began daylighting the underground mine in the mid-1970's. They daylighted
gpproximately 60 percent of the mine (John Davidson, mine ingpector, persona communication in Bradly,
1998Db). Aloe mined up to 250 ft (87 m) of cover, which is not normally economicdl; however, thiswas a
“cog-plus’ operation (the cod buyer paid codts, plus a profit). There are severd freshwater limestone units
that were encountered by Aloe, the thickest being the Benwood, which is frequently 50 ft (15 m) thick.
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After daylighting, the water had a pH above 7 (1995). Most daylighting will not encounter as much
cacareous drata asin the above example and the water quality improvements may not be as spectacular;
however, when cacareous materias are encountered during daylighting operations, water quality does
generdly improve.

State Practices
State practices for the evauation of data from adjacent mining activities are outlined in Table 3.3.

Alabama permits reviewers look at adjacent permits and make those files available to the gpplicant. The
goplicant isrequired to prepare a 1:2000 scae Site map with their hydrologic reclamation plan that includes
surrounding mines, the new permit area, monitored streams, and ABA sampling locations. The applicant
isaso required to collect basdine water qudity data on adjacent mines, including al discharges, seeps, and
surface streams. The permit reviewer looks at adjacent mining ABA analysis and cod sulfur to compare
for congstency with the submitted ABA results for the new permit. Specid handling, akaine addition, or
mining practices that may have affected post-mining drainage quality on adjacent Stes are o identified.

lllinois and Indiana do not require adjacent mine data, though an operator can indude applicable information
from adjacent operations. However, information is required for basdine data for wells and streams within
1000 feat (and sometimes more) of the permit area. Available information from adjacent Sitesis used during
permit review. The states may use their own resources to determine the cause of any AMD on adjacent
stes and may request the gpplicant to address the suspected cause. The permit reviewer will compare ABA
and water quality andyss from the gpplicant with data from adjoining Stesfor congstency. Specid atention
is given to known acid-producing units to ensure that they are identified and accounted for.

Kentucky may require data from adjacent Stes, if problems were previoudy identified there. Data required
may include drainage water quality, overburden qudity, and details of the mining history and any spoail
handling practices.

Maryland requires 1 to 2 water quaity samples from the applicant for every expression of surface water
on adjacent mines. The reviewer compares the ABA andysis from the gpplicant with the ABA data from
adjacent stesfor congstency, and identifies any specia handling, akaline addition, or mining practices that
may have affected post-mining drainage qudlity.

Ohio requires the gpplicant to andyze any exigting water qudity data from nearby permits and to present
the data in the form of tables, graphs, or soreadsheets. The permit reviewers dso examine geologic and
hydrologic data from adjacent mines.

Pennsylvania consders data from adjacent, reclamed mining to be the most important tool in pre-mining
AMD prediction. Asaresult, only about 50% of new permit gpplicants are required to provide overburden
anaysis based on the post-mining discharge quality a adjacent sites. Applicants are required to do an
exhaudtive background sampling of al accessible discharges within 1000 feet of the new permit or any
discharges that are consdered hydrologically connected to the new permit. Pennsylvaniadso reviews dl

the available adjacent permit applications to check overburden analysis and geologic corrdation for
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Table 3.3. Sae requirements for data from adjacent mining activities.

State

Requirements

Comments

AL

A hydrologic reclamation plan
with a 1:2000 scale site map.
Basdline data on adjacent mines
should include seeps,
discharges, and streams.

Files from adjacent permits are available. Reviewers compare adjacent
mining ABA analysis for consistency with the ABA submitted with the
new application. Special practices on adjacent sites are also identified.

IL,
IN

Not required.

Data from adjacent sites, if available, is used internally. Agency may
use own resources to determine cause of any AMD, and then require
the applicant to address the issue. Reviewers compare adjacent mining
ABA andysis and water quality analysis for consistency with the ABA
submitted with the new application.

KY

May require data from adjacent sites if problems were previoudy
identified there, including drainage water quality, overburden quality,
and details of the mining and spoil handling practices.

MD

1to 2 water quality samplesfor
every expression of surface
water on adjacent mining.

Reviewer compares ABA analysis from the applicant with ABA data
from adjacent sites, and identifies any special practices that may have
affected post-mining drainage quality.

OH

Must present any existing
water quality data from nearby
sites.

Reviewers aso look at geologic and hydrologic data from adjacent
mines.

PA

Exhaustive background
sampling of accessible
discharges within 1000 feet of
the new permit or any
discharges considered to be
hydrologically connected to the
new permit.

Data from adjacent, reclaimed mines considered the most important
tool in pre-mining AMD prediction. Only about 50% of new applicants
are required to provide overburden analysis, based on adjacent site
post-mining discharge. All adjacent permit agpplications are reviewed for
consistency, and to identify any specia practices that may have
affected water quality.

TN

Site surveys on adjacent mines
for surface discharges, seeps,
and streams. At least 1 water
sample for any identified
surface water sources.

Reviewers compare ABA anayses from the applicant with ABA from
adjacent sites for consistency, and identifies any special practices that
may have affected post-mining drainage quality.

VA

No mandatory requirement to
submit adjacent mining data.

Data from adjacent mining is used internally. If an adjacent mine has
AMD, VA may determine the cause and request the applicant to
address it in the application. Reviewers compare ABA analyses for
consistency. Special attention is given to known acid-producing units.

\WAY

No mandatory requirement to
submit adjacent mining data.

Data from adjacent mines is used internally. ABA analyses are
compared for consistency, and to identify any special practices that
may have affected post-mining drainage quality. Emphasis placed on
field ingpectors knowledge, their experience with AMD production on
nearby permits, and the willingness and ability of operators to follow
special handling and mining requirements.

consgstency, and to identify any specid handling, dkaine addition, or cod or cod preparation waste
disposd provisonsthat may have affected final discharge water quaity. Reviewers pay particular attention
to ingpection reports on adjacent sites for problems or violations, for example, citations for not abiding by
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specid handling provisons, unauthorized addition of dkaline or acidic materid, and violaing concurrent
reclamation requirements.

Tennessee requires Site surveys on adjacent mines for surface discharges, seeps, and streams. At least 1
water quality sample must be submitted from the applicant for any identified surface water sources. The
permit reviewer compares the ABA andysis from the gpplicant with the ABA from adjacent Sites for
conggency, and identifies any specid handling, akaine addition, or mining practices that may have affected
post-mining drainage qudlity.

Virginia uses data from adjacent mines interndly during the permit review process, but does not have any
mandatory requirement that permit gpplicants submit such data. If an adjacent Ste has any AMD
discharges, the reviewing agency may use its own resources to determine the cause and then request the
gpplicant to address the suspected cause in the permit gpplication. The reviewer also compares the ABA
andyss from the gpplicant with any ABA datathat is available from adjacent Stesfor consstency. Specid
atention is given to known acid-producing units in the permit area to ensure that they are identified and
accounted for by the applicant.

Wes Virginia aso uses data from adjacent mines interndly during the permit review process without any
mandatory data requirement of the permit applicants. The reviewer compares the ABA analyss from the
goplicant with the ABA from adjacent Sites for conastency, and identifies any specid handling, dkaine
addition, or mining practices that may have affected post-mining drainage qudity. Permit reviewers place
gpecid emphasis on the knowledge of fidd ingpectors, discussing with them their experiences with AMD
production on any nearby permits, and the willingness and ability of those operators to follow any specia
handling and mining requirements that may have been in place.

HYDROLOGIC CONTROLS

The ingdlation of hydrologic controls, such as highwal drains, floor drains, and surface diversons, can
impact post-mining water quality by influencing what materias are encountered by the ground weater and
the find discharge rate. Hydrologic controls can either enhance drainage, deter it to cause permanent
inundation, or be used in conjunction with speciad handling in an attempt to prevent acid formation. State
practices for hydrologic controls are outlined in Table 3.4.

Illinois and Indiana do not require surface infiltration controls except for specia Stuations, such as cod
processing waste disposd areas. Ohio requires that dl surface drainage be directed to a properly designed
sediment control structure, but will grant exemptions for small aress if suitable dternative measures are
implemented. The applicant must aso describe how the pre-mining recharge capacity will be restored. All
of the other states except Kentucky identified the active use of surface infiltration controls, mostly in the
form of diverson ditches or french-type drains, to limit the amount and exposure of water to potentidly acid
materiasin the backfill. Maryland, Pennsylvania, Tennessee, Virginia, and West Virginia aso note the use
of gpail sub-drains and highwal drains in conjunction with sdective spoil handling to control post-mining
water levels and maintain ahigh and dry isolation environment for acid-producing meterid. West Virginia

aso dlows encapsulation.
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Table 3.4. Sate practices for hydrologic controls

State Hydrologic Control Practices

AL Surface infiltration controls actively used, mogtly in the form of diverson ditches or french-type
drains, to limit the amount and exposure of water to potentialy acid materias in the backfill.

IL,IN [Notactively required except for specia situations, such asfor codl refuse.

KY Did not identify any surface infiltration controls.

OH All surface drainage must be directed to a properly designed sediment control structure.
Exemptions may be granted for samadl areas if suitable dternative measures are implemented.
Applicant must dso describe how the pre-mining recharge capacity will be restored.

IMD, PA, [Surface infiltration controls actively used to limit the amount and exposure of water to potentialy
TN, VA [ecid materidsin the backfill. Spoil sub-drains and highwall drains are also used, in conjunction
with sdlective spoil handling to control post-mining water levels and maintain a high and dryj
isolation environment for acid-producing meterid.

WV Surface infiltration controls actively used to limit the amount and exposure of water to potentialy
acid materias in the backfill. Spoil sub-drains and highwal drains are also used, in conjunction
with selective spoil handling to control post-mining weter levels and maintain a high and dry
isolation environment for acid-producing materid. Also alows encapsulation.
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CHAPTER 4: STATIC TESTSFOR COAL MINING ACID MINE DRAINAGE
PREDICTION IN THE EASTERN U.S.

by
Jeff Skousen, Eric Perry, Bruce L eavitt, Gary Sames, William Chisholm, C. Blaine Cecil, and
Richard Hammack

INTRODUCTION

Accurate prediction of pogt-reclamation water qudity requires an understanding of many factors, including
overburden geochemidry, the method and precison of overburden handling and its placement in the backfill,
and gdite hydrology. Most of the work in prediction has focused on methods to quantify overburden
geochemistry. Overburden andlys's and characterization provide important information about which Strata
are acid-producing, potentidly acid-producing, neutra, or akaline. Identification of potential problem
overburden aids in developing overburden handling and placement plans. It isthen critical for each operator
to carefully follow the overburden handling and placement prescription based on the Sit€'s overburden
Characterization.

Overburden andysis to predict overburden quality is not a new concept. Overburden characterization
probably developed in Germany during the 1950’ s (Knabe, 1964), and researchersin the U.S. recognized
the importance of overburden characterization for acid mine drainage prediction as early as 1960 (Cornwell,
1966; May and Berg, 1966). This chapter summarizes the laboratory procedures that are available to
andyze overburden, as well as current overburden characterization practicesin seven eastern mining sates,
and then provides some recommendations.

STATIC TESTSAVAILABLE FOR PREDICTING ACID MINE DRAINAGE
Acid-Base Accounting

Acid-base accounting (ABA) is an overburden andytica technique that evauates the most important
properties of arock unit relative to its potentiad for immediate and future pollution. Early reclamationists
redlized that the reclamation potentia of surface mined aress (relative to plant establishment and growth)
was directly connected to the quality of the overburden materid placed at the surface. Many early surface
mine operators turned the overburden upside down, relative to its origina position, as the overburden was
removed to reach the cod. Such an operation left unweathered gray or black materia associated with the
cod bed on the surface. In many Stuations, the associated sulfur-bearing minerds produced acidic
conditions in the minesoil and may have adso caused an AMD problem (Greene and Raney, 1974).

Some of the earliest documented work on reclamation of surface mined areas was directed a revegetation

efforts (Smith and Tyner, 1945; Tyner et d., 1948). These reports from West Virginia acknowledged the

effects of minesoil quaity on plant growth and identified three types of overburden materid based on rock

composition and degree of acidity. A minesoil classfication system proved useful to reclamationists in

determining lime and fertilizer rates and sdlecting plant species adapted to these specific minesoil conditions.

Because minesoil classfication systems proved useful for revegetation, Smilar sysems were subsequently
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deve oped for other cod mining aress induding the mid-eastern cod region (Limstrom, 1948), Pennsylvania
(Davis, 1965), and eastern Kentucky (Soil Conservation Service, 1973). Neverthdess, these sysems were
not initidly used to predict drainage qudity from disturbed sites.

Knabe (1964b) provided one of the earliest examples of characterizing akaine versus acid materids. He
refined overburden classfication by placing a postive or negative number as a subscript. A postive
subscript detailed the percent of CaCOs in the minesoil, while a negative number expressed the percent of
potentia unneutrdized SO, (the sulfides or pyrite was expressed as SO,). For example, Ajs was a minesoil
suitable for agriculture (A meaning dkdine, and 15 being the percent cacium carbonate in the materid). A
minesoil with the designation of T30 was toxic with as much as 10 percent of the materid being potentialy
unneutrdized SO,. Later, Knabe reported that he used a method called a “base-acid balance,” which
ba anced the sum of dl bases againg dl acids. The acids included acid-producing minerds (sulfides) and
exchangeable acids like duminum and iron (Knabe, 1973). His system accounted for the ultimate quantity
of acidity or dkalinity that could be produced in the materid upon weethering.

The early minesoil classification systems were useful but a premining method or technique was needed that
could distinguish between materids that could be placed on the surface for revegetation and materias that
should be buried beneath the rooting zone. Soon after Knabe reported on his work, researchers at West
Virginia Univeraty (WVU) began developing a system for baancing the acid- and dkaine-producing
potential of overburdens prior to disturbance. These WV U researchersfirst sudied overburdensin Preston
County, West Virginiaand defined the acid-producing potentid of rocks associated with the Fregport and
Kittanning cod beds. Dr. Richard M. Smith recommended that sulfur (S) profiles and neutrdization
capacities should be determined for dl Stratigraphic sections from the surface down to and immediately
underlying the cod bed before mining (West Virginia University, 1971). The West Virginia University
researchers quantified acid-neutraizing materids in overburdens and developed the term neutraization
potential (NP) (Smith et d., 1974).

The method of ABA wasfirgt described in 1973 (Grube et d., 1973). Logging of overburden cores and/or
observations of afresh highwall are used to distinguish geologic layers. Each of the layers are identified by:
1) color; 2) rock type; and 3) rock thickness. The chemica characteristics of each overburden layer
(whether acid-producing, potentidly acid-producing, or akaine-producing) is determined by three
measurements. 1) paste pH; 2) totd or pyritic S; and 3) neutrdization potentia (NP). The most important
part of the method balances maximum potentia acidity (MPA) (from sulfuric acid produced during S
oxidation) againg total neutrdizers (from akaline carbonates, exchangeable bases, weetherable dlicates,
and phosphates) (Fig. 3.1). These dominant rock properties produce the most predictable response upon
wegthering. The MPA of arock sampleis cdculated from the tota S content. For each %S contained in
the materia, 31.25 metric tons of calcium carbonate are required for neutralizing the sulfuric acid produced
from 1000 metric tons of the materid. The NP is determined by reacting a pulverized, 2-gram sample of
the rock with a known quantity and strength of acid. The solution is then back-titrated with a known
drength of base to a predetermined end point to determine the sampl€' s neutraizing component. Both NP
and MPA are determined in parts per 1000 parts of overburden (metric tons per 1000 metric tons).
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Further research in other aress in the Appaachian and Eastern Interior Coa Regions confirmed the
usefulness and application of ABA (Smith et d., 1976), and find field and laboratory procedures for ABA
were published in 1978 (Sobek et d., 1978). Problems with the gpproach have shown up over time, and
various modifications have been suggested. The best are summarized later in this chepter.

Many states began passing laws in the early 1970’ s requiring prediction of the acid or akadine nature of
overburdens that were to be disturbed. For example, the 1971 West Virginia surface mining and
reclamation law required the operator to show in the permit “the presence of any acid-producing materids
which, when present in the overburden, may cause minesoils with apH below 3.5 and prevent effective
revegetation.” Regulations promulgated to implement the law in succeeding years used acid-base accounting
to determine the presence or absence of acid-producing materids in the overburden. Prior to the Surface
Mining Control and Reclamation Act (SMCRA), “topsoiling” was seldom practiced. Therefore, ABA was
particularly useful in seecting overburden layers that could be placed on the surface as topsoil. It was aso
used to sdlect materids for specid uses (e.g., hard sandstones for rock coresin valey fills, clayey materids
for impermesble barriers, etc). ABA was the firg technology available to assess the chemica quality of
overburdens prior to disurbance. As aresult, the concepts of pre-mine planning for reclamation and specid
handling procedures were formulated. ABA inits origind and modified forms has been widely adopted in
both the cod and minerd mining indudtries in the U.S,, Canada, Audrdia and southeast Asa (British
Columbia Acid Mine Drainage Task Force, 1989; Miller et a., 1991).

The components of ABA measurements are sometimes referred to by other terms since they have been
adapted for usein meta mining and other gpplications (Miller and Murry, 1988). Theterm Acid Production
Potentid (APP) is equivaent to MPA, Acid Neutralizing Capacity (ANC) is equivaent to NP, and Net
Acid-Producing Potentia (NAPP) is the same as Net Neutraization Potentia (NNP) and denoted with a
positive or negative prefix.

The qudity of drainage from arock stratum is predicted by subtracting MPA from NP in the sample. If the
number for MPA is higher (a deficiency of NP), the rock dtrata is predicted to produce acidic drainage
upon weathering and leaching. If the number for NP is higher (an excess of NP), therock is predicted to
produce akdine drainage. This 1:1 comparison of acid to base works well when deding with individua
rock units (Skousen et d., 1987). Assessing the qudity of drainage that will come from areclaimed mine
gteis much more difficult because MPA, NP, and volume in each rock unit in the overburden across the
ste must be taken into account. There are also many other factors and complex interactions that have an
influence on the chemicd production potentia of rocks including microorganiams, trace dements,
depostiond environments, forms of pyrite, rare cataytic agents, uncommon compounds, and lithologic
peculiarities. Neverthdess, ABA isthe most common basisfor post-mining water qudity prediction (Perry,
1985).

The choice of which soichiometry of pyrite oxidation most closely describes amine spoil system directly

affectsthe ABA cdculation, akaline addition rates, and prediction of expected post-mining water quality.

Cravotta et a. (1990) noted that the stoichoimetry is based on the exsolution of carbon dioxide gas out of

the spoil system. They suggested that in a closed spoil system, carbon dioxide is not exsolved, and

additiond acidity from carbonic acid is generated. Cravotta et d. (1990) proposed that up to four moles
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of cdcite (or about twice as much) might be needed for acid neutrdization. On amass basis, for each 1%
S present, 62.5 metric tons of cacite would then be needed to neutralize the acid in 1000 metric tons of
the materid. Brady and Cravotta (1992), in anayzing ABA and water quaity data from 74 mine Stes,
showed that correct prediction of post-mining net akdinity in drainage was improved from 52% to 57%
using a stoichiometric equivalence of 62.5. However, alater study (Brady et d., 1994) showed that the
31.25 equivadence factor was more accurate, correctly predicting post-mining net akainity in drainage on
31 of 38 mines (82%), while the 62.5 factor correctly predicted 22 of 38 (58%).

Overburden andyss came into widespread use with the passage of SVICRA in 1977. The law requires that
an operator mugt identify in the permit any potentidly acid-producing meterias in the overburden and
determine the probable hydrologic consequences of such materids after disturbance and reclamation.
Because little research had been conducted on water quality prediction from disturbed aress, the cod
industry and regulatory authorities goplied current overburden andytica methods and adapted the available
methods to these purposes. ABA, dready extensvely used in the U.S. and severd other countries by this
time as an overburden selection tool, was adopted to predict post-mining drainage quality. 1ts popularity
largely stems from its smplicity. However, there has been much controversy concerning the accuracy of
such predictions (Erickson and Hedin, 1988; Miller et ., 1991).

One criticism is that the method does not account for the different reaction rates of acid- and dkaline-
production in rocks. Other methods to eva uate reaction kinetics or rates include humidity cdls or columns
(Bradham and Caruccio, 1991; Caruccio et d., 1980; Ferguson and Morin, 1991), hydrogen peroxide
(H20,) digestion (Ammons and Shelton, 1988; O’ Shay et d., 1990), or soxhlet reactors (Renton et d.,
1988). Other options are minerdlogical tests (Kwong, 1991), evolved gas andyss (EGA) (Hammack,
1987) and computer modeling (Ferguson and Robertson, 1994; Morin and Hutt, 1988; Rymer et d.,
1991). Modifications in the way the acid potentid is calculated have been recommended (Cravottaet d.,
1990; Smith and Brady, 1990).

diPretoro and Rauch (1988) found that sites which had greater than 3% NP in overburden (or 30 metric
tons CaCO; per 1000 metric tons of materid) produced akaline drainages, while acid drainage resulted
at 1% or less NP. Brady et d. (1994) showed that 3% NNP in an overburden caused alkaine drainage
while less than 1% NNP produced acidic drainage from 38 minesin PA. Perry and Brady (1995) stated
that al gteswith >2.1% NP (21 metric tons/1000 metric tons) produced net akaine water, while 72% of
steswith <1% NP produced net acid drainage. These values are summarized in Table 4.1.

Table 4.1. A generaly accepted guiddine for defining Strata as ether acid-generating or dkdine.

Acid Undecided Alkdine
Tons/ 1000 Tons Tons/ 1000 Tons Tons/ 1000 Tons
NP <10 10-21 >21
NNP <0 0-12 >12

Brady and Hornberger (1990) suggest that NP from ABA shows the strongest relationship with actua post-
mining water quality. This rdationship is only quditative (eg. acid vs. non-acid), and NP must sgnificantly
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exceed MPA in order to produce dkadine water. If NP and MPA are amilar, acid mine drainage will most
likely result.

British Columbia Research Initial Test

The British Columbia Initid Test includes an assessment of the acid-generating potentid of a sample
compared to its neutralizing capability (Steffen Robertson Kirgten, 1989). In concept and technique, it is
amilar to ABA, but is sometimes followed by kinetic testing to confirm the initid interpretation. The acid-
producing potentid is estimated from a@ther atotd or sulfide S vaue. NP is measured by reecting the sample
with sulfuric acid (rather than HCI) until a stable endpoint of pH 3.5 isreached. A pH endpoint of 35is
used because the bacteria, Thiobacillus ferrooxidans, which catayzes the iron oxidation reaction, is
consdered to be less ggnificant & pH vaues above this. The quantity of sulfuric acid consumed is
interpreted to represent the neutrdizing capability of the sample.

Potentia acidity and NP, both expressed in CaCO; equivdent, are compared to estimate drainage qudity.
If NP exceeds potentid acidity, the sample is consdered non-acid or akaline forming. When potentia
acidity is greater than NP, or the acid-base bdanceis nearly equd, the sample may be andyzed further with
kinetic tests, such as the British Columbia Research Confirmation Test, or other weethering procedures.

ASTM Carbon/Sulfur Methods

These methods measure the totd carbon and totd S content by combusting cod, soil or rock materids. The
overburden or rock sample is combusted under oxygen flow and converts any carbon or carbonaceous
materid to CO, and any S compounds (organic, sulfate, or sulfide) to SO,. ASTM D 3177 describes the
standard Eschka method for measuring totd S in cod materids. ASTM D 4239 uses high temperature
combustion methods to determine total S. SO, released during combustion is captured and measured in
severd ways. Method A in ASTM D 4239 uses an acid-base titration to determine the amount of SO,
redeased. Method B in ASTM D 4239 uses a solution containing iodine to collect the combustion products
and the solution istitrated to determine the amount of SO, released. Method Cin ASTM D 4239 uses an
infrared (IR) absorption detector with microcomputer capabilities to determine SO, released. ASTM D
5016 aso describes measuring total Sin ash and cod materias through combustion and IR absorption.

ACID POTENTIAL
Sulfur Forms

Sulfur in cod and associated Strata can occur as organic S, sulfate S, and sulfide S, Organic Sis complexed
within the cod plant materid and is organicaly bound within the cod. Thisformisonly found in appreciable
quantities in coal beds and in other carbonaceous rocks. Generaly, the organic S component is not
chemicdly reactive and haslittle or no effect on acid-producing potentia. The organic S content of cod and
other organic soils can be as high as 0.5% (w:w basis).



Sulfate Sisusudly only found in minor quantitiesin rocks of humid areas, but can be present in subgtantia
amounts in more arid areas where leaching is limited. Sulfate is areaction product of S oxidation. If gypsum
(CaSQ,) is formed, no more acid is generated because gypsum is a neutrd <dt. If jarosite
(KFe3(OH)6(S0O,),) is formed, then additiona acid may be produced by the oxidation of this transent
mineral. Acid generaion from the oxidation of jarosite would not be large because of jarosite’s low
solubility (K= 10%°, Vlek et a., 1974). Carson et a. (1982) obtained jarosite (87% pure) from a soil
and found that its titratable acidity was 18.7 cmol/kg compared to its theoreticd acidity vaue of 522
cmol/kg.

Sulfide Sisthe predominant S speciesin the mgority of overburdens and isthe Sform of greaetest concern.
Of dl the sulfide minerds that may be present, the predominant sulfides are minerds containing iron such
as pyrite or marcasite (FeS;). In some areas, copper (chacopyrite), lead (galena), and zinc (sphaerite)
aulfides can dso be found. These minerds are generdly far less reactive than iron sulfides due to the greeter
gability of their crystd sructures and the formation of low solubility products that encapsulate them,
preventing further weathering (Knapp, 1987).

Iron disulfides are the mgor acid-producers, and variationsin total S and MPA of overburden samples
correlates closely with the pyritic S content (Caruccio and Geidel, 1978). Caruccio et a. (1988) provided
an extengve review of the different forms and morphologies of pyritic materids.

The formation of acid from the oxidation of pyrites and other sulfide compoundsiswell known (Grim and
Hill, 1974; Nordstrom, 1982). The equation of pyrite oxidation shows that 1000 metric tons of materia
containing 0.1% S, al as pyrite, would yield upon complete reaction 3.125 metric tons of acidity. 3.125
metric tons of CaCOs; would have to be added to neutrdize the acidity. The tota S content of the rock
accuratdy quantifies the acid-producing potentid (APP) when S in the overburden rock is exclusively
pyrite. However, in most cases, not dl pyrite oxidizes, and when organic and/or sulfate S are present in
sgnificant amounts, total S measurements clearly overestimate the amount of acid that will be formed upon
oxidation. However, the use of tota S vaues to determine APP is generdly accepted since intentiona
overesimation of the APP of rocks givesamargin of safety. Overestimation of the APP dso hdps ded with
uncertainties such as rates of reaction (pyrite often reects faster than carbonates in the system), poor mixing
of overburden materias during backfilling, and incondgstent and random contact with water in the backfill.
Therefore, maximum potentid acidity (MPA) of arock unit is calculated when the totd S vaue is used.
Removd of sulfates and organic S may be necessary to increase accuracy in predicting the APP of partidly
weethered materids containing mixed S species.

The rate of pyrite oxidation depends on numerous variables such as reactive surface area of pyrite (Singer
and Stumm, 1968), ferric iron concentrations and other cataytic agents (Singer and Stumm, 1970), oxygen
concentrations and solution pH (Smith and Shumeate, 1970), forms of pyritic S (Caruccio et d., 1988), and
presence of Thiobacillus bacteria (Leathen et d., 1953). The possibility of identifying and quantifying the
effects of these and other controlling factors with dl the various rock types in afidd setting is unlikely.
However, precise knowledge regarding the oxidation rates is generdly not needed for most field Stuations.
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M ethods to Deter mine Acid Potential

Procedures to determine acid potentid generaly fal into one of two categories:

1) determination of total S content and use of a stoichiometric equation for pyrite oxidation to cdculate
MPA;

2) titration of acidity after oxidation of the sample by astrong chemica oxidant (hydrogen peroxide) or after
arigorous smulated wesathering procedure (see Kinetic Test section).

Furnace Combustion—The most popular and easiest methods are those thet determine totdl S content. The
andysis is usudly accomplished usng high-temperature furnace combugtion. The sample is heeted to
approximately 1350°C while a stream of oxygen is passed over the sample (ASTM D 4239). Sulfur dioxide
released through combustion can be measured in severa ways. Using a LECO Induction Furnace with
Automatic Sulfur Titrator, the SO, is collected in a 0.2M hydrochloric acid (HCl) solution containing
potassum iodide, garch, and a smal amount of potassum iodate. The solution is then titrated with a
gtandard potassium iodate solution to determine S content. Using infrared absorption, the resultant SO, gas
is detected by infrared absorption and compared to a standard calibration.

Eschka Method—The Eschkamethod (ASTM D 3177 Method A) is a gravimetric procedure using wet
chemigtry and barium chloride precipitation. A portion of the overburden sample is heated with an Eschka
mixture to convert dl Sto sulfate. The sulfate is then leached with hot water and precipitated as barium
aulfate (BaSO,). Thetota S content is caculated from the weight of BaSO,. The Eschka method agrees
closdy with the LECO S Furnace for determining total Sin cod but the mixed minerdogy of overburden
complicates the technique and introduces error (Scholz and Rathleff, 1982). For routine S analysis of cods
and overburden materids, the S furnace is recommended.

Bomb Washing—The Bomb Washing method determinestotd S by combusting an overburden samplein
an oxygen bomb; the contents of the bomb are washed into a beaker, neutraized and filtered (Noll et d.,
1988; ASTM D 3177 Method B). The Sin thefiltrate is precipitated as BaSO,, filtered, and ashed. The
ashed BaSO, resdue is then weighed to determine the totd Sin the sample. Most samples will not sustain
combustion so a combustion aid is required to quantitatively determine the S content.

X-Ray Diffraction—X-ray diffraction is the scattering of x-rays by minerd crystas, with accompanying
vaiation in intensity due to interference effects. X-ray diffraction andyss evauates the crysta structure of
materiads by passing x-rays through them and recording the diffraction (scattering) image of the rays. For
inorganic, crystdline mineras, x-ray diffraction has been established as probably the most important,
convenient and unambiguous technique gpplied to the study of soil and overburden mineraogicd
composition (Bish, 1994). Pyrite and other sulfide minerds, as well as cdcite and dolomite can be
determined by x-ray diffraction, but the andyticd error associated with x-ray diffraction isrelatively high,
between 5 to 20% of the sample vaue.

X-Ray Fluorescence—X-ray fluorescence spectrometry, also called x-ray spectroscopy, X-ray emisson
gpectrography and x-ray spectrochemical andyss, is a widely used andytica technique in laboratories
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concerned with elementa andysis of soils and overburdens (ASTM D 4326). X-ray emisson
spectrography depends on the fact that when a beam of x-raysis directed onto the surface of a specimen,
secondary (or fluorescent) radiation is emitted that contains waveengths characterigtic of each eement
present. The emitted radiation is collimated and directed to a detector in such away that the spectrd lines
may be measured individualy (Jones, 1982). X-ray spectrometers are cagpable of detecting more than 80
elements with atomic number >8, S0 S can be detected to determine potentia acidity (the use of iron from
andysis of the same sample may be used to cdculate pyrite content and potentid acidity). Cacium and
magnesium may be used to estimate the carbonate content. However, the analytical error associated with
x-ray fluorescence is between 2 to 10% of the sample vaue. Both x-ray diffraction and x-ray fluorescence
are primarily used for confirmation of the presence and magnitude of minerals and eementsin the sample,
and are generdly not used for determining exact vaues of minerds or dements (see Skousen et d., 1997).

Fractionation of S—Fractionation of Sinto its respective forms may be accomplished in three ways: 1) the

ASTM Method D 2492, 2) a modified Environmenta Protection Agency (EPA) method, and 3) a
technique combining the use of both methods. Inthe ASTM D 2492 Method, a sample is mixed with 4.8M

(40%) HCI and heated, then leached with barium chloride to remove sulfate S. The sulfate S content is

cdculated from the weight of BaSO, that is precipitated. Pyritic and organic Sremain in the sample since
neither are soluble in HCI. The sample, after HCl acid extraction, is then leached with 2M (12.5%) nitric

acid to dissolve the iron sulfides. The iron in this nitric acid extract is quantified by titration or by aomic

absorption spectrophotometry, and this value is used to caculate the amount of pyritic S in the sample.

Organic Sis caculated from the difference between the total S content measured by combustion and the

sum of the sulfate and pyritic S contents.

The modified EPA method uses three portions of the overburden sample. One portion is combusted in a
LECO Furnace and andyzed without any pretrestment to determine the total S content. A second portion
is leached with 4.8M HCI (thereby removing the sulfate S) and then combusted giving pyritic and organic
S. A third portion isleached with 4.8M HCl and 2M nitric acid (thereby removing sulfate and pyritic S) and
then combusted giving organic S. The concentrations of each S form are then caculated.

The ASTM/EPA combination method tries to minimize the errors that are possible with the two other
procedures. The sulfate Sis determined as outlined in the ASTM method. The sample istreated with 40%
HCI then leached with barium chloride to precipitate BaSO,. Organic S is determined on a subsample that
has been leached with 40% HCl (removing sulfate S) and 2M nitric acid (removing pyritic S), then
combusted. The sulfide S content is caculated from the difference of the total S and the sum of the sulfate
and organic S contents.

Fractionaion of S into its regpective forms is helpful in determining actud acid-producing potentid.
Removing sulfate and organic fractions (which are not typicaly acid producers) from total S and relying on
pyritic Sfor MPA cdculaion gives more accurate estimates of acidity concentrationsin drainage. However,
as mentioned previoudy, tota S vaues provide maximum potentia acidity from a rock sample and
intentionaly overestimate the acid potentid of the rock. Experience has shown that for unwegthered
materid, it is generdly preferable to be conservative and use totd S valuesto predict acidity in drainage,
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rather than pyritic S vaues. Table 4.2 compares the MPA vaues for severd overburden samples caculated
on tota Svspyritic S.

Table 4.2. Maximum potentid acidity (MPA) from overburdens based on totd S vs pyritic S (Frost, 1981;
Johnson and Skousen, 1995; Tettenburn, 1980).

Overburden Type Totd Pyritic MPA MPA
S S Totd S Pyritic S
(%) (%)  (Méetric tons/1000 metric tons)
Middle Kittanning Overburden 1.55 0.88 48.44 27.50
Middle Kittanning Overburden 0.79 0.62 24.69 19.38
Lower Kittanning Pavement 1.20 0.78 37.50 24.38
Lower Kittanning Overburden 0.34 0.33 10.63 10.31
Upper Freeport Overburden 1.01 0.88 31.56 27.50
Pittsburgh Overburden 0.58 0.32 18.13 10.00
Pittsburgh Overburden 0.97 0.04 30.31 1.25

Simulated Weathering Tests

Anacther way of measuring acid potentid is by leaching the rock with a strong oxidant or with water for long
time periods. HO, has been used as an oxidant to speed the reaction process, with mixed results. A
modification of this approach by O’ Shay et d. (1990) produced accurate and reproducible resultsin east
Texas overburdens. More conventional Smulated weathering tests produce good results, but dmogt al the
techniques require long time periodsin order to get sufficient data to develop acid potentia determinations
(see Chapter 5). Thereis dso no standard leaching technique; the various methods have different flushing
cydes, use different amounts of water per flushing cycle, use different particle sze of the overburden
materid, etc.

A rdaivey short-term, standardized, accurate technique is needed to resolve questions concerning acid
potentia in Stuations where acid-base accounting fails to provide an adequate answer. The EGA method,
which is discussed in more detail later in this chapter, may one day serve that purpose.

NEUTRALIZATION POTENTIAL METHODS

The naturd base content of overburden materias, commonly present as carbonates or exchangesble cations
on clays, isimportant in evauating the future chemica producing potentid of the overburden. The amount
of akaine materid in unweathered overburden may be sufficient to counteract or overwhem the acid
produced from S oxidation in the materid.

Neutralization Potential (NP) Procedurein Acid-Base Accounting

The NP procedure in ABA quantifies the neutralizing compounds in coad and overburden. Alkainity
production potentia (APP) is equivaent to the term NP. Of the many types of basic compounds present,
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carbonates and exchangeable bases are the only dkaine compounds that occur in sufficient quantity to
effectively neutraize acid mine drainage. Siderite, aferrous carbonate (FeCG;), is not a desirable neutralizer
because it does not yidd an dkaine-producing materia upon complete weethering and oxidation of iron.

The NP test involves treating the pulverized overburden sample with a known quantity of HCI, heating to
ensure complete dissolution of bases, and back-titrating with sodium hydroxide (NaOH) (Sobek et d.,
1978). The NPtest relies on an initid subjective carbonate ranking procedure based on adding afew drops
of dilute HCI to the sample and rating the observable fizz (Table 4.3). Based on the fizz rating, a quantity
of HCI (either 20 or 40 ml of 0.1M or 0.5M) is added to a subsample of the overburden and heated for
complete reaction with the sample. After the sample has cooled, it is back-titrated with 0.1M or 0.5M
NaOH to determine the quantity of HCI that was neutralized by the sample. This vaue is then used to
caculate the NP of the sample and is expressed as CaCOs equivaents in metric tons per 1000 metric tons
of materid. The NP procedure is Smple, can be done quickly, and is very accurate in determining dkdine
content of most overburden materias.

In overburden containing dkaine and pyritic materid, the soluble bases may be sufficient to neutrdize the
acid at arate equd to or exceeding the rate of acid production. Higher akalinities dso help control bacteria
and redtrict ferric iron activity, which can both accelerate acid generation (Leathen et d., 1953; U.S. EPA,
1971). Determining the MPA and NP of a sample will indicate the ultimate acidiity or akalinity that may be
released from the materiad upon complete weathering.

Table 4.3. Description of fizz rating and amounts and strengths of HCI added to an overburden sample
based on afizz rating (Noll et a., 1988; Sobek et d., 1978).

FHzz Raing Description Amount of Acid Strength of Acid
0- None No reaction. 20ml 0.1M
1- Sight Minima reaction; afew bubbles per 40 ml 0.1M
second to many fine bubbles.
2 - Moderate Active bubbling with only asmdll 40 ml 05M
amount of splashing.
3 - Strong Very active bubbling that includes 80 ml 05M

substantial splashing.

The Modified Neutralization Potential Technique

Siderite (FeCOs), when present in the overburden, reacts quickly with HCI in the standard NP procedure
in ABA and fasdy indicates tha the rock will behave as a net dkaine contributor after westhering
(Cargeid, 1981; Morrison et d., 1990; Wiram, 1992). Continued wesathering of FeCO; actudly produces
aneutra (Meek, 1981; Shelton et d., 1984) to dightly acid solution (Cravotta, 1991; Dodlittleet d., 1992;
Frishee and Hossner, 1989). If insufficient time is alowed for complete iron oxidation and precipitation of
ferric hydroxide during back titration, erroneoudy high NP vaues can be generated on samples containing
FeCQO;, yidding mideading NP information. Such an andytica overgght can lead to incorrect post-mining

water quality predictions and produce cogtly, long-term reclamation liabilities (Wiram, 1992).
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Meek (1981) and Morrison et d. (1990) suggested adding a smd| quantity of 30% H,O, to thefiltrate of
an overburden sample to oxidize ferrous iron to ferric iron before back-titration is initiated. Leavitt et d.
(1995) proposed a modified NP procedure that includes boiling a 2-gram overburden sample for 5 min
after the acid is added, filtering the suspengion, and adding 5 ml of 30% H,O,, then bailing for an additiond
5 min. Significant reductionsin NP vaues were found for FeCO; samples using the modified NP method
compared to the standard Sobek et a. (1978) method (Table 4.4, Skousen et d., 1997). Variationsin NP
determinations among laboratories were dso dramatically reduced by using this modified method compared
to the standard NP method on FeCO; samples (Table 4.5).

Table 4.4. Neutrdization potentia (NP) vaues for the standard Sobek and the modified NP (H,O)
digestion methods on overburden samples. Prominent mineras are given for each sample (Skousen et
al., 1997).

Sample Description Sobek H.O,
(Metric tons/2000 metric tons)

49% Siderite 70a 16Db
65% Siderite 62 a 19b
65% Siderite 63a 17b
61% Siderite 62 a 15b
8% Siderite, 55% Clays 88a 26b
18% Siderite, 48% Clays 64 56
20% Siderite, 11% Cdcite 367 322
90% Cadlcite 926 924
83% Cdcite 835 847

Values within rows without letters are not significantly different; values within rows with different letters are
significantly different at p < 0.05.

Table 4.5. Neutrdization potential vaues using the Sobek and modified NP (H,O) digestion methods
among three laboratories on overburden samples containing FeCO; and calcite (Skousen et al., 1997).

Sample Description Sobek Method H,0,Method
Labl Lab2 Lab3 Labl Lab2 Lab3
--------------- (Metric tons/1000 metric tons)-------------
49% Siderite 70 89 29 16 14 20
65% Siderite 62 88 25 19 21 28
65% Siderite 63 87 14 17 16 25
61% Siderite 62 93 445 15 12 43
8% Siderite, 55% Clays 88 95 50 26 11 27
18% Siderite, 48% Clays 64 82 26 56 25 77
20% Siderite, 11% Calcite 367 607 363 322 301 277
90% Cadlcite 926 928 936 926 926 924
83% Cadcite 835 828 837 847 844 851




Fizz ratings are done to assess the relative amount of carbonate present in arock sample, which are then
used to determine the amount and strength of acid to use in the NP digestion process. Conflicting NP vaues
were found when overburden samples were assgned different fizz ratings and thereby digested in different
amounts of acid (Table 4.6). At higher fizz ratings (more acid added), the NP vauesincreased substantidly.
Since the subjective fizz rating was not found to be repeatable among laboratories and not reflective of the
carbonate content of a rock, a quantitative and repeatable method to determine carbonate content was
proposed (Skousen et d., 1997). The method uses the percent insoluble residue after acid digestion to
assign acarbonate rating (Table 4.7), and has been found to accurately determine the amount and strength
of acid to add for NP determination.

A 2-g sample of overburden is placed in a begker. The appropriate anount and strength of HCl (Table 4.7)
is added to the besker. The suspension in the besker is then brought to 200 ml volume prior to hesating.
Boailing chips are added to the suspension, the beaker is covered with awatchglass, and the suspension is
boiled gently for 5 minutes. After cooling, the contents of the begker are gravity filtered usng a 0.45um
(Whatman #40) filter. The filtered solution is then treated with 5 ml of 30% H,O,. The solution is then
boiled for an additiond 5 minutes (using boiling chips and watch glasses), and dlowed to cool. The solution
can then be hand-titrated using NaOH, to achieve and hold an endpoint pH of 7.0 for 30 seconds.
However, snce most andyticd |aboratories have auto-titrators, we recommend that auto-titration be used
to determine the volume of NaOH needed to achieve and hold a pH 7.0 endpoint. The titration rate can
be varied on most machines, so the middle setting is normdly used for titrations.

CO, Coulometry

CO, Coulometry isan andyticd technique thet is routindy used to determine carbon (both total carbon and
carbonate carbon). It is a two-step process in which total carbon is first determined by measuring the
amount of CO, evolved when the sample is heated to 1000°C. Then, carbonate carbon is determined by
digegting the samplein hot perchloric acid and measuring the amount of CO,evolved during the digestion.
Organic carbon is then determined by difference (Morrison et a., 1990). Because cdcite, dolomite, and
dderite exhibit different rates of dissolution in acids (Evangelou et d., 1985), CO, coulometry can
differentiate these carbonate sources with respect to time of CO, evolution. Morrison et d. (1990)

Table 4.6. Neutrdization potential vaues of overburden when samples were digested according to
sandard fizz ratings compared to increasing the fizz rating and adding a corresponding higher amount of acid
(Skousen et al., 1997).

Sample Description Acid Added  Sobek Acid Added  Sobek
49% Siderite 4A0m01M 70 40m 05M 192
65% Siderite 4A0m01M 62 40ml05M 155
65% Siderite 40m01M 63 40ml05M 166
61% Siderite 4A0m01M 62 40ml05M 192
18% Siderite, 48% Clays 4A0m01M 64 40m 05M 234
20% Siderite, 11% Calcite 40ml05M 367 80ml0.5M 440
90% Cdcite 80ml0O5M 926 60m 1.O0M 919
83% Cdcite 80ml05M 835 60m 1.0M 842




Table 4.7. Carbonate rating based on percent insoluble residue with corresponding acid volumes and

acid strengths.
Carbonate  Percent Insoluble  Amount Strength
Rating Residue of Acid of Acid
(%) (ml) (M)

0 95- 100 20 0.1

1 90- 94 40 0.1

2 75-89 40 05

3 <75 80 0.5

concluded that CO, coulometry can be used to very accurately determine the carbonate carbon contents
of overburdens containing calcite, dolomite, and Sderite, and samples containing all three phases.

Cdculations.
1. ml of acid consumed = (ml acid added) - (ml base added);
2. tons CaCO; equivadent/thousand tons of materia = (ml of acid consumed) x (25.0) x (M of acid)

EVOLVED GASANALYSIS(EGA)

Evolved gas andyds (EGA) isadirect, one-step procedure that has been used for quantitatively evauating
the acid-producing and acid-neutralizing minerasin coa overburden samples. Hammack (1987) applied
EGA to cod overburden andys's using a quadrgpole mass soectrometer to detect carbon dioxide and sulfur
dioxide evolution as samples were subjected to increasing temperatures.

This early work showed the potentia of EGA for determining the amount and reectivity of pyrite aswell as
the amount of carbonate minerals in cod overburden samples. However, this EGA application was not
quantitative because of problems associated with the quadrapole mass spectrometer.

A variant of the EGA procedure, a method termed controlled-atmosphere programmed-temperature
oxidation (CAPTO) (LaCount et d., 1983), has recently been gpplied to the andlysis of coa overburden
samples. The method employs a primary and secondary tube furnace design, dow linear temperature ramp
and plug flow of an oxidizing or anoxic amogphere through a sample diluted with an inert solid. Oxide gases
evolved are measured with respect to temperature using a fast fourier transform infrared gpectrometer
(FTIR).

Trangtion meta carbonates (Sderite and rhodochrosite) decompose to yield carbon dioxide under the
above conditions at 300 to 600°C, depending on the oxygen concentration gpplied to the samples. At low
oxygen concentrations, trangtion metal carbonates decompose at lower temperatures than the
corresponding carbonates andyzed using higher oxygen concentrations. Alkaine earth metal carbonates
(cacite and dolomite) evolve carbon dioxide at higher temperatures (600 to 830°C). The akaline earth
metd carbonates do not show the same oxygen concentration decomposition dependence exhibited by the
trangtion metal carbonates.



Pyrite and marcadite oxidize under these same conditions, to yield sulfur dioxide, a temperatures ranging
from 350 to 560°C. Marcasite and more reactive morphologies of pyrite oxidize in the range of 350 to
440°C, while more stable forms oxidize at temperatures from 450 to 550°C.

Using one andysis procedure, it is possible to determine the amount of acid-neutraizing carbonate (cacite
and dolomite) present, to determine the amount of Sderite, and to distinguish acid-producing minerds such
as pyrite and marcasite from other sulfur formsthat do not generate acidity, for example, cacium sulfate.

Recent work using mine overburden core samples has shown that the decompaosition of akdine earth metd
and trangtion meta carbonates can be resolved to quantify the amount of each of the carbonate forms
present. The acid-producing minerds are quantitatively determined from the same andyss. Additiondly,
this technique can predict the reactivity of pyrite morphologies under weathering conditions, sSince pyrites
that weather more readily tend to oxidize at lower temperatures than pyrites that are more resstant to
weethering. Otherwise this information can only be obtained usng smulated weathering (kinetic) tests.
Further work to compare these results with conventiona and kinetic testsis planned.

Examples of two prafiles are shown. The firg example shows the oxidation of pyrite and the decomposition
of sulfate from an overburden sample. The sulfur dioxide evolution a 412°C is produced from the oxidation
of pyrite; 800 to 1000°C is the temperature range where various cacium sulfate morphol ogies decompose.
The second profile shows the carbon dioxide evolution for a mine overburden sample. The evolution
centered at 529°C is produced from the decomposition of transition meta carbonates and that at 751°C
is derived from akdine earth metd carbonates. With dl of the variables andyzed, one can cdculate an
ABA that is based only on the active condtituents.

ViRoLac Indudriesis currently evaluating the ahility of this new ABA technique to identify sulfur formsand
to distinguish trangtion metd carbonates from akaline earth meta carbonates present in awide range of
mine overburden core samples. Currently, the estimated costs to perform an ABA andyssusing CAPTO
is about twice that of conventional ABA methods o, at this time, the method would be best reserved for
problematic Stes where conventional ABA methods cannot definitively predict water qudity. However, this
method is Sgnificantly less expengve than the more time-consuming smulated weethering tests and may
prove to be an effective dternative to those methods.

ACID-BASE ACCOUNTING BY DOWN-HOLE PROMPT GAMMA RAY
SPECTROSCOPY WIRELINE LOGGING

The U.S. Geologicd Survey, in cooperation with the West Virginia Geologica and Economic Survey
(WVGES), Schlumberger HydroGeologica Technologies (HGT) and West Virginia University (WVU),
are gpplying oil and gas industry well logging technology to the chemical characterization of cod-bearing
drata. The methodology is based on chemicd anayses of boreholes usng prompt neutron gamma ray
spectroscopy wireline logging, hereafter referred to as geochemica logging (GCL). Traditional methods
generdly involve coring, core sampling, and chemicd analysis of sdlected core samples. In contrast, GCL
conggs of wirdinelogging of adrill hole. The logging provides continuous chemica andyses, top to bottom,
of a 6.5 inch drill hole, thereby diminating sampling bias and error as well as other anayticd error
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associated with sample preparation and analyses of a core. The GCL tool aso interrogates a formation
volume that is much larger than that analyzed by core. The data generated should be directly gpplicable to
the chemica characterization of coa-bearing strata and the ABA of overburden.

Figure 1 Sulfur Diovice Bvoluion Profiefor Fgure 2: Carbon Dioxide Evolution Profile
Oebuden Saa for Overburden Sample
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In order to compare results from GCL with conventiona anaytica methods, two study Stes were sdected
in an area known to have avariety of rock types and chemigtries and histories of acid mine drainage, near
the eastern edge of the bituminous cod fidd. Thefirg Ste, in Tucker County, WV, was gpproximeately 10
miles northeast of Davis, WV. The second site, in Minerd County, WV, was 5 mileswest of Keyser, WV.

The core, minus core from coa beds, was boxed and transported to WV GES facilities. One complete set
of quartered samples from each of the two cores was submitted to WV U andytical |aboratories, where
each sample was ground to -200 mesh and prepared for minerdogica and chemica analyses. Mineraogicd
andyses was conducted by X-ray diffraction (XRD); chemicd andyses included mgor and minor dement
andyses by X-ray fluorescence (XRF), and ABA was conducted using standard wet chemical procedures.
Sampling and andyses of the core in one-foot increments provided data for 650 samples from the first hole
and 953 samples from the second.

Thetotd suite of one-foat increment core samples was andyzed for totd sulfur usng acommercid andyzer.
Cdcium carbonate as cdcite plus dolomite was determined by XRD, while calcium caculated as CaO was
determined by XRF. MPA and NP were determined by standard wet chemical methods. The GCL
andyses congst of continuous weight percent S, Ca, Fe, Ti, K, and S determinations, for the entire length
of the two test holes.

The chemica data from each of the two holes were compared in two ways. In the first case, datafrom only

the Allegheny Formation were compared. Allegheny Formation samples were compared separately because

these dtrata are known to consigtently present problems in acid production when disturbed by surface

mining. In the second case, data from the entire stratigraphic section penetrated by coring, which includes

the Conemaugh and Allegheny Formations (minus the cod beds), were compared. The second case

provided awide range in lithologies and ABA variables. A comparison of the mean and sandard deviation
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for the geochemicd wirdine log data and chemica andlyses of one-foot increment core data from Allegheny
Formation Stratais shown in Table 4.8.

Table 4.8. Comparison of borehole GCL data with chemica data of one-foot incremental samples of core
from two bore holes for the Allegheny Formation. The means (m) and standard deviation (sd) vaues for
GCL are based on a running average of direct borehole andyses in six inch increments by the neutron
activation tool. The net neutrdization potentias (NNP) were caculated for a number (n) of samplesfrom
cacium and sulfur vaues, using standard converson procedures.

USGSWVGES - 1, Allegheny Formation at the 95% confidence leve

Calcite Sulfur NNP
GCL CORE GCL CORE GCL CORE
m 064 1.28 0.16 0.17 15 7.7
sd 241 392 046 0.34 29 42
n 453 229 453 230 453 229
unequal means egual means unequal means
USGSWVGES-3, Allegheny Formation at the 95% confidence level
m 1.62 1.22 0.18 0.17 11 7.0
S| 4.03 3.06 026 0.24 39 36
N 425 212 425 212 425 212
equal means equal means equal means
USGSWVGES-1 Conemaugh and Allegheny Formations total core andyses
Calcite Sulfur NNP
GCL CORE GCL CORE GCL CORE
m 1.13 193 011 0.16 36 43
sd 314 491 035 033 34 51
n 1185 575 1185 575 1185 575
unequal means unequal means unequal means
USGSWV GES-3 Conemaugh and Allegheny Formations total core andyses
m 436 5.06 0.23 025 36 43
S| 881 102 046 0.80 86 105
n 1909 945 1909 945 1909 945
equal means equal means equal means

The numericd comparison of the results from GCL and core andyses indicates that there are some
differences between the GCL data and the chemicd data, particularly at the first Ste, where there was a
twenty foot off-set between the core hole and the 6.5 inch ar rotary hole. Although the mean vaues for
sulfur were equd for the Allegheny Formation between the two methods, the mean vaues for cacite and
NNP were not equd for ether the entire core or the Allegheny Formation. A large part of the differences
in data sets can be ascribed to differences in the amount of cacite within each of the two holes, asindicated



by differences in resdtivity and dengty logs. These differences were sufficient to cause a noticegble
difference in NNP vaues between the two holes.

There were fewer differences between the GCL and core data sets in the second Site. At this Site, the core
hole was reamed to a 6.5-inch diameter. When the data were acquired from what was essentidly the same
hole, the means were equa for sulfur, cdcite, and NNP for both the Allegheny Formation and the
Conemaugh plus the Allegheny Formations.

The prdiminary dataindicate that GCL can provide aleve of accuracy equivdent to chemicd anayses of
one-foot increment samples of core, and can be used for chemica characterization of cod-bearing Strata
and ABA of overburden. The logging has the advantage of providing accurate data at the well Stein a
matter of minutes for an individud drill hole or any number of holes. If further testing demondrates that ECS
logging is as accurate as conventiona chemica methods of overburden characterization, then GCL of air
rotary holes may eiminate the need for coring. The objectives of accuracy and rgpid andysis appear to be
met by GCL ; now the industry will have to address the issue of cogt effectiveness.

INTERPRETATION OF OVERBURDEN QUALITY BY ACID-BASE ACCOUNTING

ABA assesses the totd amount of acidity or dkdinity that is contained in a specific rock unit. The
assessment is based on the tota S content and the carbonate content of the rock. The aim of ABA isto
determine how much materid is needed to neutrdize dl of the acid that could potentidly form in cod
overburden when pyrite is present. The use of total S provides a margin of neutraization safety aganst S
percentages that may not al be pyritic and for pyritic S that may not al react.

Three basi ¢ assumptions should be understood when using ABA for overburden prediction (Perry, 1985).
Firg, the vadues for MPA and NP represent maximum or ultimate quantities from pulverized, whole rock
andyss. Complete reaction of al pyrite and bases probably does not occur in a mine backfill, thereby
reducing the total amount of acidity or akainity produced in the ABA procedure. Second, S exigsin three
chemica forms in cod bearing rocks: sulfide, sulfate and organic, with sulfide S (pyrite) being the
predominant acid producer. Third, pyrite may oxidize faster or dower than the dissolution of carbonate
materids. Conventional ABA does not determine reaction rates of pyrite and carbonates, though the new
EGA method can apparently indicate the reactivity of the pyrite.

Skousen et d. (1987) suggested that overburden with NNP vaues less than 5 metric tons per 1000 metric
tons produce acid, while vaues gregter than 20 metric tons per 1000 metric tons produce dkaine drainage.
However, that was based on soil science and plant growth requirements. Today, the consensus view, based
on fidd vaidation sudies, is summarized in Table 4.1.

A common error when using ABA as a predictive method occurs when the Max Needed and Excess
columns are summed together for the entire overburden above the cod bed (the Max Needed column
representing a negative number and the Excess column representing a pogitive number). Summing the ABA
vaues for an overburden column falsely assumes thorough mixing of al overburden in a backfill, uniform
rates of westhering of al materids, and water contact throughout the backfill.
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STATE PRACTICES

All the gatesinterviewed practice overburden andysisusng ABA; dl use NP and dl but Indiana use MPA
based on totd sulfur to arrive a an NNP vaue for dl permits. 1llinois will accept MPA values based on
pyritic sulfur or total sulfur. Indiana uses MPA based on pyritic sulfur, though it aso requires totd sulfur
andysis and fizz tests, and reserves the option of requiring additiond tests, if warranted. Virginia gives
goplicants the option to do an organic/minerd sulfur speciation to dter MPA results. Tennessee adjudstota
sulfur content of the overburden, and therefore MPA, by adding 10% to 15%, and Pennsylvania by adding
5% to 20%, of the cod mined as waste scatter into the spoil. West Virginiaand Tennessee require NP to
be adjusted for Sderite when its presence is suspected.

Acid/base accounting (ABA), neutrdization potentia, and potentid acidity (based ontota or pyritic sulfur)
are used to arrive a a net neutrdization potentid (referred to as Calcium Carbonate Deficiency) for each
gratum in the overburden. Cacum Carbonate Deficiency is computed by subtracting neutrdizetion potentia
(NP) from potentid acidity (PA); therefore, negative numbers are desirable, snce an NP larger than aPA
would produce a negetive number. A Cacium Carbonate Deficiency of five tons or more per one thousand
tons of materid is defined astoxic forming. Massweighted ABA for the entire overburden column is
required if margind values are observed for the individud drata. Additiond information can be required if
warranted. The gpplicant may request awaiver for overburden andysis prior to goplication submittd; the
walver must document that equivaent information is available.

Pennsylvania has a more rigorous requirement for Sderite that they implement themsalves: on properties with
margina NNP that contain units of high NP with low fizz, Pennsylvania will repeet the NP test with and
without a modified HO, carbonate digestion method (Skousen et d, 1997). If there is a Sgnificant
difference in the NP vaue based on the standard and modified H,O, test methods, they will then determine
the carbonate minerdlogy in the sample by X-ray diffraction to differentiaste the Sderite and
limestone/dolomite portions. ABA andlysisis not ablanket requirement for Pennsylvania: ABA information
is required for approximatey 50% of new permit gpplications. No ABA andysis is requested if, in the
reviewers opinion, there is sufficient evidence from adjacent mining that any discharges will be akdine and
contain no problematic metal contaminants.

Only West Virginia and Alabama request kinetic tests if the previous history of predicting post-mining
discharge qudity in the permit area is not completely successful based soldy on ABA. Alabama rarely
requests leaching column tests, while West Virginia can opt for one or a combination of humidity cell,
leaching column, and Soxhlet extraction tests. Kentucky, Maryland, Pennsylvania, and Tennessee do not
request, but will accept and consider kinetic tests provided as supplementa information to permit
goplications. All of thisinformation has been summarized in Table 4.7.

RECOMMENDATIONS AND FUTURE USE OF ACID-BASE ACCOUNTING

ABA has been gpplied to overburden characterization and water qudity prediction on mined landsin many
parts of the world for about 30 years. An extensve inditutiona knowledge base and “rules of thumb” have
developed on interpreting ABA data, supplemented by afew published studies. ABA
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Table 4.7. State Practices for Overburden Anayss

STATE REQUIREMENTS OPTIONS
AL ABA, NP and MPA (based on total S) to arrive at an NNP value.

Kinetic tests required if previous history of predicting post-mining

discharge quality using ABA aone is not completely successful.

L eaching tests rarely regquested.

ABA, NP and MPA (based on total S) to arrive at an NNP value.

IL Total S analysis may be substituted for MPA. Additional
information or testing can be required.

ABA, NP and MPA (based on pyritic S) to arrive at an NNP value.

IN Total S and fizz tests are required as supplemental information.
Additiond information or testing can be required.

KY ABA, NP and MPA (based on total S) to arrive at an NNP value. Considers kinetic tests as

supplemental information.

MD ABA, NP and MPA (based on total S) to arrive at an NNP Considers kinetic tests as

supplemental information.

OH ABA, NP and PA or MPA to determine a calcium carbonate Applicants may request a
deficiency (CCD). If CCD = 5 tons per thousand tons, stratais waiver from overburden
defined as toxic forming. Mass weighted ABA required for entire anaysisif equivaent
overburden column if any margina values are observed. information is available.

PA ABA, NP and MPA (based on total S) to arrive at an NNP value. Adjusts total S content of
ABA not needed if adjacent mines indicate that discharges will be overburden by adding 5-20%
acceptable. When ABA is required, PA tests for FeCOs. At sites of coal mined as waste
with marginal NNP that contain units of high NP with low fizz, scatter in spoil. Considers
PA will repeat NP test with and without modified H,0, carbonate kinetic tests as supplemental
digestion method. If NP values based on H,0, test methods differ, | information.

X-ray diffraction is used.

TN ABA, NP and MPA (based on total S) to arrive at an NNP value. Adjusts totdl S con_tent of
Adjust NP for FeCO; when its presence is suspected overburden by adding 10-

' 15% of coal as waste in spoil.
Considers kinetic tests as
supplemental information.

VA ABA, NP and MPA (based on total S) to arrive a an NNP value. gg?gc'{/lngxfaral S speciation

WV ABA, NP and MPA (based on total S) to arrive a an NNP value.

Adjusts NP for FeCO3; when its presence is suspected. Kinetic
tests required if history of predicting discharge quality in the
permit area using ABA alone is not completely successful.

is a vauable assessment and prediction tool, and is the fastest and easest way to begin evauation of
overburden materias for water quality prediction. Its gpplication is mogt effective when used as part of a
group of interpretive techniques for andyzing the interaction of geologic and hydrologic conditions, and
mining and reclamation practices.

We recommend the use of ABA as the firg test for overburden quality and characterization. The
combustion technique has been used extengvely to determine total S and it has been shown to be an
accurate and repeatable measurement. We aso recommend the use of total S (rather than pyritic S) to
represent MPA. Thisintentionally overestimates the acid potentia to provide a margin of safety.
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Since Sderite is a common congtituent in cod overburdens of the eastern U.S. and does not actudly
neutraize acidity, a change in the NP procedure has been recommended (L eavitt et d., 1995; Meek, 1981,
Morrison et a., 1990; Skousen et d., 1997). We recommend the modified procedure described earlier in
this chapter, which diminates the subjectivity of the fizz test and accounts for Sderite. By using this modified
method, the ABA va ues (incorporating the modified NP values) of overburden samples were much closer
to the actud water acidity or dkalinity vaues from intensve weathering tests. Widespread use of the
modified NP procedure will likely improve the accuracy of water qudity prediction. Alternativey, if it
proves codt effective, then the wirdline logging approach may one day supplant in-lab andysis.

In spite of increasingly accurate overburden characterization, further refinements are needed to predict the
degree to which discharges will be acid or dkdine from aste. The new EGA techniques, sdectively used,
may help, once the methodology is fied vdidated. However, there will ill be many uncertainties in
predicting the qudity of water from surface and degp mines, and continued field vadidation of pre-mining
overburden andyses to post-mining water qudity isimportant in refining water qudity prediction. Thelikely
effect of mining and reclamation practices and hydrology of the reclaimed areais garting to be factored into
predictions of post-mining water quaity. Another good sign is that computers are being used to better
modd the volumes of overburden materid in various categories on a Ste.

In summary, ABA baances maximum potentia acidity againg totd neutraizersin each overburden sample.
ABA stidfies the requirement to identify overburden layers that will or will not produce acid, and pinpoints
those layers that should be analyzed further by other andytical methods. Borderline samples that give NNP
vaues of 0 to +12 tons/1000 tons should be subjected to other tests to determine the acid-producing
potentid. Once the total overburden column has been assessed and proper interpretations have been made,
practical mining and reclamation plans can be designed and implemented. Despite many criticisms, ABA
has been and will continue to be the preferred first measure of overburden chemigtry for both the industry
and regulatory agencies aslong as it remains the fastest and easiest way to evaduate overburden materids.
It should be used within its limits, in conjunction with other methods of overburden andyss when necessary,
and with good common sense.
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CHAPTER 5: GUIDELINES AND RECOMMENDATIONS FOR USE OF
KINETIC TESTS FOR COAL MINING (AMD) PREDICTION IN THE
EASTERN U.S.

by
Gwendedlyn Geidd, Frank T. Caruccio, Roger Hornberger, and Keith Brady

KINETIC TESTSUSED IN COAL MINING PREDICTION

Kinetic or leaching tests furnish kinetic data that static tests such as acid-base accounting (ABA) cannot.
Stetic tedts, as discussed in Chapter 4, measure and baance theintringic variables of the rock srata. Stetic
tests can, for the most part, provide accurate predictions of water quality from mines operating in areas
where the overburden contains high NP values, high NP-S ratios (indicating that dkaline conditions will
perss) or very low NP-Sratios (indicating the potentid for acidic conditions). However, post-reclamation
water quality often does not correlate well with predictions based on dtatic tests from areas where the NP
is gpproximately equd to the MPA. Under these geochemicd conditions, which are equivdent to the “gray
zone’ described in chapter 4, kinetic tests can provide a more accurate assessment of the stratd s potentia
drainage qudity. With many of the permits from the easier to predict areas having dready been obtained,
more permits are being sought from this gray zone. Kinetic tests can provide vauable information for the
mining operation, S0 that resource management plans can be formulated, and for the regulatory agency.

Kinetic tests provide empirical data by subjecting overburden samples to smulated weeathering conditions,
which may be desgned to either mimic or accelerate naturd conditions. The rates of pyrite oxidation and
the release of wegathering products can then be measured quantitatively to predict drainage qudity (Bradham
and Caruccio, 1995). The leachates resulting from the various kinetic tests are evauated for certain
parameters such as pH, specific conductance, acidity, dkainity, sulfate, and sometimes other condtituents.
These data can then be andyzed satidticaly and graphicaly to evauate the rates of sulfide oxidation and
acid production. These techniques, however, have their disadvantages. The procedures are labor intensive,
typicaly require 12-20 weeks at aminimum to complete, and are thus relaively expendve to perform. In
addition, while there is generd agreement that leaching tests accel erate weethering rates over conditions
encountered in an actud mine, it is not known by how much, or even how much timein the field is actudly
represented by laboratory tests. Also contentious is whether results gathered from alaboratory test involving
aslittle as 100 g of finely crushed overburden in a soxhlet or weeathering cdll leach test can accurately be
extrapolated to characterize overburden weethering a an actua mine. Comparison studies, however,
indicate that kinetic tests correlate well with anticipated field conditions (Bradham and Caruccio, 1990).

A wide variety of kinetic or leaching tests have been used in research studies (Bradham and Caruccio,
1995; Hornberger and Brady, 1998; Lapakko, 1993). However, they have been used relatively rarely in
mine permitting in the Appaachian Basin states (with the exception of Tennessee and in areas where the
permit may be denied by the regulatory agency without additiona information) (Maddox, 1988). An
important obstacle to field implementation is that different kinetic tests often yield different or contradictory
results. Ostensibly identical overburden samples are often observed to produce acidic resultsin one type
of test, and akaline results in another. One reason for this is that the conditions created to smulate
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overburden weethering can be dramatically different. Another problem can result from the use of very fine-
graned materid, such as minetailings, in columns, which can cause “arlocks’ that can limit the transfer of
oxygen and thereby inhibit acid production.

Hornberger and Brady (1998) suggested that the test methods should be as Smple as possible, given the
variablesto be evauated, congdering that multiple arrays are frequently used concurrently to test multiple
rock samples from a proposed mine site. The kinetic test gpparatus, however, does require some
complexity in externd form or internd structure to dlow fluids and gases (i.e., oxygen and carbon dioxide)
to enter, circulate through, and exit the gpparatus in a manner that is representative of weethering conditions
of the mine environment.

As more permits are sought from the gray areas and as more regulators, consultants and industry
representatives become familiar with the procedures and the tests' benefits, kinetic testing will increese. This
chapter is intended to increase familiarity with the kinetic test procedures and to outline the essentia
elements and methodology of these tests. We will focus on: 1) the various kinetic test methods; 2) the
physical, chemica, and biologica consderations that should be incorporated into any kinetic test; 3) the
tets amilarities rather than their differences, and 4) the factors affecting the design, performance and
interpretation of the tests.

Humidity Cdls

Humidity or westhering cdlls are usudly congtructed of plastic chambers that are connected by tubing to
aresarvoir from which humid arr is pumped, thereby creating a humid environment conducive to pyrite
oxidation. The sample may be purged with humid air or dternately purged with humid ar and ambient
humidity. Crushed rock samples (usualy no greater in Size than 100% passing 6.3 mm and with aweight
usualy between 100 and 500 g) representing various overburden units a a particular mine Ste are placed
in separate chambers and flushed periodicaly by adding aleachant to the cdl (Figure 5.1). The leachate
isremoved and andyzed.

Over the decades since the early research using weethering cdlls to predict water quaity was published,
various types, szes and configurations have been used. The early cells (Caruccio and Parizek, 1968) were
plastic chambers connected by smilar length segments of tygon tubing to alarge glass container of didtilled
water through which air was pumped. The humidified air flowed over the sample, providing an environment
conducive to pyrite oxidation. An diquot of deionized water was added to the sample, mixed and the
effluent decanted. The effluent was analyzed for various chemicd condtituents. In Smith et d. (1974), the
purging air was dternatdy humid and dry, but the configuration of the gpparatus was smilar. Rock chip
samples were placed in the humidity cdl type containers{ 10cm (4 in) x 30cm (12 in) x 15cm (6 in) plastic
boxes} and “inoculated with acid mine water from a degp mine to provide the essentid microorganisms for
reduced sulfur and iron oxidation” (Smith et d., 1974). Moigt air was passed through the plastic boxes for
3 Y% days, followed by dry air for 3 days. Then a2 day was used to leach the samples and analyze the
leachate, hence completing a 7-day cycle. Since then, a number of modifications have been gpplied to
attempt to remove variables that were consdered to be potentialy problematic. Harvey and Dolhopf
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Figure5.1. Humidity cdls (from Bradham and Caruccio, 1995)

(1986) developed a“computerized automated rapid weethering apparatus’ (CARWA), which conssts of
three humidity-cell type “westhering chambers or conmpartments’ with extensive mechanica and eectrical
supporting equipment. While the CARWA method alows the procedure to be computerized, one of the
primary disadvantages is the leaching interva of 2.5 hours. In order for the time dependant chemical
equations to approach near-equilibrium conditions, alonger timeinterva is required between leachings.

Recently, White and Sorini (1995) have proposed a complex apparatus for weethering cdls that attempts
to sandardize dl facets of the test procedure. While many of their concerns are vdid, it has not been shown
that al of the variables consdered have an effect on the resultant effluent quality. It may not be necessary
nor desirable to go to such eaborate lengths, given the increased cost and time required for typical mine
permitting decisons.

L eaching Columns

Leaching column tests dlow the leachate to flow through the rock sample rather than be added and
extracted as in the humidity cells. The columns are constructed of a tube or container into which rock
samples are placed. A porous barrier a the bottom retains the sample, but permits water to drain. The
samples are leached by adding the leachant (usudly weter) to the top of the column and alowing the water
to drain down through the sample. Alternately, weater can be introduced from the bottom to diminate air
entrapment (Hood and Oertel, 1984) or to smulate various water table conditions (Leach, 1991). The
leachate is collected at the bottom of the column. Hornberger, Parizek and Williams (1981) conducted
column leaching tests on coa and overburden, which are described in Hornberger (1985). Smple leaching
columns were congructed from %2 gd (1.89 1) plagtic containers, which combined some features of humidity
cdlsand leaching columns. The lower hdf of the leaching column was kept saturated, which provided a
congtant source of water and humidity within the container to facilitate the chemica reactions and promoted
surviva of the bacteria Williams et d. (1982) used the same leaching columns, and essentialy the same
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leaching procedure as Hornberger et d. (1981) but filled the lower portion of the column with glass beads
in order to place most of the rock sample in humid, but unsaturated, conditions.

Severd authors, including Hornberger and Brady (1998), describe the variety of column tests available,
induding:
1. 15cm (6”) by 91cm (3') plastic columns, each with a perforated plastic barrier mounted on a large

diameter funnel with the water being added at the top (or modified to introduce water from the bottom)
and dlowed to drain (Bradham and Caruccio, 1995, 1997);

2. smdl (3.5cm) diameter leaching columns using glass tubes 122 cm long into which distilled water was
introduced into the columns from the bottom upward (Hood, 1984; Hood and Oertel, 1984);

3. large (3.08 m) diameter columns that were actudly stainless sted tanks 40 ft (12.19 m) high and 10 ft
(3.08 m) in diameter (Cathleset d., 1977).

The relationship between the dimensions of the kinetic test gpparatus and the dimensions of the rock
samples being tested must be considered in order to prevent adverse interactions between the sample and
the container. For example, in some leaching column studies, including Hood and Ortdl (1984), and some
studies to compare numerous overburden andyss procedures, including Bradham and Caruccio (1990,
1995), problems with airlocks within the leaching columns are discussed, especidly for smdl grain sizes.
These types of problems or artifacts of kinetic test apparatus and procedures can be prevented and hence,
the interaction between the container and the sample should not be amgjor factor in the test results.

B

Figure 5.2. Leaching Columns (from Figure 5.3. Soxhlet reactor (from
Bradham and Caruccio, 1995) Bradham and Caruccio, 1995)
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Potter (1981) and Cathles and Breen (1983) agree that solution flow within the columnisacritica operating
parameter and, to avoid undue wall effects, the column diameter (1.D) should be four times the largest
particle diameter in the aggregate of particles being leached. The four times factor isaminimum ratio and
should only be used when grain Szes exceed 0.5 cm (0.2 in). For smdler particles, afactor greater than four
should be used. Murr et d. (1977) developed scding factors consdering the ratio of column diameter and
column height and maximum rock sze within the column in order to scale solution and air flow rates within
the columns.

Soxhlet Reactors

Soxhlet tests employ an extraction gpparatus designed to subject pulverized rock samples, screened to pass
125 mm, and contained in a cellulose thimble, to cydlic flushings with boiling water over aleaching period
of saverd hours (Figure 5.3). This aggressive, hot weater leaching is coupled with high temperature oxideation
brought about by storing the overburden sample thimblesin adrying oven for two weeks at 105’ C (Sobek
etd., 1982, Renton et d., 1988). Usudly, the acid potentid is determined after five or Sx cydes of leaching
and oxidation. Soxhlet extraction isthought to rapidly accderate pyrite oxidetion, rative to the dissolution
of cacum carbonate. Although increased calcium is seen in the leachates, thisis due primarily to the Sorage
of secondary minerals or ions such as Caf* and sulfate (Bradham and Caruccio, 1995).

Shake Flasks

Another methodology, more commonly used in Canada than the United States, is the shake flask or

confirmation test. It follows the B.C. Research Initid Test, which is a static test and is described in

Bruynesteyn and Hackl (1984). The B.C. Research Initid Test isSmilar in procedure and interpretation to
the ABA procedure (Smith et d., 1974; Sobek et d., 1978). If the B. C. Research Initid Test indicatesthe
sample to be a potentid acid producer, the B. C. Confirmation Test is utilized (Bruynesteyn and Hackl,

1984). The rock sample is placed in a 250-ml Erlenmeyer Hask with 70 ml of nutrient media and

Thiobecillus bacteria culture. The flask is maintained in a carbon dioxide enriched atmosphere a a
temperature of 35° C and placed on a gyratory shaker to monitor pH changes (see also Ferguson, 1985;

Ferguson and Erickson, 1986; and Ferguson and Mehling, 1986). Additional Canadian kinetic test

developments and field gpplications, including the use of shake flasks and lyameters, are discussed in

Davidge (1984), Duncan (1975), Ferguson and Erickson (1988), Halbert et d. (1983), Ritcey and Siver
(1981), and Wilkes (1985).

Applicability of Other Kinetic Tests

A wide variety of other kinetic tests have been developed, evauated, and employed by the metd mining
industry, the waste industry, and others. Many of these test methods have been described and categorized
in reports by Bucknam (in press), Environment Canada (1990), and Sorini (1997). The report by Sorini
(1997) summarized 59 leaching test methods for the American Coa Ash Association, including French,
German, Swiss and Dutch (Netherlands) leaching tests. According to Sorini (1997):

“Leaching tests can be divided into two categories based on whether the leaching fluid is renewed
during contact. Leaching testsinvolving renewd of the leaching fluid are commonly known as dynamic
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tests, and those in which the leaching fluid is not renewed are commonly referred to as extraction
tests. Extraction tests involve a procedure in which the materia is contacted with leaching fluid for a
gpecific amount of time. At the end of the contact time, the leaching fluid and test materid are
separated, and the leechate is andyzed. In dynamic tests, the leaching fluid is continuoudy or
intermittently renewed to maintain the leaching process”

The Environment Canada (1990) report classfies the extraction tests and dynamic tests into four
subcategories each. The extraction tests are agitated extraction tests, non-agitated extraction tests,
sequential chemica extraction tests, and concentration build-up tests. The dynamic tests are seria batch
tests, flow-around tests, flow-through tests, and soxhlet tests. According to this classfication system,
humidity cdl and leaching column tests are included in the subcategory of flow-through tests.

Bucknam (in press) distinguishes short term leaching test methods from long-term dissolution, kinetic test
methods. According to Bucknam, short-term leaching tests, such as the Nevada Meteoric Water Mobility
Procedure, arefarly rgpid and inexpensive survey tools. Such tests briefly contact samples with solutions
that mimic water that the materid may be in contact with in the mine environment in order to determine what
may dissolve from these materids.

Field Tests

Feld tests operate amilarly to other leaching kinetic tests, but on a different scae. Occasondly, the kinetic
test gpparatus and type of materiad being tested may be large enough to use mine spoil or mine refuse
samples with rock szes (particle Szes) aslarge as those found in the mine environment. Examplesinclude
the studies by Renton et d. (1984, 1985) using fied barrels of cod refuse samples, and the large tank

studies of Cathles et d. (1977) and Murr et a. (1977), using 10 ft (3.08 m) diameter by 40 ft (12.19 m)

high stainless sted tanks for copper ore tailings and leach dump samples. Caruccio and Geidd (1983) and
Geidd et d. (1983) conducted field particle Sze sudies of sandstone and shale samplesin 4 ft (1.22 m) by
8 ft (2.44 m) fidd tubs to evauate variations in acid production from 5 different classes of particle sizes,

ranging from less than 1 in (2.54 cm) to greater than 8 in (20.32 cm) in diameter. Renton et a. (1985)

conducted field tests on 10-ton piles of overburden placed on plagtic liners to evauate the effect of various
reclamation amendments.

FACTORSTO CONSIDER IN KINETIC TEST DESIGN
Particle Size

The minerdogic compostion and size didribution of rock materias within a backfilled surface mine are
important factors to consder in conjunction with rock testing to determine whether the mine spoil produces
acid or dkaline drainages. The szes of blocks or particles of rock materials within the backfill, and the
corresponding size and distribution of the voids that serve as pathways and storage spaces for the various
fluids and gasses contained in and moving through the backfill are determined by severd factorsincluding:

(2) blasting practices used to fragment and cast consolidated overburden strata;
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(2) effects of heavy equipment used to remove overburden and conduct backfilling and grading
operations,

(3) fundamentd properties of the rock units (i.e. mineraogy, grain Sze, hardness, degree of cementation,
porosity, linear sedimentary feetures (e.g. bedding planes); and

(4) linear structura features (e.g. joints and fractures) within the overburden (Hornberger, 1998).

While core drilling normaly provides detailed information on lithologic units and dlows for rock unitsto be
sampled and subsequently analyzed on amore discrete basis, rock samples are sometimes obtained from
exploration drill holes. When exploration holes are used, the particle size distribution of the rock sample
used in the kinetic test will be determined by the type and method of drilling equipment and by any
subsequent crushing or other sample preparation equipment and procedures. Air-rotary drilling methods
yield a maximum particle Sze of gpproximatdy %2 in (1.27 cm) and a nomind or mean particle Sze of
goproximatdy %2in (0.635 cm) for most overburden lithologic units, but may be finer for some lithologies
(e.g. cod). The sze fractions and particle 9ze digtributions produced by ar-rotary drilling methods can be
used for some kinetic testing, athough further sample preparation may be warranted for other tests.
Condderation should be given to core drilling of overburden analyss test holes in some circumstances
because ar rotary drilling methods may mix particles from different lithologic units encountered during
drilling and cause interferences in overburden andyses such as the NP test. In addition to preventing sample
mixing and resultant chemicad andlyss problems, core drilling provides better definition of lithologic
descriptions and dratigraphic intervas, and greater control of sample preparation procedures and the
resultant particle size distribution of the sample used for kinetic tests.

The particle Sze digtribution of an overburden sample may be determined through aseve andyss. In sail
classfication and andlys's, a mechanicd analysisis conducted using a series of Seves and other physica
methods (e.g., settling, suspension) to separate soilsinto sand, Sit, and clay-9zed particles as described by
Brady (1974), Terzaghi and Peck (1967), Folk (1968), and others. A number of different grain-size
classfication systems are used, but typicaly particles greater than 2.0 mm are considered to be gravel and
particles less than 0.002 mm to be clay sized. The USDA system classifies particles less than 0.002 mm
asday, glt from 0.002 through 0.05 mm, sand from 0.05 through 2.0 mm, and grave greater than 2.0 mm.

Most consolidated rock overburden drata should yield a relaively large percentage of gravel-sized
particles, in samples obtained from ar-rotary drilling or crushing to anomina Y4in (6.35 mm). Thus, it is
probably not necessary to conduct a complete mechanica andyss to obtain an etimate of the particle Sze
digtribution for mogt kinetic test samples. However, ardaively crude mechanicd andysis may be ussful to
determine the percentages of coarse and fine particles in afew size classes for some specific kinetic test
purposes, or in generd for different overburden lithologic units. For example, where samples have been
crushed to anomind Y4in (6.35 mm) by ajaw crusher, aU.S. series #10 Seve would separate the size
fraction less than 2 mm and retain the gravel-gzed particles of nomina %4in (6.35 mm). A #200 Seve with
a 74 micron (Mm) opening would retain the sand-sized grains, and pass the finer silt and clay-sized grains.
Alterndively, a #270 sSeve equas 53 ™m openings, which gpproximates the sand/slt sze interface.
Additiond information on these sSeve szes and procedures is found in soils texts such as Scott and
Schoustra (1968) and Bowles (1970). Sandstone overburden samples will normally possess arelatively
large percentage of coarse particles and relaively few fines, especidly when the sample is an indurated,
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well-cemented sandstone; overburden samples from more fine-grained rocks, like shales and underclays,
would possess larger percentages of st and clay-szed particles.

The presence of ardatively large percentage of fine-grained particles in an overburden sample can definitely
affect kinetic test results. According to Bradham and Caruccio (1990), the fine-grained nature of the meta
mines tailings that were tested in their leaching columns caused high specific retention of fluid and crested
ar locks within the columns, which skewed the results. In addition, the particle Sze a the concluson of the
kinetic test may be more fine than the origind particle sze digribution of the sample, due to paticle
decomposition during the test.

Another potentia problem is that sorting by grain Sze can bias a sample. Severd studies have shown a
disproportionate percentage of total sulfur in the finer-grained portion of a sorted sample. Geiddl et dl.
(1983) evduated pyritic sulfur contents of 5 particle size fractions (i.e. ranging from grester than 6in (15.2
cm) to lessthan 1 in (2.54 cm) of a sandstone sample and a binder sample from aWest Virginia surface
mine. The pyritic sulfur content of the binder increased from 0.28% to 0.74% with decreasing particle Sze,
while the sandstone sample exhibited a genera decrease in pyrite sulfur from 0.26% to 0.14% with
decreasng particle Sze. However, in field leaching tests (i.e. using plastic lined tubs 8 ft (2.44 m) x 4 ft
(1.22 m) x 2 ft (0.61 m) connected to 30 ga (113.56 |) plastic barrels) using natura precipitation, the
smdlest sze fraction of sandstone produced the highest acid loads for the sandstone samples. In addition,
the smdlest Sze fraction of the binder produced nearly 10 timesthe totd acid load of the larger particle Szes
of binder. The cumulative acid load of the lessthan 1 in (2.54 cm) binder sample was gpproximeatdy four
timeslarger than the cumulative acid load of the same sze fraction of sandstone sample as shown on plots
of the acidity data (Geidd et d., 1983). In a study of fine-grained cod refuse from a West Virginia
preparation plant, Renton et a. (1984) initiadly screened the refuse sample to exclude particles greater than
5/8in (1.59 cm) diameter, and subdivided the sample into 6 Sze classes. The largest particle Sze class
ranged from 0.375 in (0.953 cm) to 0.625 in (1.59 cm), while the smalest Size class was less than 0.0016
in (0.004 cm). There was agenera increase in total sulfur content from 2.58% to 3.90% with decreasing
particle sizein the cod refuse sample.

In spite of the potentid operationa problems with some fine-grained samples and some types of kinetic test
gpparatus, variaions in the surface area available for reaction may have dramatic effects on the chemica
reections of acidity and dkalinity production. According to Brady (1974):

“Surface area is the characteristic most affected by the smal size and fine subdivison of dlt and
epecidly day. A grain of fine colloidd day has about 10,000 times as much surface areaas the same
weight of medium-sized sand. The specific surface (areaper unit weight) of colloidd clay rangesfrom
about 10 to 1,000 square meters per gram. The samefiguresfor the smalegt St particles and for fine
sand are 1 and 0.1 square meters per gram. Since the adsorption of water, nutrients, gas, and the
atraction of partidesfor each other are dl surface phenomena, the sgnificance of the very high specific
surface for clay is obvious.”

Bradham and Caruccio (1995) studied the effects of overburden particle size on contaminant production

rates and total contaminant loads. Two particle Szes were tested in soxhlets and wesathering cells, the

“large’ Szefraction of overburden particles were streened to 2.36-4mm in Sze and the “smdl” gze fraction
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were overburden particles that ranged from 125 to 250 W in Size. For the acid-producing overburden
samples, the smdler Sze fraction had a higher acid production rate (APR) than the large size fraction, but
a smdler tota acid load (TAL), due to a higher initid acid load for the large Sze fraction. For the
overburden samples with a high NP vaue, the large Sze fraction resulted in negative (i.e. dkaine) APR's
and TAL's whilethe smdler sze fraction produced postive APR'sand TAL's In generd, sulfate, cdcium,
iron, and manganese production rates and tota loads were higher in the smal sze fraction samplesthanin
the large Sze fraction.

The sengtivity of contaminant production processes in wegthering cells and leaching columns to variaions
in 9ze and sorting efficiency of overburden particles was dso evauated. Overburden samples were crushed
and seved into three partide Szefractions 1) alarge szefraction, condsting of paticlesranging in Szefrom
12.7 mm to 50 mm; 2) amedium size fraction of partidesranging from 6.4 to 12.7 mm; and 3) asmdl| sze
fraction, congsting of particles smaler than 6.4 mm. Different sorting coefficient subsplits were created by
blending the three Seved sze fractionsinto various combinations. This phase of the investigation examined:
1) 3well sorted subsplits, crested by using each sze subsplit unmixed; 2) 2 medium sorted samples, crested
by mixing the large and the medium sze fractions, and the medium and the smd| sze fractions, and 3) 1
poorly sorted sample, crested by mixing al three size fractions. Representative subsplits were packed into
wegthering cdls and leaching columns, and leached with delonized water a 7-day intervasfor aminimum
of 12 weeks.

According to Bradham and Caruccio (1995), in the aosence of any temperature or leaching interva effects,
leachate qudlity variahility for the second phase leaching tests was dominated by the particle size factor.
Both acid and sulfate production rates were linearly correlated with the logarithm of particle sze. Acid
production rates for overburden samples with high NP s (>2%) exhibited a postive correlaion with the
logarithm of particle Sze, indicating that, for these samples, acidity decreased with decreasing particle Sze.
Acid production rates for overburden samples of low NP (<1%) increased with decreasing particle size,
and were thus negatively correlated with particle size. Sulfate production rates were negetively correlated
with particle szefor al of the overburden samples.

Particle gze affected leachate quaity from columns and wesathering cells by controlling the sze of pore
gpaces between overburden particles, the inter-grain surface tensond forces, and the rate of water
movement through the overburden materid. In overburden samples with large pore Szes, such asin the wdl
sorted, large and medium size fraction overburden samples, surface tensona forces were smal and weter
flowed through very quickly. Short resdence times for pore water in these large grained samples limited the
solubility of carbonate minerds, and resulted in little akainity production. By contrast, very smdl pore Sizes
in fine grained overburden rocks produced larger tensond forces, held more interstitid water, and resulted
in much dower water movement. In such fine grained samples, dow water movement afforded sufficient
time for carbonate minerds to dissolve and neutrdize acidity. The resulting dkdinity production was much
greater for the fine-grained samples than for the large-grained samples.

In overburden samples with little or no neutrdization potentid, however, net acid production was controlled

by the rate of pyrite oxidation, rather than by carbonate dissolution. Reaction products of pyrite oxidation,

such as iron sulfate mineras, are orders of magnitude more soluble than calcium carbonate. Porewater
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resdence time was much less critica in the dissolution and transport of these minerds. Dissolution was
amog ingantaneous and the rate of water movement had a smdler influence on the overdl rate of acid
production (Bradham and Caruccio, 1995).

They dso found that dthough al of the factors evauated in the leaching tests affected leachate qudity to
some degree, the factor of particle Size was somewhat less Sgnificant than the factors of storage condition
and leaching intervd, and played a secondary role in influencing leechate qudity. Particle Sze resulted in 4%
to 48% of leachate qudity variability for four of the overburden samples, but was respongible for 95% of
the variability in APR for one overburden sample.

Antecedent Storage Conditions

The storage of samples after collection and prior to analysis can play an important role in acid production.
Westhering or oxidation of the minerds within the samples begins dmost immediately and care must be
taken to andyze samples as quickly as possble. As an extreme example, in evauating a Site in West
Virginia, Caruccio and Geidel, (1981) obtained fresh cores from the location and were dso provided with
cores that had been stored in adry shed for two years. Geologically, the cores correlated well; however,
the results of westhering cell testing indicated that the cores that had been stored for two years produced
nearly ten times more acidity than the fresh cores. Cravotta (1994) suggests that soluble iron-sulfate
hydrates form on the surface of oxidizing FeS; in unsaturated mine spoil and can dissolve when flushed with
ground water (or in this case, with leachant during testing procedures) rdessing sulfate and Fe®.
Subsequent oxidation of pyritic sulfur can occur by Fe** and /or hydrolysis of Fe**, producing acidity.

One method of reducing the oxidation of pyrite during storage, if the sample must be stored prior to
andyss, isto gore the sample under an inert gas, such as nitrogen. This method is routindly used by the
USGS for the preservation of rock samples that are collected as standards.

The temperature and humidity of the stored sample is dso important. Bradham and Caruccio (1995)
showed that samples stored between leaching cycles at a high temperature (105°C) oxidized pyrite while
only minor reactions occurred in the carbonate minerds. Because the sorage of samples between collection
and andysis is Smilar in many respects to interleach storage, high temperature, esp. high temperatures
encountered during the summer in some cod basns, could impact the results obtained during the kinetic
testing. Although these effects may be minimized after the initid or early stage leaching, depending on the
extent of the oxidation, they dso could sgnificantly impact the entire andysis.

Similarly, fidd samples with a high moisture content tend to be reactive even in the abosence of oxygen.
Calcareous dissolution reactions and reactions of pyrite with Fe** will continue. Therefore, precautions
should be taken when collecting samples that may be moist to minimize such reactions prior to anayss.

I nterleach Storage Conditions

Bradham and Caruccio (1995) evauated four interleach storage conditions for five mine overburden
samples.
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1) weethering cdls samples were placed in westhering cell chambers that were under a constant
humidity and temperature (20°C);

2) humidity: samples were sored in a humid amaosphere (gpproaching 100% relative humidity) and
ambient temperature;

3) ambient: samples were protected from dust and disturbance, but were alowed to be exposed
to the ambient temperatures (20°C) and humidity of the laboratory; and

4) oven: samples were maintained at a constant temperature of 105° C.

Oven dorage resulted in higher acid production rates (APR) and totd acid loads (TAL) than the other
storage conditions. For the acid-producing overburden samples, oven storage produced APRs of 0.105
mg/g sample/day, roughly a 40% increase in acid production over ambient, humid, and weathering cell
storage. Oven storage aso produced positive APRs and TALs in two samples, in gpparent contradiction
to the dkaine results produced by ambient, humid, and weethering cell sorage. The largest differencesin
APR and TAL occurred between oven storage and the other storage conditions. In genera, ambient,
humid, and weethering cell storage produced roughly equivdent APRs and TALs. Similar results are
reported for sulfate production rates, totd sulfate loads, calcium production rates and tota loads, and iron
and manganese and iron production rates and total loads. These findings suggest that whether column or
wesethering cdl samples are purged with humid or ambient air, or a combination, for various numbers of
days, during interleach storage, there will be only minor, if any, effect on the resultant water/leechate qudity.

Borek (1994) evduaed the effects of humidity on pyrite oxidetion (without leaching the sample by flushing
with water asin weethering cdl, column or soxhlet reactors) and concluded thet pyrites weether differently
depending on the humidity. Borek suggested that high humidity conditions, in the aosence of direct contact
with water, can contribute the water needed for pyrite oxidation. The principa wegthering products were
two ferrous sulfates, melanterite and rozenite.

Degree of Saturation

The hydrogeologic setting of the mine Ste (i.e. groundwater recharge area, trangtion area, or groundwater
discharge areq) should be considered in determining the appropriate kinetic test procedures. Under most
conditions, the overburden rock materid and pail pileswill not be completely saturated, but will be affected
by infiltrating rainwater and groundwaeter. Portions of the backfill, especidly close to the pit floor, may be
saturated while other areas are subject to a fluctuating water table or may remain unsaturated. Infiltrating
rain and ground water will flush the accumul ated weethering products thet are produced during the natura
wegthering cycles.

Watzlaf (1992) evauated pyrite oxidation in saturated and unsaturated cod waste samples in leaching
columns using influents of didtilled, delonized water and recycled AMD (i.e. previoudy collected leachate
laden with ferric iron). The cumulative loads of sulfate, acidity, iron, manganese and duminum produced
from 189 days of leaching were much greeter (i.e. 1 to 3 orders of magnitude) for unsaturated conditions,
regardless of whether the influent was distilled water or recycled AMD. Watzlaf (1992) concluded that:

“Saturation of the pyritic cod refuse Sgnificantly reduced the rate of pyrite oxidation. The sulfate load
produced by the unsaturated columns after 189 days would take 118 years to be generated under
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saturated conditionsin the columns recaiving the deionized water leechant. ... Theoreticd cdculations,
column leaching, and experience from the meta mining industry show the disposa under saturated
conditions can significantly reduce contaminant concentration from pyritic materid.”

The effectiveness of submergence of the rock samplesin kinetic testsis aso discussed by Leach (1991)
and Caruccio &t d. (1993), who used columns that smulated vadose conditions, the zone of fluctuating
water table and the zone below the water table. Their results clearly showed that submerging acid-
producing materid below the water table dramaticdly inhibits acid production. Given the effect of
submergence on the leachate qudity, kinetic testing should only incorporate submergence when the
overburden materid will be submerged continualy after the backfilling is complete. Since a dramétic
increasein acid production was noted to occur when materids are subjected to a fluctuating water table
(Caruccio et d., 1993), kinetic testing using submergence should be limited to specific gpplications.

Size, Shape and Structure of Apparatus

Hornberger and Brady (1998) provided adetailed review of the wide range of kinetic test gpparatus used
during the past 45 years and found “relatively smple leeching columns with awide variety of diametersand
heights and some more complex leaching columns of various dimensons.” For example, the leaching
columnsrange in diameter from 1.3 in (3.30 cm) (Hood and Oertel, 1984) to 10 ft (3.08 m) (Murr et d.,
1977). While humidity cells have less variaion in Sze and shgpe than leaching columns, the complexity of
the humidity cell apparatus and periphera equipment has varied sgnificantly (Hanna and Brant, 1962,
Harvey and Dolhopf, 1986; White and Sorini, 1995). Other complex types of kinetic test gpparatus have
a o been utilized, such as the Warburg respirometer (Lorenz and Tarpley, 1963) and Soxhlet reactors
(Renton et d., 1973).

In generd, kinetic test gpparatus should be as smple as possible. However, the kinetic test gpparatus may
need some complexity in externd form or internal structure to alow fluids and gases (i.e. oxygen, carbon
dioxide, and water vapor) to enter, circulate through, and exit the gpparatus, in a manner representative of
the weathering conditions of the mine.

The relationship between the dimensions of the kinetic test gpparatus and the dimensions of the rock
samples being tested must be considered in order to prevent adverse interactions between the sample and
the container. As dready mentioned, fine-grained materid can cause airlocks in leaching columns. Another
problem that can occur is preferentid flow through a segment of the sample, such as dong the container
wal. In the mine environment, the rock within spail piles and surface mine backfill may or may not be placed
in amanner Imilar to the placement of the materid in the leaching columns. Spoil and backfill rardy develop
auniform wetting front (except perhgps during periods of dow snow melt), but often exhibit a pseudo-karst
hydrology (Caruccio et a., 1984; Brady et a, 1996; Hawkins, 1998). These effects, however, must be
minimized in laboratory sudiesto prevent skewing test results (as with airlocks), to provide sandard testing
techniques, and to minimize the interaction between the container and the sample.

Anacther group of studies has evauated humidity cdl performance and parameters, including Bradham and
Caruccio (1995, 1997), Pool and Baderama (1994), and White and Jeffers (1994). In addition, within the

ladt fifteen years, there have been a number of studies comparing various test methods to determine which
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isthe best AMD predictor, including Bradham and Caruccio (1990, 1995, 1997), Caruccio and Geidel
(1986), Erickson and Hedin (1988), and Ferguson and Erickson (1986, 1987, 1988). This dlows the
current focus to be on amilarities among the various kinetic test methods rather than the differences between
them. In the remainder of this section, the physica, chemical, and biologica considerations that should be
incorporated in any kinetic test will be emphasized.

Volume and Placement of Overburden Samplesin aKinetic Test Apparatus

The relationship between the dimengons of the kinetic test gpparatus and the dimengons of the rock
samples being tested was discussed previoudy in the context of preventing adverse interactions between
the sample and the container, particularly where the container wastoo smdl or confining. A corallary to that
principle is that the amount of sample typicaly available for the test should be a determining factor in the
dimensions of the gpparatus. For example, while the 30-gd (113.56 1) fidld barrels used by Renton et dl.
(1984, 1985) were idedlly suited for testing representative samples of large volumes of cod refuse, this
gpproach would not be appropriate for testing the volume of sample avallable from an ar-rotary drill hole,
The mass of rock chips and finesfrom a5 5/8 in (14.29 cm) diameter air-rotary drill hole, typicaly used
for blast hole drilling and, in some dtates, for overburden anadyss sampling, is gpproximately 12 kg of
sample per foot of rock drilled. According to Sobek et d. (1978) and Noll et d. (1988), rock samples from
ar-rotary drilling methods should be collected at 1 ft (0.305 m) intervas, though severd feet of successve
samples of the same lithologic unit may be combined or composted for testing purposes. As some
ggnificant lithologic units may only be 1 ft (0.305 m) thick, and representative splits of the sample are
typicaly needed for other overburden tests, including NP and total sulfur content, the volume of sample
available for kinetic tests may be limited.

Generdly, the volume of sample available for kinetic tests should be at least 100 g for each lithologic unit
to be tested and could be as large as 15kg. Soxhlet reactors usudly contain 100 g of fine-grained sample.
Thisweight has been rdatively uniform throughout the literature due, in part, to the size of the gpparatus and
the nature of the thimbles used. Wesathering cells and columns tend to have awider variation in described
weights and particle Szes. Wesethering cells generdly contain between 100 and 1000g of sample with
severd authors reporting weightsin the 200 and 300 g range. Leaching columns have an even greater range
of sample size, from severa hundred g to more than 15 kg. The important aspect of the testsisthat each
andysisrelates weight of rock to volume of effluent to time so that results can be correlaive.

L eaching Interval

A principa objective of many kinetic test procedures is to perform a weathering test that will mimic field
conditions so that the samples being andyzed over along time frame can be used to reate |aboratory results
to fidd results. However, mogt tests smulate accelerated weethering conditions either by decreasing the
interva between leachings (leaching interva) or increasing the amount of weater or leachant (i.e. Smulated
precipitation) used in the weethering tests. Assuming the samples being tested represent the gray zone
(having both akaline and acidic components), then the leaching interval becomes an important factor due
to differences in the chemica reaction rates between the oxidation of pyrite and the dissolution rate of
calcareous materid.
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If the leaching interva islong, the amount of pyrite which has oxidized, as reflected by the total acid load,
will be increased and may overwhelm the amount of dkainity generated from carbonate dissolution.
Alternatively, for short leaching intervass, the acid production rates may be high, but the tota acid load is
low, thereby providing for sufficient dkainity from the cacareous materid to offset or neutrdize the amount
of pyrite oxidized (Geidd, 1979). This scenario is complicated by the fact that in some cases, the presence
of cacareous materia has been shown to actualy prevent the oxidation of pyrite. Therefore, the length of
time between leaching must be sufficient to alow pyrite oxidetion to occur while recognizing that even with
an extended time period, oxidation may be arrested. Not surprisingly then, Bradham and Caruccio (1995)
found that the temperature and humidity at which overburden samples were stored between leachings and
the leach interva were, by far, the most Sgnificant factors influencing leachate quaity. Indeed, they found
that these factors were responsble for the mgority of the variahility present within the tota range of
contaminant production. Dally leaching intervas are too short for most kinetic tests and a significant amount
of dataisavallable for leaching intervas of 7 days. Geide (1979) evduated 1, 7, and 14 day intervdswhile
Bradham and Caruccio (1995) tested 2, 4, and 7 day leaching intervals and found that the leaching interval
was responsible for between 14 and 100% of acid production varigbility.

In addition to the interval, water handling aso affects the leachate quality. Frequent leaching episodes with
reldivey large volumes of water may not Smulate the mine environment within the humid Appaachian Cod
Basn or the more arid conditions of the western United States. In addition, the processes affecting the
oxidation of pyrite and the dissolution of cacareous materid are time dependent. Accordingly, these factors
must be accounted for in the determinations by raing the chemica production rates to the volume/weight
of sample per volume of leachate per time interval.

The duration of the kinetic test is dso afactor to consgder. Testing should be conducted until the results are
definitive and consgent. Soxhlet reactor tests are the most aggressive and results can generaly be
completed within 10 to 12 weeks. Westhering cdlls and leaching columns are more difficult to predict;
gppropriate lengths of time range from 8 to 104 weeks. The shorter time periods are normally associated
with samples that are acidic initidly or that become acidic within the second or third leaching interva.
Samples that become acidic during kinetic testing, do not, under norma conditions, become akdine
(Lapakko and Antonson, 1994). The acidity may decrease with time or the sample may become inert
(characterized by very low specific conductance (<10 pS) and net acidity of near zero).

I nfluent Composition

Severd sudies have looked at the effect of using influent or leachant other than digtilled-deionized (DI)
water (Geidel, 1976; Caruccio et d., 1981, Watzlaf 1992). Gadd (1976), in weethering cdl experiments,
leached samples with both DI water and synthetic AMD to compare the effects of the acidity, metds and
anions on sample weethering rates. Generdly, samples that were acid producing with DI weter, had greeter
total acid loads after leaching with the synthetic AMD. Caruccio et d. (1981) compared the effect of DI

water, smulated acid rain and synthetic AMD on samples with varying NP-MPA ratios. The AMD had
atwo-prong effect; the acid and metals added to the system enhanced the oxidation of the pyrite, as well
as the dissolution of the cacareous materid. The amulated acid rain, however, did not produce leachates

that were significantly different than the DI water leach. As expected, the samples with high sulfur and low
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NP were acidic and samples with low sulfur and high NP (>40 %o) were dkaine. For samples with critical
NP-MPA ratios, within the gray zone, weathering cdll leaching of the samples with synthetic AMD crested
conditions conducive to acid production, while depending on the NP-MPA ratio, some samples leached
with the smulated acid rain or DI water were acidic and others were dkaline. Severd samples initidly
produced dkaline leachate, but with time and as the carbonate was consumed, acid conditions prevailed.
(Caruccio et al., 1981).

Rock to Water Ratio

If the retio of the volume of influent water to volume of rock sample is much greater than will occur in the
mine environment, the concentrations of contaminants in the leachate will probably be much less (i.e. more
diluted) than in the actua mine drainage. For example, the fluid volume sample volumerratio of 4:1 used in
the ASTM Water-Shake Extraction Procedure (1983) floods the sample in a manner that is not
representative of most surface mine backfills. For this, aswell as severd other reasons, this technique did
not work well for AMD prediction (Hornberger, 1998). In soil testing, ratios are commonly 1:1 (weight per
weight bas's) and in many leaching columns and weegthering cdlls, the ratio is less. While ratios between rock
sample volume or weight and leachant volume used may be important, this factor has not been sudied in
detall. Under naturd fied conditions, the volume of influent water will vary tremendoudly, yet |aboratory
conditions should maintain certain controls. Kinetic test data is often reported as a concentration expressed
in mg/weight of sample/ volume of leachateltime.

For example, Bradham and Caruccio (1995) used weathering cells containing approximately 300 or 600
gm of sample, which were leached by removing the lid of the cell and covering the sample with 100 ml of
deionized water. After goproximately one hour, the cells were inclined to alow leachate to drain through
filter paper placed in the bottom of the cdll into collection beakers. After the leachate had stopped draining,
usualy after three hours, the leachate was removed from the collection beskers, and the wegathering cells
were returned to a horizonta pogtion. In the CARWA method, 200gm samples were leached with 200 ml
over a2.5 hoursleaching cycle.

In agtudy evauating the amount of akalinity released from surface gpplied limestone in response to rainfal,
[aboratory tests were conducted in which the amount of leachant was related to arainfall event (i.e. ¥4, %2
or 1inch of rainfdl) (Geidd and Caruccio, 1982).

Similar varidion in rock:water ratios exist between leaching column studies. In Bradham and Caruccio
(1995), dear acrylic columns 60 cm in length by 16 cm 1D and containing approximately 14kg of sample,
were leached weekly with 400 ml of deionized water. In Hood and Oertdl (1984) and Hood (1984), glass
tubes 122 cmin length and 3.5 cm 1D were flushed weekly with 250 ml of leachant. In O’ Hagan (1986),
columns 30 cm in length by 7.5cm ID and containing approximately 1 to 1.4 kg of sample, were leached
with 250 ml leschant.

While the volume of influent water in kinetic testsisimportant for determining dilution of the mass of leeched
condituents, it must aways be reated to the weight or volume of the sample. Assuming alineer rdationship
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exists between these parameters or if ratios of water to rock volume are kept congtant among the various
kinetic tests, then laboratory measurements can be correlated with the field results.

Another condderation is the surface area of the rock to water volumerratio. The surface areaisrelated to
the particle Sze. However, Bradham and Caruccio (1995) found that particle Size was not significant unless
leaching interva and storage was held congtant. They Sate:

“Partide sze affected leachate qudity from columns and weethering cdls by contralling the Sze of pore
paces between overburden particles, the inter-grain surface tensona forces, and the rate of water
movement through the overburden materia. In overburden samples with large pore szes, such asin
the well sorted, large and medium size fraction overburden samples, surface tensond forces were
smdl and water flowed through very quickly. Short residence times for pore water in these large
grained samples limited the solubility of carbonate minerds, and resulted in little dkdinity production.
By contrast, very smdl pore szesin fine grained overburden rocks produced larger tensiond forces,
held more interditia weter, and resulted in much dower water movement. In such fine grained samples,
dow water movement afforded sufficient time for carbonate minerds to dissolve and neutraize acidity.
The resulting dkdinity production was much greeter for the fine grained columns than for the large”

They dso found that in overburden samples with little or no NP, net acid production was controlled by the
rate of pyrite oxidation, rather than by carbonate dissolution. Reaction products of pyrite oxidation, such
asiron sulfate minerds, are orders of magnitude more soluble than cacium carbonate. Porewater resdence
time was much less criticd in the dissolution and trangport of these minerds. Dissolution was dmost
ingtantaneous and the rate of water movement had asmdller influence on the overal rate of acid production.

Pore Gas Composition

The pore gas composition of the sample andys's can be controlled; however, the important consideration
isto determine the portion of the backfill or refuse pile that is to be mimicked by the kinetic testing. It has
been suggested that a significant amount of the total weathering occurs in the upper or outermost portions
of the backfill. In this instance, the pore gas compostion is not sSgnificantly different from that of the
atmosphere.

The effect of O, and CO, partid pressures on the production of acidity and dkdinity in the mine
environment and in kinetic testsis discussed in Hornberger and Brady (1998). The composition of gases
within void spaces and backfilled surface mine spoil has been studied by Cravotta et a. (1994), Jaynes et
al. (1983), Lusardi and Erickson (1985), Guo et a. (1994), Guo and Parizek (1994) and others. Jaynes
et d. (1983) found that decreases in oxygen concentration with depth were strongly corrdlated with
increases in CO, concentrations with increasng depth, but that most of the mine dte remained well
oxygenated (i.e., O, greater than 10%) down to 12 m depth throughout the 2-year study. The highest CO,
concentrations reported were 16.61% at 7 m depth. Cravotta et a. (1994) reported that:

“Partid pressures of O, and CO, in spoil are expected to vary depending on the predominant
reactions involving the gases, reldive rates of the reactions, and rates of gas exchange with
surrounding zones (Jaynes et al. 1984 ab; Lusardi and Erickson 1985). In generd, where pyrite-

oxidation and carbonate-dissolution reactions are active, pO, will decrease and pCO, will increase.
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Data on pore-gas compositions a the mine indicate that pO, decreases from about 21 volume
percent (vol %) at the land surface to less than 2 vol % at 10.7 m below the surface, with
corresponding increases in pCO, with increasing depth in dl three aress.”

In determining the akdinity generated from rocks with an dkaine potentid, CO, variaions must be
congidered. At pCO,of the atmosphere (10°° am.), the maximum akainity generated from carbonate
rocksis approximately 75 mg/l as CaCO,. However, as the pCO, increases with depth, the dkalinity can
increase up to about 400 mg/l as CaCO; at pCO, of 10" am. Kinetic tests can be modified to incorporate
various gas compaositions, however, as determined from Guo et d. (1994) the pCO, in the backfill remains
relatively low and gpproximates amospheric conditions.

Modeling of pyrite oxidation in reclaimed cod strip mines by gas diffuson processes is described by
Rogowski et a. (1983), Jaynes et d. (19844, 1984b) and Jaynes (1991). According to Jaynes e d.
(19844), the air convection mechanism of oxygen movement used by Cathles and Apps (1975) represents
reasonable assumptions for coarse waste dumps, but they believe that diffusion processes would dominate
within backfilled cod mine spoil. However, Guo et d. (1994) concluded that the:

“Resaults of both fidd investigation and analytica caculation suggest that the high O, concentration
(18% or higher) observed in mine poil cannot be the result of diffusion but, instead, is caused by
advection, probably due to thermal convection.”

Additiond information on oxygen trangport is found in Guo and Cravotta (1996). Pyrite oxidation rates
were sudied in laboratory kinetic tests by USBM researchers for more than 60 years, including Hammeack
and Watzlaf (1990), Letch et a. (1930), Lorenz and Tarpley (1963), Watzlaf and Hammack (1989) and
Watzlaf (1992). Oxidation rates of pyrite (with and without bacterid catalyss) were measured by Lorenz
and Tapley (1963) usng a Warburg Respirometer, which facilitated the measurement of oxygen
consumption during the kinetic test. Hanna and Brant (1962) used the Warburg Respirometer to evauate
oxygen uptake during laboratory westhering of pyrite materids in differing lithologica units and particle
gzes. Hammack and Watzlaf (1990) measured abiotic and biotic oxidation rates of pyrite in leaching
columns, using certified gas mixtures ranging from 0.005% to 14.5% oxygen (plus 5% carbon dioxide and
the remainder nitrogen gas) introduced into the leaching columns via compressed gas cylinders and agas
humidifier.

Watzlaf (1992) studied pyrite oxidation in saturated and unsaturated coa waste in leaching columns to
determine the effects of dissolved oxygen in water and the presence of ferric iron upon the pyrite oxidation.
Watzlaf (1992) stated:

“To limit pyrite oxidation, oxygen levels must be reduced from an atmospheric level of 21% (0.21
am) to extremdy low levels. It has been shown that the biotic rate of pyrite oxidation is not limited
unless pore gas oxygen is reduced to less than 1% (0.01 atm) (Carpenter, 1977; Hammack and
Watzlaf, 1990). With current reclamation practices, limiting oxygen to lessthan 1% is not feasible.
At the current time, the only practical method to reduce oxygen to levels low enough to limit pyrite
oxidation is by saturating the pyritic materid with water..... In an unsaturated system, pyrite oxidation
has been found to be independent of oxygen levels down to about 1%.... Pore gas oxygen levesin
surface mine spail or in cod refuse piles are dmogt dways above 1%. ... In asaturated system, pyrite
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would oxidize a avery low rate that is dependent on the amount of dissolved oxygen and ferric iron
in the contacting water. Once dissolved oxygen is consumed, the rate of diffuson of pore gas oxygen
through water becomes limiting.”

Watzlaf (1992) aso compiled data on pyrite oxidation rates from other studies (expressed in mg of sulfate
per gram of pyrite per hour) ranging from 0.06 to 0.16, including data from Braey (1960), Clark (1965),
Hammack and Watzlaf (1990), and Nicholson et a. (1988). Cravotta (1996) provides a more recent
compilaion and comparison of pyrite oxidation rates from laboratory experiments ranging from 0.02 to 0.96
(expressed in the same units as above) including data from McKibben and Barnes (1986), Moses et d.
(1987), Moses and Herman (1991), Rimstidt and Newcomb (1993) and others. These studies evauated
pyrite oxidation rate differences on the basis of particle size (surface area), pH of initid solution, and
avallability of oxygen and ferric iron.

Bacterial Effects

The pyrite oxidation reections are catdyzed by bacteria, primarily Thiobaccillus ferrooxidans, a bacterium
that oxidizes Fe** to Fe** (U.S. EPA, 1971; Kleinmann and Crerar, 1979). These bacteria are indigenous
to agueous environments having pH vaues ranging from about 2 to 3 and defining the range and/or activity
of these bacteria. This three-phase system, and the role that bacteria play in the reactions, has been
described by Kleinmann et . (1981).

In evauating the effect of Thiobaccillus ferroxidans on humidity cdll tests, Poissant and Caruccio (1986)
found that core and highwall samples collected for the study contained viable populations of bacteria
Therefore, for samples collected from various locations in West Virginia, the samples did not require
inoculation prior to testing. In fact, it was necessary that the samples be sterilized to remove the bacteria
Other researchers, however, have indicated that rock samples collected from various locations are Sterile.
Caruccio and Geidd (1978, 2000) suggest that the bacteria population is viable and active only when the
geochemica environment model meets certain criteria, which includes pyrite content and morphology,
cacareous materid content, and groundwater geochemidiry. Bacteria are generdly active only under certain
conditions. It is probable that in environments with a high cacareous and low sulfur content, and in dkdine
groundwater conditions, the activity of these acid-loving bacteria will be minimized. However, in the
absence of cacareous materid, the rate of pyrite oxidation is enhanced even in low (1%) oxygen
concentrations (Kleinmann, 1998).

Some researchers have inocul ated samples during kinetic testing with bacteriaand others have added mine
drainege collected from field steswith AMD to the sample. Based on studies usng smulated AMD, the
effects of the mine drainage may out weigh the benefits of adding additiond bacteria. Due to the activity of
the bacteriaand their generdly ubiquitous nature, the activity or presence of bacteriain asample may smply
be related to the sampl€e’s geochemical properties.

Pyrite Morphology and Texture

Asdiscussed in Chapter 2, Caruccio and Parizek (1968) found that the pyrite morphology was sgnificantly
different in samples that produced acid and those that did not, even though the tota pyritic sulfur contents
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were amilar. In samples from the non-acid producing area, the pyrite commonly had a massive form and
appeared to have been deposited after codification. Most of the grains were >400 Mm and some had a
morphology that suggested that the pyrite occurred as replaced plant structures and occupied jointsin the
cod. The morphology of the other grainsin stable pyrite categories were crystas or euhedra of pyrite that
commonly had cubicd or triangular shapes. These partidles, dthough smdl in Sze (between 5-10Mm), were
relatively more stable than the massive ones. In samples from the acid-producing area, however, amgor
portion of the pyrite occurred as clusters of spheres gpproximately 25 Mm in diameter. Each of the soheres
was an agglomeration of minute (approximately 0.25 mm) crystas of pyrite thet collectively formed the
globular morphology. Gray et d. (1963) cdled atention to thistype of pyrite (often called framboida pyrite)
occurring in the Rittsburgh seam.

The framboidd pyrite was determined to be much more reactive than the massive secondary pyrite.
Samplesthat contained only coarse-grained particles of pyrite did not show appreciable signs of weethering,
and the pyrite remained shiny and brassy for indefinite periods of time. Subsequent studies by Caruccio
(1973) showed that percentages of framboidd pyrite within samples of smilar permesabilities multiplied by
total pyrite content of that sample could be used to estimate the acid potentid with the proviso that the NP
was less than 20 tons/1000 tons or 2 %. Caruccio et a. (1977) confirmed that a strong correlation existed
between the occurrence of AMD and pyrite morphology. The secondary massive pyrite was relatively
dable, asreflected by the paucity of sulfate in mine drainage Sitesin non-acid areas. These rdationships are
vdid, providing there is an absence of calcium carbonate. The results of the study established framboidal
pyrite as being the most reactive of the pyrite forms and were further corroborated by Pugh et a. (1981,
1984). Caruccio (1973) and Morrison (1988) found a relationship between relative surface areaand acid
production, with the smdler particles being more reective. Pyrite genesi's has dso been suggested as afactor
influencing pyrite reactivity—sedimentary pyrite (framboidd pyrite, for example) istypicaly more reactive
than hydrothermal pyrite (Hammack et a., 1988; Borek, 1994). Pyrite morphology can be used in
conjunction with kinetic testing or the EGA techniques discussed in Chapter 4 to discern differencesin acid
production rates between samples with smilar NPIMPA ratios.

Carbonate

While prediction of AMD rather than water qudity has been the focus of many of the kinetic tests of the
decades, it has been shown repestedly that calcium or magnesium carbonates play asignificant and perhaps
overriding role in the process. Brady et d. (1998), Caruccio and Geldd (1978) and Caruccio and Parizek
(1968) have shown that a stratum’s potentia to produce acidity is determined to a large extent by the
amount of cacareous materid (Ca-MgCQOs;) and not the amount of pyrite. Geologic systems enriched in
cacareous materid produce dkdinity, and highly buffered and potentialy neutralizing drainages. In these
aress, the cacareous materid raises the pH of the ground water regime above 7, which effectively
suppresses iron bacteriamicrobia activity and reduces the oxidation of ferrousiron. Severa studies have
shown that the cacareous materid aso serves to inhibit the oxidation of pyrite and sabilize the sulfide
(Caruccio et d., 1981; Hornberger et d., 1981; Williams et ., 1982; Perry and Brady, 1995). Bradham
and Caruccio (1995) showed that when NP exceeds 38g/kg, the sample would produce akaine leachate
at the 95% confidence leve. At an NP of 73 g/kg, a confidence threshold of 100% for dkaline leachates
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occurred. A previous section of this handbook discussed the importance of carbonates and their
measurement through dtatic tests. For strata with high NP vaues, satic testing provides the essentid
information required for determining whether the sample will produce acidic or dkaline leachate.

The acidity produced at a site that has rdatively little calcareous materia depends, in part, on the amount
of reective pyrite that is available for oxidation. When lack of calcareous materid is coupled with alack of
pyrite, such as might occur in asandstone or shale, the resultant leachate qudlity is characterized asinert (pH
~5, very low specific conductance). Given alow spedific conductivity, coupled with alack of dkdinity, this
leachate or water quality is easily impacted by acidic weaters.

Surface mining disturbs drata of varying chemica compositions, and the ultimate qudity of the drainageis
ablend of al drainage chemidtries produced by each rock type. Various techniques are avallable to evauate
the acid and dkaline potentids of overburden materia (Sobek et a., 1978; Caruccio et d. 1993; and
Bradham and Caruccio, 1991). The reactive pyrite component can be related to the acid potentia, whereas
the calcium carbonate content in the dratigraphic section can be related to moderate amounts of dkdinity.
However, the level of akalinity that can be potentialy produced by cacareous materid is limited by its
solubility. Unlike the acid-producing compounds (the oxidation products of the disulfide), which are
extremely soluble in water, Geidd (1979) and Neuhaus (1986) have shown that dissolution of cacareous
materid is limited by the amount of carbon dioxide present, the time of rock-water contact, and the
solubility of the specified minerd. Once equilibrium is established between the ca careous rock and water,
further contact of the water with the alkaline-producing medium does not produce additiona akalinity.

At equilibrium, dkdinity levels sddom exceed 75 mg/l (as CaCOs) under atmospheric partid pressure of
carbon dioxide (pCO,) (10 am). Increases in pCO, brought about by the development of amature soil
and vegetative cover could effectively increase the available dkdinity by afactor of eight. At equilibrium
conditions with pCO, at 10" atm, the maximum amount of alkalinity that can be generated by calcareous
materia is about 400 mg/l (as CaCOs), irrespective of the amount of calcareous materia present in the
section. In some cases, shdes with a high ion-exchange capacity can shift the equilibrium, with an increase
in dkdinity. The mechanism for this reection is through the exchange of cadlcium and magnesum cations onto
the clays of the shde. This shifts the carbonate equilibrium reaction leading toward greater dissolution of the
carbonate minera, with attendant increases in dkainity (Winters et d., 1999).

Blending of adid and akdine materid initidly increases the levels of akdinity since the solubility of caciunt
magnesium carbonate is greater in an acid solution. However, under aerobic conditions, ferric iron, which
is oluble at low pH, will precipitate at the neutralizing sites and, if located in a fluctuating wet and dry
condition, will armor the calcareous materia againg further reactions. In this event, the akaine materid
becomes isolated from the agueous system and most of the akdine potentid of that stratum is lost
(Ziemkiewicz et d., 1995). Should anaerobic conditions be maintained, such as occursin anoxic limestone
drains, the iron remains in the ferrous state. The coating is then minima and a portion of the calcareous
materid remains exposad as a viable source of akainity, capable of neutrdizing limited amounts of acidity.

It was previoudy noted that the gppropriate length of time for kinetic testing, especidly for weethering cdls
and columns, ranges from 8 to 104 weeks. The shorter duration tests are normaly appropriate for asample
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that becomes acid very early in the leaching process. Continued leaching of these samples may result in
decreased acidity with time but will not generate net akalinity. However, a number of samples, especidly
from the “gray zone,” may begin leaching cydes as dkaine samples, but with time, as the dkdine
components are dissolved, the sample may become acidic. One example of thisis shown in Caruccio et d.
(1981), in which samples with criticadl NP/MPA ratios were initidly akaine, but with time became acidic.
When replicate samples were leached with synthetic AMD, the carbonate neutrdization effect was
minimized and the akainity was overwhelmed by the acidity in a shorter time. Certain samples, however,
based on their higher carbonate content, remained akaline throughout the study. Other researchers have
evauated samples for long periods of time and have dso shown that certain dkaine samples reman
dkdine

CRITERIA FOR DETERMINING WHETHER TO CONDUCT KINETIC TESTING

The interaction between dkdine and acid-forming materiads, dong with the naturd variability in the
proportions of these two sets of variables and the differencesin their reaction rates, provide a framework
within which the evaluation of the potentia to predict acid drainage must be evauated. As discussed in
Chapter 4, the modified NP analys's can be usad to determine the amount of akaine generating materids
while the acid generating materias can be estimated using the percentage total sulfur (S). If the reaction
kinetics were amilar for the two processes, no further andysis would be required. However, due to
fundamentd differences between the two sets of reaction kinetics, the quantification of the two parameters
is not dways sufficient to determine the anticipated water qudity from the mine ste. When the NP of the
rock sample exceeds a threshold vaue of 3.7% (Bradham and Caruccio, 1995), the akaline system is
favored, regardiess of S content. Other studies have suggested that the threshold may be low as 2.1%
(Chapter 4). Alternatively, when there is a paucity of dkaline materia, coupled with even alow S content,
the resultant leachate is usudly acidic.

The NP/MPA ratio for which an accurate prediction can be made varies from one basin to another. Within
one geologic basin, ardio greater than one generates dkdine water, whileasmilar ratio isacid forming in
another basin (Caruccio and Geidd, 1982). Graphicdly, the area defined by the swath creeted by the <1:1
ratio and the dightly >1:1 ratio, coupled with an NP threshold, is equivaent to the gray zone referred to in
Chapter 4. As shown in Figure 5.4, the Neutrdization Ratio (NR) =1 results only in confidence between
65 and 70%, for a 30-35% chance of an error in which an overburden sample is classified by ABA as
akaine but produces acidic leachate. However, when the NR is used with a threshold NP value, amuch
smdler gray zone is possible than for ether the threshold NP or the neutrdization ration criteria methods
(Fig. 5.5). Figures 5.4 and 5.5 represent 83 coal mine overburden samples from 4 states and numerous
geologic basins (Bradham and Caruccio, 1995). Within thisgray zone, the likelihood of acid generation may
be ste specific. It is under these conditions, and especidly when NP is used, that the additiona information
gained from kinetic testing is warranted to determine the anticipated drainage qudity.

RECOMMENDATIONSGUIDELINESFOR SELECTION OF KINETIC TEST

After it has been determined that the sample has less than the threshold NP and is within the NP/S gray
zone, the kinetic test selected for laboratory analysis should gpproximate the anticipated field conditions of
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the mine Ste. Therefore, fidld scale testswill not generdly be consdered as the primary laboratory test, but
are more often used to validate |aboratory anadyses or to determine scaling factors. As noted in the prior
sections, the soxhlet extraction method subjects the fine grained sample to a hot water leach and interleach
storage conditions of 105°C temperature and alack of humidity, such that pyrite oxidation is accelerated
relaive to carbonate dissolution. While this may be the method sdlected in specific ingtances such as
mimicking surface conditions of afine grained tailings pond in awarm dimate or in afine grained cod spail
pile, it does not reflect the conditions present in most overburden reclamation Stes.

For the mgority of surface mine overburden scenarios, the kinetic test selected will be either the Column
or the Weathering/Humidity Cell. Due to problems associated with column tests, such as non-uniform
wetting fronts due to channdized flow, and less control over the leaching time period (i.e. within course rock
fractions, the leachant flows through more quickly), we recommend that laboratories making an initid
selection of kinetic test gpparatus choose the humidity cell. Column tests are gppropriate for a number of
research applications, such as evduating the effects of differing water table conditions, pore ges
compositions, etc. However, humidity cells have been demonstrated to accurately assess the post-mine
drainage qudity, and have been shown to be more statisticaly accurate (Bradham and Caruccio, 1990).
Additiondly, the humidity cdl can accommodate a smdler sample aswell as samdler sze fractions and, if
the rock undergoes significant physical westhering during the testing phase, the fine-grained particles are
retained.

RECOMMENDATIONSGUIDELINES FOR SAMPLE PREPARATION

An accurate testing protocol requires both representative samples and appropriate sample preparation.
Regardless of whether static and /or kinetic tests are used, the test results will be usdessif the tested sample
does not represent a gatisticaly valid portion of the collected sample, which in turn is representative of the
gte. These issues are addressed below and in more detail in Chapters 6 and 7 of this document.

Firg, the sample collection and storage of samples prior to andysis should mimic conditions found in the
field in order to maximize the preservation of the sample under approximate field condiitions. 15°C). For
samples collected from below the water table, precautions should be taken to minimize both the acid
oxidation and carbonate dissolution reactions.

Equally important isthat care must be taken to ensure that a satistically vaid sample is gpportioned from
the collected sample and used in the andyses. The collected samples must be riffled to the appropriate Sze
fractions and not merdly split. This may necessitate severd riffling seriesif theinitid sampleislarge.

Mechanicd rifflers are avail able and when used with the four-pan method, provide a atigticaly accurate
sample. “Cone and quartering” manua methods may aso be used. Once a representative sample of the
appropriate Sizeis prepared, the sample can be used in any of the test procedures discussed.



Figure 5.4: Neutralization Potential (NP) vs. Maximum Potential Acidity (MPA)
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RECOMMENDATIONS FOR STANDARDIZATION OF LEACHING COLUMN TESTS

Column tests are characterized by the use of inert cylindrica columns into which rock samples are loaded
and leachant is added and allowed to drain. The resultant leachate is collected and analyzed. The primary
congderations and recommendations for column tests include:

Particle Size

The optimum size particle for normal or routine column tests for cod overburden samples is between
12.7 mm (1/2 inch) and 2mm (.08 in). This corrdates with the lower limit of gravel (2 mm) and an upper
limit for which the pore spaces are smdl enough to alow inter-grain surface tensond forcesto be
ggnificant. In thisrange, the rate of water movement through the column provides for akaline dissolution
aswdll astheleaching of acidic reaction products. When column tests are being used to evaduate a
gmadler szefraction of materia, such as some cod refuse, then the lower end particle Sze used in the
column may be less than 2mm.
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Figure 5.5: Combined Neutralization Ratio Criteria and Neutralization Potential
Thresholds with Confidence Levels
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Antecedent Storage Conditions

As noted above, samples should be stored asto mimic field conditions, usudly under low oxygen conditions
(artight container should be purged with nitrogen if sample will not be immediately analyzed) and low
temperatures (less than 15° C) that correlate with the average ground water temperature.

I nterleach Storage Conditions

Temperature and humidity

Between the sdected leaching intervas, the interleach storage conditions are important. Storing the samples
at too high atemperature results in higher acid production rates and totd acid loads and in some cases,
results in otherwise dkaine producing samples becoming acidic. We recommend using ambient room
temperature, between 20° and 25°C, for the samples between leaching intervals.
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The humidity studies, while indicating that alack of humidity (0% rdaive humidity and 105°C) isamajor
factor, dso show that little difference in the resultant leachate quality occurs as long as some humidity is
present. Only minor, if any, effect on the resultant water/leachate quaity occurs regardless of whether the
samples were sored under 100% humidity, purged intermittently with humid air or gored a norma/ambient
humidity. However, given that ambient humidity levels could be very low in certain laboratories, it is
recommended that the columns not be alowed to dry completely and if necessary, that the columns be
purged with humidified air.

Degree of saturation

The hydrologic setting of the completed mine ste should be considered in determining the appropriate
column test procedure. Under most backfill conditions, the overburden and mine spoil will not be
completely saturated, but will be affected by infiltrating rainwater and groundwater. Only asmadl fraction
of the backfill will be inundated and therefore, during interleach storage, the column should be unsaturated.
After the leachate is removed from the column at the end of the leaching cycle, water should not be
introduced to submerge or saturate the sample until the subsequent leaching cycle begins.

Under certain conditions, such as mimicking of a submergence reclamation plan, submergence of the sample
in the column may be appropriate. However, because of the significant impact on the leechate qudity asa
result of the submergence, this option should be limited to those occurrences when fidd conditions are truly
reflected in the test conditions.

Size, Shape, and Structure of Apparatus

The relaionship between the test gpparatus and the dimensions of the rock samples being tested must be
conddered in order to prevent adverse interactions between the sample and the container, and therefore,
isclosdly tied to particle Sze. Although it has been suggested that the column inside diameter should be at
least four timesthe largest particle diameter to avoid undue wal effects, this represents aminimum diameter.
Asauming the largest partidle Sze is 12.7 mm (1/2 in.) then the minimum diameter column would be 51 mm
(2 in). In order to avoid wall effects and to minimize channdlization of the leachant in the column, it is
recommended that the column diameter be between 76.2 mm (3 in) and 152.4 mm (6 in). Column height
is recommended to be between 305mm (12 in) and 915 mm (36in). Larger columns could be used for
gpecia studies.

A cylindrical column is recommended to maximize the uniform digtribution of particles within the column.
A porous barrier incorporated a the base of the column retains the sample, but permits the leachant to drain
and be collected. The top of the column should be covered to prevent extraneous particles from entering
the column and to retain humidity. Although some airtight columns have been used when differing pore ges
compositions have been tested, the atmaospheric gas compostion will smulate near surface mine conditions
and conditions upon immediate closure of the backfill. Therefore, the column should not be artight.
Assuming the leachant to be added from the top, the top of the column should be fitted with a device to
ensure that the leachant is uniformly distributed over the surface of the sample.
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Volume of Sample and Placement within a Column

The volume of the sample used in column tests is reated to the size of the column and is a function of
representative sample congderations. To some extent, the amount of sample available for testing will bea
determining factor in the dimensions of the column. The mass of rock chipsand finesfroma55/8in (14.3
cm) diameter ar rotary drill hole is gpproximately 12 kg per foot of rock drilled and a continuous core
sample would be dightly greater. However, severd andyses are required from each foot (or if auniform
lithology, each 3 foot horizon) and the entire recovered volume of rock would not be available for column
teting. However, the height of sample in the column should be at |east twice the diameter of the column.

For example, if the column is 76.2 mm (3 in), then the height of rock in the column should be contained in
a leest 1524 mm (6 in) of the column or weigh roughly 1kg. The sample should be precisdy weighed since
an important aspect of the test isthat each andysis relates weight of rock to volume of effluent to time. Also,
the rock sample should be placed in the column, but not packed under pressure.

L eaching Interval

As noted above, the factors of interleach storage and leaching interva were the most Sgnificant factors
influencing leachate quaity and were respongble for the mgority of variability present in the total range of
contaminant production. Therefore, it isimportant to maintain aleaching interva that dlows sufficient time
for the time dependent chemica reactions to occur. Based on anumber of sudies, aleaching interva of 7
daysis recommended.

The duration of the column test is dso important. Testing should be conducted until the results are definitive
and congstent. The time of testing can vary from 8 to 104 weeks. The shorter time periods represent
samples which become acidic within the early leaching cycles. Samples that become acidic do not, under
norma conditions, become akaline with time. In many cases, a 12 week test will provide definitive and
consstent results.

Influent Composition and Addition

Although anumber of leachant compogtions have been used, induding smulated AMD, smulated acid rain
and didilled or delonized water, the leachate characteristics of the water leached samples and smulated acid
ran leeched samples were not sSgnificantly different. Therefore, the recommended leachant is
distilled/deionized weter for norma conditions.

Studies have reported water being added from both the bottom of the column as well as the top. The
primary difference between the two methods is the degree of flushing of the sample. Water introduced from
the bottom and then dlowed to drain represents a fluctuating water table condition, which has been shown
to generate adightly higher acid production potentid than samples subjected to top additions or infiltrating
rainwater/surface water smulations. Since most backfill configurations are dominated by surface wetting,
the authors prefer the surface/top introduction of leachant. Care should be taken when using this gpproach
to ensure that the distribution of leachant is uniform over the surface of the column.
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Rock to Water Ratio

In addition to the leaching interva, the water volume aso effects the resultant leechate quaity. Since the
chemicd production rates are rdated to the weight of the sample per volume of Ieachate per time intervd,
it isimportant to hold these factors congtant. Although in weathering/humidity cdl tests the weight of sample
to weight/volume of leachate varies, from 1:1 to about 3:1, column samples have been noted to have a
greater ratio range from about 4:1 (wt of rock to wt of leachant) to 35:1. If alinear reaionship is assumed
to exist between these parameters, then |aboratory results can be correlated with field results. Therefore,
it is recommended that for sample sizes between 0.5 kg and 2.5 kg, that 250 ml of leachant be used, and
that for samples Szes grester that 2.5 kg and up to 10kg, that 500 ml of leachant be used asinfluent in each
leaching cydle.

Pore Gas Composition

The pore gas compostion of the column test can be controlled to mimic placement in a portion of the
backfill or refuse pile. However, a number of researchers have evauated the pore gas compostion within
backfills. Although CO, levels may be devated and O, levels may be somewhat depressed (at depth,

variations from >18% to 2% O, have been observed), none of the O, levels observed would have a
sgnificant inhibitory effect on pyrite oxidation. In addition, Snce it has dso been suggested thet a significant
portion of the tota westhering takes place in the upper and most outward portions of the backfill, the
ambient atmaospheric gas composition is the preferred pore gas composition for column tests.

Bacterial Effects

The bacteriathat are active in the pyrite oxidation reactions are indigenous to agueous environments having
pH vaues ranging from around pH 2 to 5, and Thiobaccillus ferrooxidans appears to be ubiquitous.
However, due to the important role that these bacteria play in estimating the acid production potentid, it
is recommended that column samples tested for the presence of bacteria prior to leaching or be inoculated
a the initiation of the testing to ensure a hedlthy population. While leaching samples with synthetic or
smulated AMD has shown that the acid production rates are increased, the inoculation of the sample with
1 ml of ether cultured bacteria or fresh AMD should provide a viable bacteria population while having little
impact on the leachant qudlity.

Pyrite Mor phology and Texture

While pyrite morphology has asgnificant impact on the acid production potentid of asample, thisvariable
cannot be controlled within the column test. Discerning the pyrite morphology of a particular sample by
reflected light microscopy or other technique will, however, provide atool to explain variationsin sample
response and characterization.

Carbonate
Similarly, the carbonate content of a rock unit plays a sgnificant role in determining not only the acid

production potential, but aso whether column or other kinetic tests are necessary to adequately evaluate
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the sampl€ s anticipated |leachate qudity. The carbonate content of the individua sampleisfixed, however,
with the acceptance of dkaline additionsinto the mine reclamation plan, it has been suggested that the effect
of dkaine additions on mine drainage qudity can be evaluated through kinetic testing. The primary difficulty
with this gpproach is the scaling factor. The addition of 100 tons per acre of limestone or even 1000
tongacre is Sgnificant on amine scale, but when extrgpolating to a column, it presents numerous difficulties.
Therefore, it is suggested that the limestone to be used on the Ste be subjected to individua kinetic testing
to determine the rate of dkaline production. The rate of dkdinity production will aso be effected by the
pCO; of the backfill. Alkdine additions gpplied near the surface of the backfill will produce dkdinity levels
on the order of up to 75 mg/l while akaine additions within portions of the backfill exhibiting higher pCO,
will provide greater dkdinity. The rate of dkalinity production can be trandated to field applications.

Data Presentation

Data are entered on goreadsheets and typicaly include the following: sample weight, date, number of days,
leachate volume, pH, specific conductance (or normalized specific conductance (uS/g)), dkainity (induding
sample volume, titrant normality, titrant volume, dkainity in mg as CaCQ;), acidity, and any other cation
or anion andyses. Data are then presented graphicdly as ether cumulative ion versustime (if acidity and
dkalinity are presented, the net vaue is graphed as mg of acidity as CaCOs/g of sampleltime) (Figure 5.6)
or asthe net dally value versustime. In Figure 5.6, 2 of the samples are net dkdine and one sampleisalow
acid producer.

RECOMMENDATIONS FOR STANDARDIZATION OF HUMIDITY OR WEATHERING
CELL TESTS

Generdly, humidity or weeathering cdlls are constructed of inert chambers which are connected by tubing
to a resarvoir from which ar is pumped into the cell. The sample may be purged with humid ar or
dternately purged with humid and ambient air. By these leaching tedts, kinetic data are derived from
empirica results by subjecting the overburden samples to smulated weathering conditions thet, in theory,
mimic natura conditions. The rates of pyrite oxidation and the release of weethering products can then be
measured quantitatively to determine whether a sample will produce acidity, and then predict acid loads.

Particle Size

The recommended particle size for normad or routine humidity cdll testsfor cod overburden is between 6.3
mm (/4 in) and 1 mm (0.04 in). This Sze fraction includes the particles that can be readily oxidized, yet the
effect and concerns associated with the fine fraction are minimized.

Antecedent Storage Conditions

Samples should be stored in such as manner as to duplicate field geochemica conditions. Care should be
taken to minimize oxidation of the sample. Thiswould include storage under low oxygen conditionsin an
artight container and, if the sample isto be stored for an extended period of time, the sample should be
purged with nitrogen. Samples should also be stored a alow temperature.
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Net Cumulative Acidity
(mg as CaCO3/g sample)
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I nterleach Storage Condition

After the sample has been leached and before it is leached again (the interleach period), storage conditions
are important. The recommended temperature for the samples between leaching intervas is ambient room
temperature (20°-25°C). However, the temperature should be held constant.

Humidity sudiesindicate that there is little difference in the resultant leachate qudity regardless of whether
the samples are stored under 100% humidity, purged with humid air or stored a norma/ambient humidity.
However, given that ambient humidity levels could be very low in certain laboratories, it is recommended
that the humidity cdlls be purged with humidified ar to prevent the samples from complete drying. Under
humid conditions, pyrite oxidation reactions will continue and dkadine dissolution in the water entrained in
the pore spaces will attain equilibrium.

Size, Shape and Structur e of Apparatus

A number of szes and configurations of humidity cdls have been used. In most cases, the cdlls are used as
part of the procedure to hold the sample under constant environmental conditions (i.e. temperature,
humidity, and gas compostion), while the sample is being andyzed. Humidity cdlsin many ways are Smilar
to leaching columns, however, due to their construction, the humidity rates can be better controlled. The
primary differences are: the humidity cdl usudly contains asmdler sample sze, water usualy drains through
the column while it may be extracted, decanted or drained from a humidity cdl, and the length of time that
the water isin contact with the sample is usualy more defined in awesthering cdl.
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Figure 5.6. Net cumulative acidity data from leaching tests for three overburden samples.

In condructing a humidity cell, the shape of the container generdly makeslittle difference. The cel may be
rectangular (aslarge as 10 cm (4”) by 15cm (67) by 20cm (8”), or assmdl as8cm (3”) by 10cm (47) by
15cm (67)) or cylindrical (approximately 20 cm (8”) in diameter by 8 to 10 cm (3-47)). These rangesin
container sizes have been used by avariety of labs, dl giving good results. The diameter of the container,
however, should exceed the height.

To maintain humid conditions, the container should be connected by tubing to a reservoir in which arr is
bubbled through water. The resulting humid ar is pumped into the cdl and creates an environment
conducive to pyrite oxidation. When a series of cells are connected to a common reservoir, tubing length
should be smilar to hold the airflow to each cell congtant. The samples are leached periodicaly (typicdly
weekly) by adding the leachant (usually distilled/deionized water) to the cell. The leachate can be drained,
decanted or extracted. It isrecommended thet the cdl have adischarge tube near the bottom, which isfitted
with afilter, through which the weter is drained.

Volume or Weight of Rock

Based on the literature, the weight of the rock sample place in the chamber should be between 100 and
500g, precisdly weighed. A maximum sample weight of 300 g is recommended, however, to ensure that
the sample is thoroughly wetted and inundated during the leaching process, and that the weethering products
are entrained in the leachate.

Leaching Interval, Influent Composition and Rock to Water Ratio

A leaching intervd (the length of time overburden samples were stored between leachings) of seven days
is recommended. Bradham and Caruccio (1995) found that the leaching interva was responsible for
between 14 and 100% of acid production variability, so it isimportant to hold this factor constant.

A rdaed factor isthe length of time the test should be continued. The leaching cycdles should be continued
until the samples exhibit stable results, which may occur as quickly as 8 weeks or be as prolonged as 104
weeks. However, most samples become stable between 12 and 20 weeks and therefore, a minimum of 12
weeks is recommended, with the understanding that tests must go longer if the sample andyses have not
attained a congstent weekly composition.

In addition to the leaching intervad, the volume of leachant aso affects the resultant leachate qudlity. In as
much as the chemica production rates are normaly related to the weight of the sample per volume of
leachate per timeintervd, it isimportant to hold these factors constant. Reported variations in the weight

of sample to weight/volume of leachate varies for wesathering/humidity cell testsfrom 1:1 to about 3:1. If a
linear relationship in the chemica character of the leachate is assumed to exist between sample weight and
leachant volume, then laboratory results can be corrdated with fied results. Therefore, it is recommended
that a uniform leachant volume be added to each cdll; we have found that a leachant volume of 100 ml

workswdl. Also, while severd influent compostions have been researched, for sandard humidity cdll tests,

it is recommended that distilled-deionized water be used as the leachant.
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Pore Gas Composition

For standard humidity cdll andyses, the pore gas composition should be atmospheric. Even though gas
levels may vary in the completed backfill, aimospheric conditions will prevall a the surface where a
sgnificant amount of the weethering occurs.,

Other Effects

Due to the important role that iron-oxidizing bacteria play in estimating the acid production potentid, it is
recommended that humidity cell samples be tested prior to testing to determine whether a viable bacteria
population exigts. If not, then the sample should be inoculated at the initiation of the testing to ensure a
hedlthy population. To avoid increasing acid production rates, as was shown to occur with some samples
usng smulated AMD, it is suggested that only 1 ml of either cultured Thiobacillus ferrooxidans bacteria
or fresh AMD be used to provide a viable bacteria population without having a sgnificant impact on the
leachant. Pyrite morphology and carbonate content of the sample smilarly play an important role in
wesethering cells, as discussad in the leaching column section.

Data Presentation

The data are presented in a manner Smilar to the column leaching tests shown in Fg. 5.6. Figure 5.7
presents data on adaily, rather than acumulative basis. While Net Acidity is presented in both 5.6 and 5.7,
other parameters, such as sulfate and metds, can aso be presented in asmilar manner. Note the variaions
in the kinetic behavior of the samples. Three increase in acidity during the firgt three leaching cydes and then
show decreasing acid loads while the other two Ssmply decrease over time.

Data I nterpretation

Few field cdibration studies and screening criteria for kinetic tests are published. This gems from the
gpplication of kinetic tests on a case by case basis, rather than on a broad scale. Figure 5.6 shows an
example of aplot of net cumulaive addity (as mg of adidity/gm of sample) in which two of the ssmples were
akaine and one exhibited low acidity. Either daily or cumulative data can be plotted and the interpretation
is related to the differing dopes of the lines. With cumulative deta, the chemica wesathering attributes are
usudly defined by one of three trends. Figure 5.6 is an example of rdatively straight dopes indicating that
the acid and dkdine production potentids vary little with time and that few weathering products had
accumulated in the sample prior to leaching. Thisis common for al dkaine samples.

A second common trend is a steep acid dope for 3 to 6 weeks and then a gently increasing dope for the
remainder of the test. This suggests that acidic weathering products had accumulated during the sample
collection and processing stage and that the second dope is more indicative of the expected fidld conditions.
In some cases, depending on the nature of the rock, the decreasing dope could indicate adecline in the rate
of acid production. However, a very steep dope dso indicates that this particular sample will weather
quickly when exposed during the mining operation. This may be related to the physical atributes of the
sample and suggests that reclamation efforts must ded quickly with this rock type.
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Figure5.7. Net daily acidity vs. timefor five samples, plotted on adaily basis.

The third mgor trend, which is seen in acid samples, is the inverse of the second trend. The sample may
exhibit low acidity or sulfate valuesinitidly and after severd weeks, begin to produce sgnificant acidity.
These samples are normally high acid producers. The dow initiation of acid formation could be dueto a
number of factors, such as carbonate suppression or carbonate neutrdization. These include rock types that
initidly exhibit no problem, but if reclamation is delayed for any reason, the rocks begin to produce acidity.

Because the data are calculated on a weight per weight per time basis, samples can be compared and
evauated. Furthermore, the dopes of the lines can be satistically evauated to compare multiple samples
and rock types.

RECOMMENDATIONS FOR STANDARDIZATION OF FIELD SCALE TESTS

Field tests can be divided into three basic types, dl of which mimic column tests: 1) smdl tubs or barrels,
2) congtructed tubs, tanks or cribs, and 3) piles. In smdl tub or barrel studies, the rock samples are
weighed and placed in smal tubs on the order of 1m (3') by 0.7m (2') by 0.5m (1.5') or in barrels. The
units are then dlowed to westher under naturd rainfall conditions, and the effluent or leachate is collected
after each rainfdl event. Alternatively, these tests have been subjected to smulated rainfall conditionsin
which deionized-didtilled water was showered over the sample on aweekly interva to augment naturd
rainfdl. Rainfdl is an important dement of any fidd test; in areas whererainfal isminima or when drought
conditions occur, the interva between leachings may be sgnificant.

In constructed tubs, tanks or piles, usudly large, weighed sample volumes are used and the weethering cyde
is dependent on natura rainfal events. Often these tests have been used to evauate specific field or
reclamation techniques that could not be represented adequatdly in laboratory Szed experiments.
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Congtructed tubs vary in Size, but generdly have been on the order of 1.3m (4') x 2.6m (8') x 1.3m (4')
to 1.3m (4') x 2.6m (8') x 4m (12'). The wooden tubs are lined with plastic and an outflow/discharge pipe
isincorporated into the base. The leachate is diverted to a collection device. Large tanks have aso been
used. Rainfal must be monitored as well as volume of leachate collected.

For even larger fidld scae tests, rocks can be piled on top of contoured plastic liners into which a network
of collection pipesisincorporated. The piles can be condructed in severd configurations, athough the most
common oneisardaively shdlow pile (1-1.5m (3-5') thick) and goproximately 6m (20') square. Smilarly,
the leachate is collected following each rainfdl event and andyzed. Depending on the ranfdl frequency and
intengty, the length of time that fidd scde tests must be run is difficult to determine in advance; however,
aminimum of one year, to evaluate the seasond variations, is warranted in most Stuations.

As noted above, |aboratory kinetic tests, including columns, humidity cdlls or soxhlets, derive empirica
results by subjecting the overburden samples to smulated weathering conditions which, in theory, mimic
naturd conditions. In essence, due to the samdler gran szes and the periodicity of the leaching events, they
represent accel erated weathering conditions. The results of [aboratory tests have been extrgpolated to field
scae tedts however, the length of time necessary for fidld scae tests (unless atificid rainfal rates are used)
is usudly much longer than in the laboratory and environmenta conditions cannot be held congant.
Therefore, for sandard practices, field scae tests are generally not recommended, however, they can be
useful when used in comparison with lab tests.
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CHAPTER 6: OVERBURDEN SAMPLING CONSIDERATIONS

by
Fred Block, Joseph Tarantino, Roger Hornberger, Keith Brady, Joseph Donovan, Gary
Sames, and William Chisholm

INTRODUCTION

This chapter provides guiddines and strategies to adequately assess the verticd and horizonta digtribution
of rock properties on amine site as well asthe variahility in the overburden geochemistry with respect to
the potentia for acid mine drainage (AMD) formation. The accuracy of overburden andlys's, upon which
predictions of pogt-reclamation mine water quality commonly rely, is criticaly dependant on the sampling
procedure used (Donovan and Renton, 1998). The failure of predictions of post-reclamation mine water
quality is probably due at least as much to inadequate sampling strategy asit isto inappropriate anaytica
techniques.

A basic question for anyone attempting to predict AMD prior to mining is whether the sampling Strategy
representatively (with a predetermined degree of confidence) samples the overburden. Precise andyses
performed on an unrepresentative sampling plan will, & best, accurately characterize that unrepresentative
population. Another important question is how will that overburden materid ultimately affect the chemistry
of the mine discharges. The answers to these questions have obvious economic consequences due to the
cods of drilling, sampling, and overburden andyss.

Overburden sampling drategies have spaid, verticd, horizontal (sampling dendty for given geologic units)
and tempora (before mine permitting or over the entire life of the mining and reclamation operation)
dimensions. The basis of developing a sampling plan varies considerably among Sites, among regulatory
agencies, and even among permit reviewers. Techniques for sampling overburden range from informal
methods based on geologica knowledge and rules of thumb to a number of more quantitative methods
based on gatistics. Among the laiter are geostatistica techniques designed to andyze spatidly distributed
geologic variables, which are used in minera exploration and reserve cdculaions. These sampling
techniques will be described below and in more detail in Appendix B, where actud mine overburden
anadysis case sudies can be found.

SAMPLING GEOLOGICAL POPULATIONS

The god of sampling is to collect information about a population. In geologica sampling, a sound
understanding and knowledge of the geology of the area are key in understanding the nature of the spatia
vaiation of the data being sought and in designing a sampling srategy. This initid discussion introduces
broadly applicable principlesthat are the basis for more specific sampling procedures discussed later in this
chapter and is largdly based on the fundamenta work of Griffiths (1967) and Griffiths and Ondrick (1968).

In the context of evauating the potentid for AMD, the population to be sampled can be defined asthe totd
volume of overburden above the cod seam(s) to be mined. The objective of the sampling is to provide
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datisticaly vaid estimates of sulfur and carbonate content of the overburden population. The sulfur and
carbonate contents represent measured variables. A variable is a quantity that can assume any of a set of
vaues. Accordingly, we are interested in learning about the quantity, distribution and magnitude of the
vaiability in the data collected for these or any other variables of interest within the population under sudy.
The greater the degree of variability, the greater the number of samples that are generaly needed to
adequately characterize a Site.

We are usudly concerned with the total volume of overburden overlying the cod seam(s) to be mined; this
isreferred to as the existent popul ation. However, usudly only part of the existent population is actualy
available for sampling. The available population isthat collection of dements that is readily accessble and
usudly sampled. If the avallable populaion represents the existent population and is sampled under the fairly
stringent requirements that will provide random samples, we will expect to get results that will adequately
describe the exigtent population. One must invest enough time and money into the sampling program to
ensure that the data obtained are reliable and that the interpretations and conclusions based on the sampled
available population will apply to the exigent populaion. Obvioudy, any sampling plan that rdieson asingle
random (drill hole) sample of coa overburden will yield only one mean value for each variable measured,
which is unlikely to be representative of the entire overburden population. However, compromises in
sampling are often made, resulting in data that are of limited vaue.

As noted above, a sampling procedure that yields random samples should be followed. Random sampling
means that each item in the population has an equd chance of being sdlected. Random sampling is easy to
define, but is usudly difficult to achievein practice. A continuous variable, such as the amount of pyrite or
carbonate in overburden, which is randomly distributed, will have a frequency distribution that follows a
normal probability distribution modd. Randomsamples from such a population will provide best estimators
of the properties being measured. Because of the possible existence of bias in sampling, testing is needed
to see if random samples from a known distribution have been achieved. There are avariety of datistical
parameters used to test whether the samples collected fit the expected modd; these can typicaly be found
in genera books on datigticd andyss (eg. Griffiths, 1967).

For dretified geologicd populations, there are two basic sampling designs. Oneisto take individud samples
across dl layers, as in a channd sample. Sampling of an entire section of overburden via a drill hole is
equivaent to a channd sample of the entire overburden. Two important parameters of any measured
variable are (1) the mean or average and (2) the variance or deviation of the sample vaues around the
mean. One can enhance the degree of precision of the mean and variance of AMD-related variables by
amply increasing the number of samples, i.e. drill holes

The other sampling design for Stretified populations is dratified sampling, in which the mean and variance
are obtained for each identified layer and thewithin-layer and the between-layer datistica estimators can
be determined and compared. With gppropriate weighting to dlow for the thickness of the different layers,
an adequate estimate can be obtained for the entire layered population. There are other kinds of variation
that could be encountered, including a uniform or massive population and a patchy population. A patchy
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arrangement can be considered as a Specid case of alayered arrangement by considering each patch or
zone asalayer.

All the above supposes that the arrangement can be discerned at the outset. Sampling sedimentary rocks
without knowing the arrangement beforehand has led to the deve opment of asampling modd based on the
relative degree of variaion between and within samples. If you have ahomogeneous or massive population,
the relaive degree of variation between samples will be amall, but the variation within sampleswill be large.
If you have a poorly developed dratified population, the variation between sampleswill be moderate, and
the variation within samples will dso be moderate. If you have a well-dratified population, the variation
between samples will be large, but the variaion within samples will be smdl.

RATIONAL STEPSIN SAMPLING DESIGN

Sampling in ageologica context can be achieved through a number of generic sampling plans or sampling
designs. Theseinclude multi-stage or hierarchicd sampling, in which alarge sample unit such as an outcrop
or drill coreisfurther subdivided into smaler sample specimens, and these in turn are reduced to the fina
samplefor laboratory or other andysis Othersindude: composite sampling, in which anumber of individud
samples are combined to yield an average vaue; channel samples (including drill core samples), in which
an entire section of overburden is sampled at one time and then further subdivided into subsamples; and
draified [gratified random] samples, in which [random] samples are taken within and between dratigrgphic
units. There is dso duster sampling, in which sampling is redtricted to one or a few particular areas of
interest (Griffiths, 1967).

Itisgenerdly preferableto do the exploratory drilling first. This prdiminary drilling enables the determination
of the number of minegble cod seams, maximum and minimum overburden thicknesses (cover heights) and
the laterd extent of the various lithologies. This information can then be used to better locate the number
and depth of overburden holes to be used for overburden sampling and geochemica andysis. This should
yield avdid representation of the lithologic and geochemica variation and the degree of wegthering within
the Ste. If this research and exploration is done prior to drilling, it islesslikely that additiona holeswill have
to be drilled later in the permitting process. Such a preliminary or reconnaissance sampling program helps
to determine the find sampling scheme, both in terms of the number of samples and drill holes, and how they
are to be collected. This two-stage process helps to ensure a reasonable degree of confidence that the find
sampling will be representative of the geologica population under study (Griffiths, 1967). It is as equaly
important to know and to document the quality of the data collected (see Appendix A).

Site-gpecific factors should be used to determine the spatia dendity of an overburden drilling program. The
overburden holes must be located within the limits of the proposed mining area. Mine size and layout are
aso important. A long narrow Ste may require more drill holes for an accurate characterization than amore
rounded Ste of smilar acreage. Mining method and depth of cover will dso impact the drilling dengity. If
only shdlow cover is to be affected, drill holes in high cover will not accuratdy reflect the overburden
quality. Depth of the weathered zone, topography, dratigrgphic variations, and geochemigtry will aso affect
the number of drilling locations, as discussed in Chapter 2 and in Brady et d. (1988). Some holes must be
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located at maximum highwall conditions, and the holes must represent dl of the strata to be encountered
by mining. Other holes should be located under low and average cover conditions to provide representetive
sampling of the overburden where zones may be missng or may have been dtered due to surface
wesathering (Tarantino and Shaffer, 1998). Exploratory drill holes dso may indicate Sgnificant facies changes
across asite, which would need to be delineated by the overburden andlysis holes.

SAMPLING METHODS

Sampling of overburden materid was outlined in greet detail by Noll et d. (1988). Overburden materid is
geneardly sampled by drilling (mainly ar rotary or core drilling) or channed sampling. Channel sampling
(manud collection of rock samples without adrill rig) is conducted & fresh expasures of the overlying srata,
generdly dong a highwal. The advantages and disadvantages of various sampling techniques ong with
remedies for problems associated with each sampling type are summarized in Table 6.1.

Air Rotary Rig: Normal Circulation

Air rotary drilling is probably the most common method of sampling overburden. Drilling in this manner
breaks the rock into smal fragments and uses air to blow the rock chips to the surface where they are
collected. The rock chips are bagged and the depth interva sampled is determined. The most common
pitfal with normd drculaion ar rotary drilling is thet the individua samples of stratum can be contaminated
by an overlying sample zone as the rock chips are blown up the annular space of the drill hole. Thereisa
lag time between drilling aunit and when it is sampled at the surface, caused by the trave time of the rock
chips. This becomes especidly troublesome as the depth increases and/or when areatively thin potentidly
acidic unit is encountered. However, periodicaly hating drilling and purging the rock chips from the hole
can minimize such problems.

Therock chipstraveling in the annular drill hole space can didodge loose particles from an overlying source.
Care should be taken to stop the downward progression of the drill stem after each interva has been
sampled and to alow any loose particles to blow out prior to continuing downward. Contamination of the
sample can aso occur at the surface due to the pile of gected materid that forms near the drill hole. These
piled materids, if not removed during drilling, can dough back into the open hole and the chip sream. This
can be avoided by shoveling the materias away from the hole during the period when drilling is sopped to
blow out the hole. Another option isto add a short length of casing to the top of the hole after the upper
few feat have been collected. Samples are collected by placing ashove under the chip stream. Care should
be taken to clean the shove of any accumulated materids from previous usage or sampling. This is
particularly important in sampling of wet test holes where the gecta conast primarily of mud. Before drilling
the overburden hole, the driller should be instructed to dso clean the dust collector hood to remove any
accumulated materids that may didodge and contaminate the samples being collected.

Air Rotary Rig: Reverse Circulation

Thistype of drill rig isless commonly used as a drilling platform for the collection of overburden samples
than normd dcrculation rigs, primaily because of avalability. A reverse drculaion rig uses
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Table 6.1. Comparison of Overburden Sampling Techniques

area); getting fresh unweathered samples
and a vertically continuous sample of the
entire strata may require backhoe or
excavator; dangers associated with
highwalls, sampling and weighting
problems due to breaking resistance.

Sampling Advantages Disadvantages Remedy
Type
Air Rotary | Very common; drill rigs Potential for cross contamination problems | Halt drilling and purge rock
(Normd readily available; fast and | from intermixing; difficult drilling spail, till | chips from hole; use
Circulation) |inexpensive; lesssample | or refuse; lack of data regarding fracture | reverse circulation
processing (crushing) systems; and difficulty in determining air rotary for drilling spoil,
than core drilling. exact elevation of specific lithologic units | till or refuse.
and perched water zones.
Air Rotary | No cross contamination Less common than normal circulation air
(Reverse problems; cleaner and rotary; drill rigs may not be available.
Circulation) | faster than normal
circulation air rotary, does
not need to be stopped to
blow out hole; excellent
for unconsolidated
materials; less sample
processing than core
drilling.
Diamond Provides a continuous More expensive due to drilling time and Use as a secondary means
Core record of the lithology not | sample recovery and preparation of data collection to isolate
readily available from rock | (crushing); problems with core loss. previoudy identified
chips; little chance of problem zones, or as a
cross-strata contamination primary sampling tool in the
of lithologic materials. area of the codl, i.e. the
interval 5 feet above and
below the coal horizon.
Auger Limited depth and great potential for cross | Use for unconsolidated
contamination and intermixing. homogeneous strata only;
i.e. glacia till or uniform
spoil or refuse.
Channel Limited to active or abandoned sites with | Limit to supplement air
Sampling exposures; not always representative; rotary or diamond core
(Highwadll) (lithology different from proposed mine data; get fresh samples

only.

adouble-wdled drill sem through which water or air isforced down the outer section of the drill sem and
the cuttings/chips are forced up the inner section of the drill sem. The cuttings and water or ar are brought
into a separator and dropped near the rig where the samples can be collected. The samples are isolated
from contact with overlying drata, so this type of drilling offers a much cleaner and quicker means of
obtaining overburden samples. The drilling does not need to be stopped to blow out the hole. If water is
employed in the drilling process, the materids are d o washed free of the fine dust coating that accumulates
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on the chips during drilling with air. This dlows for much easier identification and logging of rock type than
isthe case for Norma Circulation rotary rigs.

Diamond Core

Core drilling is dso acommon exploraion technique and is an excellent method of sampling the overburden,
provided thet core recovery is essentidly complete. Asarule, core drilling improves the vdidity and qudity
of rock samples compared to air rotary. Diamond core barrels can be used on both types of rotary drilling
platforms. Coring provides a continuous record of the lithology present with little chance of cross-drata
contamination of lithologic materids and can provide the geologist with more information than can be
obtained by the collection of rock chips (cuttings). Cores provide a better overdl view of the lithology
underlying a proposed site by providing the geologist with the ability to judge rock color, gross mineralogy,
grain szeftexture, foss| content and relative hardness. Fracture zones and any associated mineraization can
be evauated in condderable detall. Thistype of information is not dways readily available from rock chips.
Although a core provides an uncontaminated and better source of reliable lithologic data than air rotary
drilling does, coring is very time consuming and costly, especidly if the entire overburden sectionisto be
sampled by this means. Diamond cores can be used as a secondary means of data collection to isolate
previoudy identified problem zones, or as a primary sampling tool in the area of the cod, i.e. theinterva
5 feet above and below the cod horizon. The entire core section must be collected and processed for
andysis to ensure representative sampling. Successful coring is mostly dependent upon the experience of
the on-gite geologist, project engineer, or driller.

A problem that can occur with coring is core loss. This normaly occurs when encountering mine voids or
solution channds, but is aso acommon problem in the first 10 feet (3 m) or so of unconsolidated soil and
rocks and in the trangtion through weethered rock into competent rock. Core recovery on the order of only
50 to 60% or less is not unusud for such materid. When drilling is done in the unweathered zone
(sometimes indicated by an abosence of iron staining), core recovery gpproaching 100% is the norm rather
than the exception.

When coring the cod, it is advisable to use a core barrel long enough to core the entire thickness of the
cod. It is preferable to have a nearly empty core barrel containing only 6 to 12 inches (15 to 30 cm) of
overburden, and a most one that is not more than 20% full when first encountering the cod. The smal
amount of overburden aids in determining if the entire cod section has been sampled; i.e., knowing the
garting and ending points of the cod. It dso helps protect the cod from being crushed by the ram when
extracting the cod from the core barrel (Persond Communication, Clifford Dodge, Richard Beam, William
Marks).

Begdes actud core loss encountered while drilling, drilling data can aso be lost due to the improper
handling of the cores. Common problems include placing cores in the core boxes in the wrong order or
upside down, and damage caused to the core during handling and shipping.
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Augering

Auger drilling is not recommended for genera overburden sampling. It istypicaly used for unconsolidated
or highly weathered materias. The auger lifts the materias on the auger screw. The potentid for
contamination is high in that the materid being lifted isin congtant contact with the overlying stratum, thus
providing for intermixing. However, augering can be successfully used in homogeneous materias such as
gladid till and/or old mine spail.

Channd Sampling (Highwall)

Samples can be collected directly from an open source, such as ahighwall within or near a proposed permit
areq, for overburden andysis provided severa cavests are understood. First, samples might be westhered
to such adegree that they do not represent the strata to be mined. Second, the availability and accessibility
of highwalls limit highwall sampling. Therefore, care should be taken to collect only unwesthered samples
from the highwalls in close proximity to and representative of the propased mining. It is recommended that
open source (outcrop, highwall, etc.) samples be used primarily as a supplement to drilled samples.

Overburden Sampling Practices

The ADTI Prediction Work Group surveyed various sates to determine how overburden sampling is
practiced in the eastern cod producing states. The results are given below. These practices have, in large
messure, governed overburden sampling frequency. All of the States surveyed, except Virginia, have some
minimum spatid digtribution requirements for overburden andysis that must be supplemented upon request
from the reviewing professona (). Even though the states have stated minimum spatid requirements, few
new permits are conddered with data supplied by the applicant that only meets the minimum requirements.
Table 6.2 gives minimum overburden sampling requirements by State.

In addition, dl of the gates have minimum requirements for vertical sampling intervals. The most commonly
submitted sampling data is collected from rotary drill cuttings and core splits, however, dl the states will
accept fresh highwall samples to extend existing permits. Table 6.3 gives minimum overburden interval
sampling requirements by State.

SAMPLING DESIGN CONSIDERATIONS AND GUIDELINES
Relevanceto Acid Base Accounting

A criticd factor in the use of Acid Base Accounting (ABA) methods (see Chapter 4) isthe suitability of the
overburden sampling scheme for extrgpolation to mine scade. While generdized rules of thumb are being
used, no consstent scheme based on ether theory or empirica evidence exists for determining the number
or spatid digtribution of samples required to characterize a given Ste for ABA. Horizontd drillhole spacings
that will provide reasonably accurate ABA estimates are still being debated. In current practice, estimates
of NPIMPA are obtained from relaively sparse drillhole sample densities, with one sample representing
every 2-5 verticd feet (Tarantino and Shaffer, 1998). Core and rotary samples are normaly employed. For
example, West Virginiarequires that NP and MPA data be derived from core drilling samples, but does not
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gpecify the minimum number of cores. Pennsylvania has found that the 6 to 7 holes it typicdly requires per
100 acresis generdly sufficient to accuratdly predict whether a site will produce acidic or dkaline water
(Brady et al., 1994).

As mentioned in Chapter 1, the collective experience of the ADTI Cod Sector is that Pennsylvania's
experience can be generdized though ste-pecific criteriamay require more intense or less intense sampling.
Also, ABA should not be used done for predictions; it is but one of severd tools in the mine drainage
prediction toolbox. For example, Pennsylvaniarecognizesthat if sufficient information exists from adjoining
gtes, no overburden analysis at dl may be necessary. Further discussion on this subject can be found later
in this chapter in the section on Stratigraphic Congderations-Laterd Variation and Number and Didtribution
of Boreholes.

Table 6.2. Minimum Over burden Sampling Requirements

STATE

MINIMUM REQUIREMENT

AL

Two sample point locations on small permit properties (<10 acres). One sample point location per 160
acres, or one per property quarter on larger permits.

IL,IN

A minimum of one sample point required. Adjacent mine sampling points can be submitted to supplement site specific
data. In general, accepts any information submitted by the applicant, considers the quantity, quality, and
consistency of the overburden analysis for the permit area, and then makes a decision on whether a reasonable
characterization of the site is possible based on the spatia distribution provided.

KY

Eagtern KY —sample points should be distributed on a staggered, ¥4 mile grid pattern. Western KY—
sample points should be distributed on a staggered, ¥2 mile grid pattern.

MD

One sample point location per site regardless of size.

OH

One geologic test hole for each 25 acres, or fraction thereof, of coa stripped. At least one hole must be
located at the point of highest elevation. Holes must be located as far apart as the size and shape of the area
to be mined will alow and must be drilled to the bottom of the material underlying the lowest coal seam to
be mined. Additiona test holes may be required in order to verify the submitted data. Core drilling may be
required if it is determined that site conditions warrant more precise information. The applicant may request
awaiver for the number of test holes prior to application submittal if equivalent information is available.

PA

Two sample point locations per site regardless of size. However, a rule-of-thumb of 2 holes per site plus 1
hole per 100 acres is usually requested. On average, most applications contain 6-7 overburden analysis hole
for every 100 permit acres. These requirements may be waived if it can be demonstrated that equivalent
information is available to characterize the AMD potential of the site.

TN

One sample point location per 60-100 acres for permits to mine coa considered a high risk for AMD, based
on past experience. One sample point location per mile in coa considered alow risk for AMD.

VA

In general, accepts any information submitted by the applicant, considers the quantity, quality, and
consistency of the overburden analysis for the permit area, and then makes a decision on whether a reasonable
characterization of the site is possible based on the spatia distribution provided.

\WAY

At least one hole in low cover and one in high cover. Otherwise, WV permits geologists to use their best
professional judgement when determining the number of ABA boreholes required for a permit. In generd,
accepts any information submitted by the applicant, considers the quantity, quality, and consistency of the
overburden analysis for the permit area, and then makes a decision on whether a reasonable characterization
of the site is possible based on the spatial distribution provided.
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Table 6.3. Minimum Overburden Interval Sampling Requirements

STATE

AL

INTERVAL SAMPLING REQUIREMENTS
One sample every 5 feet or at a significant lithologic change, whichever comes first. Sample compositing
is not allowed. AL reserves the right to request core drilling in permit areas where there are known acid-
forming lithologic units.

IL

One sample required for each lithologic unit. A composite sample is acceptable for thin, adjacent units. A
composite or multiple samples are acceptable for units that exceed 5 feet.

IN

One sample required for lithologic units 0.5-5 feet thick, two samples recommended for strata 5-10 feet
thick, and, for strata more than 10 feet thick, one sample every 5 feet or at a significant color or lithologic
change, whichever comes first.

KY

One sample for suspected acid-producing strata and coal seams less than 1 foot thick; smaller strata and
seams may be grouped with next lower unit. One sample within the lithologic unit for strata 1-5 feet thick.
Two samples for strata ranging from 5-10 feet thick. One sample every 5 feet for strata more than 10 feet
thick.

MD

For rotary drill cuttings, one sample every foot or at a significant lithologic change. For core samples, 3
foot composite samples or at a significant lithologic change.

OH

Each stratum and coal seam must be analyzed. In practice, sampling intervals greater than 20 feet are
discouraged. Requests for waivers from overburden analysis must be submitted prior to application and
must document that equivalent information is available.

PA

One sample per 3 vertical feet or at alithologic change plus 1 foot above and below the coal bed. Rotary
drill samples must be collected in 1 foot increments that then can be composited up to 3 feet. Core sample
composites limited to 3 foot increments regardless of unit thickness; an equal portion of the entire core
length must also be crushed and split for analysis.

TN

One sample every 3 feet or a a significant lithologic change, whichever comes first.

VA

Sobek, et. al. (1978) protocol: one sample every 5 feet for sandstone units; one sample every 3 feet for
other lithologies.

WV

One sample every 5 feet or at a significant lithologic change, whichever comes first. Sample compositing
is not allowed. Sobek et. a. (1978) followed as the official guide (one sample every 5 feet for sandstone
units; one sample every 3 feet for other lithologies). Permit geologists also refer to NPDES, DMR
discharge data, and other historical data from adjacent operations in the same seam.

Inherent spatid variation in NP and MPA can be caused by dratigraphy, lithology and/or the effects of
wesethering. The critical issueis, therefore, the sampling strategy and sampling density required to provide
adequate ABA assessments. Also, within amine setting, compaositiona variaions exist not only between rock
facies but also within individud facies, where spatid varigtions exist both in vertical sequence and in latera
extent (Renton et al., 1989).

Asaresult of spatid variationsin geologic facies, the geochemigtry of cod and cod overburden materias
disolay some degree of order over large distances, and overburden samples from different drilling locations
need not be treated as being statisticaly independent (Caruccio and Geldd, 1982; Tarantino and Shaffer,
1998). The development of acid production may be caused by either the distribution of high concentrations
of pyrite or by the paucity of carbonate minerds capable of neutraization. The possbility that pyrite may
display a nugget effect requiring very smal sample dendties has been raised based on the commonly
asymmetric univariate sampling distribution of rock sulfur concentrations (Rymer and Stiller, 1989). Some
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gte-gpecific information on the spatia covariance of sulfur and carbonate isincluded in Appendix B (New
Allegheny Mine, West Virginia Case Study); see also Donovan and Renton (1998).

Geologic Considerations Involved in Sampling Design

Numerous geologic factors affecting mine drainage prediction were discussed in Chapter 2 of this volume.
Severd of these geologic factors affect sampling design, including surface weethering and facies variations.
In addition, proper correlation of dratigraphic unitsis an essentia congderation in sampling, because there
are anumber of legitimate geologic reasons why there can be sgnificant variations in sulfur content, NP, or
other parameters in samples of the same dratigraphic interva from different drill holes. Without proper
correlaion, one cannot be certain of the laterd distribution of rock types, cannot design special handling
plans, cannot accurately design a mining plan, and cannot accurately determine dkaline addition rates.
Miscorrelation of cod seams or other gtratigraphic units introduces an unnecessary source of variaion and
increases confuson and complexity in making accurate predictions of mine drainage qudity.

The geologic consderations in sampling design affect both laterd variations (i.e. how many drill holes at
what spacing) and vertica variaions (i.e. how degp must the drill holes be; sampling interva within lithologic
units) in obtaining representative samples of the overburden drata at a mine gte. A description of these
geologic condderaions in sampling design, with examples from drill holes, is presented below. Additiona
information is contained in Chapter 2.

Surface Weathering Effects

Wesethering resultsin the near-surface remova of carbonates and sulfide minerds; carbonates by dissolution
and sulfides by oxidation. This zone is usudly recognizable by the ydlow-red hues (indicative of oxidized
iron) of the rocks. Generdly, in the unglaciated portions of the Appdachian Plateau, the intensely weethered
zone extends to 20-60 feet (6-20 m) below the surface. Chemica weathering of bedrock is enhanced by
physca factors such as dressrdief fracturing on hill dopes and bedding-plane separations due to
unloading. Clark and Ciolkosz (1988) have suggested that periglacia conditions during the Pleistocene
contributed to the shattering of near-surface rock. Shattering of rock increases surface area and thus
accelerates weathering. These processes acting together dso increase the permeability of the weathered
zone. The ground water associated with the weethered zoneis dilute, in terms of dissolved solids, because
readily soluble products have been removed by chemica weathering (Brady, 1998).

Chemicd weathering is do influenced by lithology. Coarser, more permegble lithologies may dlow
oxidation to extend to agreater depth. Kirkadie (1991) measured the depth of the highly weethered zone.
He noted that the maximum thickness of highly weathered rock was 28.9 feet (8.8 m) in sandstone, and
only 11 feet (3.3 m) in shae. His observations were based on the physica gppearances during drilling and
may not directly correlate with chemica weethering.

Thisweathered-rock zone exigts throughout the Appaachian Plateau. It is difficult to determine precise rules
of thumb for the depth of leaching of carbonates and oxidation of pyrite because these mineras can only
occur where they were originaly present (before weethering). If no pyrite was ever present within a
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dratigrgphic horizon, its absenceis not due to weethering, but to the fact thet it was never therein the first
place. The sameistruefor calcareous rata. Smith et d. (1974) investigated the effects of westhering on
the Mahoning sandstone in northern West Virginia, and noted a* pyrite-free weethered zone gpproximating
20 feet (6 m) of depth below the land surface” Singh et d. (1982), in addition to noting the pyrite-free
zone, dso noted aloss of dkdine earth dements within 20 feet (6 m). Brady et d. (1988; 1998) in astudy
of the upper Kittanning and lower Freeport overburden in Fayette County, PA noted a smilar loss of
calcareous rocks in the near-surface weathered zone to about 6 m (20 feet) depth. Hawkins et d. (1996)
noted weathering to depths of 30-60 feet (10-20 m). Brady et a. (1998) concluded that rarely do NPs
greater than 30 tons of CaCOs per thousand tons or sulfur greater than 0.5% occur within 20 feet (6 m)
of the surface in Pennsylvania. This conclusion can probably be generdized for the entire region, based on
the fact that shdlow groundwater chemistry, which represents water associated with the shdlow wegthered
zone, had low concentrations of ions regardless of geographic location (Brady, 1998).

An accurate knowledge of the extent (depth) of the weathered zone is important from an overburden
sampling standpoint. Overburden sampling must adequately represent both the weathered zone and
unweethered bedrock. Thiswill entall drilling overburden test holes at maximum cover to be mined and at
lesser cover. Drilling only maximum cover or only lower cover overburden holes will probably not
adequately define the overburden chemigry of the entire mine.

An understanding of the effects of weethering on the distribution of pyrite and carbonates is important in:
(1) accurately defining their stratigraphic digtribution within unmined overburden, (2) designing mine plans
to prevent post-mining problems, and (3) accurately predicting pos-mining water qudity. An understanding
of the weathering profileis just asimportant as understanding the lateral and vertica distribution of strata
and their pyrite (sulfur) and carbonate content. Adequate characterization of the Ste is necessary to predict
post-mining water qudity. It isdso necessary for designing pollution prevention measures such as cdculaing
dkaline addition rates and designing specid handling plans.

Facies Changes and Other Paleodepositional / Paleoenvironmental Consider ations

Rather abrupt changes in overburden lithology can occur due to facies changes, where laterd variationsin
depositiona environments result in contemporaneous deposition of an array of different sediments. For
example, in modern coastal zone, barrier-idand settings, a transition from beach and dune sands to back-
bay brackish black mudsto dluvid channd sands may be seenin alaerd distance of amileto severd miles
inland from the ocean. A smilar array of lithologic units occurs in Pennsylvanian Age cod-measure
sedimentary rocks where the overburden above a cod seam may vary from sandstone to shale within a
amilar laterd disance. This becomes asgnificant sampling design problem. Generdly, a sufficient number
of initid exploration and overburden analyss holes must be drilled in order to delineste the facies changes
and obtain representative samples of the different lithologic units.

Paeodepogtiond factors may dso affect the vertical distribution of sulfur within a lithologic unit, and
consequently have an effect on representative sampling within adrill hole. Numerous studies on the verticd
distribution of sulfur and cod have been done for cods around the world, encompassing various geologic
periods and ranges of cod rank. Increased sulfur at the top and bottom of coa seams appearsto be the
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rule rather than the exception, according to Brady et d. (1998) who cite numerous references for coal's of
the Appaachian Basin. Reidenour (1966) has shown that distribution of sulfur in the Lower Kittanning cod
of western Pennsylvania may be sgnificantly affected by loca paleotopographic variations, hypotheticaly
atributable to preferentiad depostion of pyrite in channds whose location in the paleotopograhic lows was
controlled by differentia deposition and compaction of peat. How to address such verticd variationsin
sulfur in sampling design is addressed later in this chapter.

Large-scde pdeoenvironmentd factors influence the digtribution of pyrite and carbonate minerds within
overburden strata and consequent mine drainage quality, as described in Chapter 2. The array of marine,
brackish, and freshwater paeoenvironments of overburden drata for specific cod seams is typicaly
mapped at the regiond scale from fossl assemblages (e.g. Williams, 1960), and thus may not be particularly
relevant to sampling designs for a Sngle cod mine ste. However, information about laterd variaionsin
sulfur content gained from studies concerning these pa eoenvironments may be useful in determining how
many drill holes are necessary to obtain representative samples and characterize variations in overburden
geochemidry a amine ste. For example, Williams and Keith (1963) found regiond variaionsin totd sulfur
content of the Lower Kittanning Cod in western Pennsylvania, where areas with marine overburden were
higher in sulfur than freshwater pa eocenvironments. Hornberger (1985) conducted a preliminary sampling
sudy of channd samples of the Lower Kittanning cod and overlying shde in western Pennsylvaniain order
to test the hypothesis that variations in coa mine drainage production could be attributed to systematic
vaiations in pyritic sulfur content and the abundance of the framboidd form of pyrite between
pa eoenvironments. Three widely spaced channe samples were collected from the active highwal in each
of four surface mines, two from a marine palecenvironment and two from a freshwater pa ecenvironment.
While the mean totd sulfur and pyritic sulfur content of the freshwater mines was somewhat |ess than that
of the marine mines, an Andysis of Variance (ANOVA) showed that the largest percent of the variance in
pyritic sulfur was due to the high variability between channd samples within the mines. (Additiond datafrom
that ANOVA dudy is included in a case study in Appendix B). Another example of high within-mine
variability was found by Rooney (1997, persond communication), who used the Pennsylvania Department
of Environmenta Protection (PA DEP) overburden analysis database to compare NP/MPA ratios for three
drill holesfrom each of three minesin freshwater, brackish, and marine paeoenvironment (nine minestota).
The brackish mines generdly had lower NPIMPA ratios than the freshwater and marine mines, indicating
agreater potentia for AMD production, but the variability between drill holes within the same mineisvery
large for some of these mines. These examples indicate that it may take much more than three drill holes or
channd samples per mine in order to characterize patterns of sulfur content variations.

Stratigraphic Consderations-Lateral Variation and Number and Distribution of Boreholes

It isimportant to adequatdly represent any spatid lithologic variation by drilling enough boreholes. On an
ared basis, a four and one-hdf inch diameter core is only sampling approximately one four hundred
thousandth of an acre. The WV Surface Mine Drainage Task Force' s Suggested Guiddlines for Surface
Mining in Potentialy Acid-Producing Areas (1979) recommends that dl surface mining in potentialy acid-
producing areas be within 1 km (approximately 3300 feet) of a sampled overburden andyss hole or
highwall. Donaldson and Renton (1984) and Donadson and Eble (1991) indicated that although cores
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spaced up to 2 miles (3 km) gpart in the Pittsburgh cod were adequate to reflect mgor thickness and sulfur
trends, this spacing was not adequate for mine design. They felt that laterd Pittsburgh sampling a intervas
on the order of 1200 to 1400 feet (365 to 427 m), or less than 500 feet (152 m) for the Waynesburg cod,
aong with geodtaidtics, are necessary to determine small-scale sulfur content trends.

Predictions based on overburden andysis require that the drill holes analyzed be representative of the strata
present & aSte. The more variahility that exigts in the overburden strata, the more likely it isthet, for afixed
drilling dengity, the samples will not accurately represent the entire mine site. Increasing sampling dengty
is one option to compensate for such variability, but this aso increases drilling and anaytical costs. While
overburden sampling dengty is a criticd component of the prediction process, there are no generdly
accepted methods currently in use for determining the number or spatia didtribution of drill holes required
to representatively characterize mine Stes,

The geologic systems responsible for the depostion and adteration of the sediments and their chemical
quaity do not operate in a completely random fashion at the cubic centimeter level and, thus, do not
produce overburden samples that are Satistically independent (Tarantino and Shaffer, 1998). Although
there are exceptions, most of the geologic systems, especidly those that produce ca careous materid,
operate over large areas with some degree of order, and deposit laterally pervasive units (Caruccio and
Geidd, 1982). Laterd continuity has also been observed in high sulfur Srata. Facies changes can provide
vaidaionsin lithology and the degree of surface weathering can cause changes to the percent total sulfur and
NP over short distances. Therefore, it is imperative to know the ared extent of any dkaline or acidic
materid, high energy paleodepositiond environments (for example, channel sandstones), and the degree or
depth of weathering. Adequate exploratory drilling is essentid to the development of a representative
overburden sampling plan.

A recent sudy suggested that sulfur is not uniformly digtributed in a homogeneous fashion, but is digtributed
in dugters of hot spots smilar to large chips of chocolaein acake. If thisistrue, accuratdly determining the
mean percent tota sulfur of a particular stratum would be difficult, which could in turn lead to under-
predicting the potentid to produce AMD (Rymer and Stiller, 1989). However, concern over the clustering
effect neglects certain factors, one of which is that the concentration of tota sulfur a amine Site may not
be the criticd factor of whether or not AMD will be produced. Acidity produced in laboratory experiments
gppears only to be strongly related to percent total sulfur for sulfur vaues above 1.0 part per thousand with
acidity production being negligible for sulfur of lesser vaue unless there is a paucity of NP (Rose et d.,
1983). However, experience has shown that in the field, sulfur aslow as 0.5% (and possibly somewhat
less) can be a problem. As discussed e sawhere in this volume, the presence of sgnificant NP appearsto
be the more critica factor.

Another factor to consider isthat the tendency for the mean percent total sulfur at a Site to be skewed to
the right is probably just a naturd digtribution of data involving the plotting of a quantity where the left
boundary or minimum abscissais zero, and there is essentidly no right boundary. For example, most sulfur
vaues in cod overburden are less than 0.5%; arare few are as high as 10 to 20%. Pure pyrite has a
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percent sulfur of 53.4% (the maximum right-hand value). Thus, afew high values will skew datato the right.
Thisisacommonly observed distribution in geologic data (Koch and Link, 1980).

Current West VirginiaDivison of Environmenta Protection (WV DEP) regulaions require that a company
submit NP and MPA data collected from samples acquired from core drilling; however, no regulaions exist
asto the minimum number of cores. In some cases, pre-mining environmenta assessments have been made
based on data from asingle core.

Pennsylvania has grappled with overburden drill hole digtribution since the advent of overburden sampling.
The PA DEP basesits requirements on the mine-ste pecifics, if it is deemed necessary that the overburden
be drilled. A minimum of 2 to as many as 15 holes per 100 acres might be required per mine Ste (Brady
et a., 1994; Tarantino and Shaffer, 1998). The average number of holes for atypica dteis6to 7 holes
per 100 acres, with ahigh of 43 holes per 100 acres and alow of 2 holes per 100 acres.

A rule of thumb developed in Pennsylvania in the 1980s to determine a suggested minimum number of
overburden holeswas:

Number of Overburden Holes = (Number of acresto be mined/100) + 2

If this caculation resulted in afraction, it was rounded to the closest whole number. For example, 3 holes
were required for 143 acres, 2 holes per 49.9 acres, and 4 holes per 179 acres. The division factor for
hectares (ha) is 40.47 rather than 100. This method assumed that for mines where overburden andyss was
requested, at least 2 holes were needed to determine whether the drilling was representative. More recent
data from Pennsylvania show that the actud sampling density for ABA drill holesis greater than the rule of
thumb. A recent survey revealed that on average, there was one hole for each 15.5 acres (6.3 ha) of cod
removd for 38 dtes(Table 6.4). A amilar survey of 31 Smdl Operator Assstance Program applications
received in the 1993 cadendar year reveded that on average there was one hole for each 18.8 acres (7.6
ha) of cod removed, as shown in Table 6.5.

Table 6.4 Number of acres per overburden analysis (OBA) hole (Brady et a., 1994).

Number of Applications Coal Area Areaper OBA hole Number of holes per 100 acres (40.47
=38 acres (ha) acres (ha) ha) (rounded to next whole number)

Mean 435 (17.6) 155 (6.3) 7

M edian 303 (12.3) 119 (48)

Minimum 50 ( 20) 2.3 (0.9)

Maximum 172.5(69.8) 449 (18.2)

Standard Deviation 38.0 (154) 10.6 (4.3)

Table 6.5 Number of acres per overburden analysis (OBA) hole based on SOAP applications received
in 1993 (Tarantino and Shaffer, 1998).

Number of Applications. | Coal Area Areaper OBA hole Number of holes per 100 acres (40.47 ha)
31 acres (ha) acres (ha) (rounded to next whole number)
Mean 726 (29.4) 188( 7.6) 6
Median 55.0 (22.3) 157( 6.4)
Minimum 6.0 ( 24) 30( 12
Maximum 220(89.0) 535(21.7)
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| Standard Deviation | sa6(221) | 123( 50) |

The ranges in the data are due to a multitude of factors, such as stratigraphic complexity and shape of the
dteand availability of other prediction tools. The data gpply only to permit gpplications that had overburden
andysis data. Approximately 30 to 40% of Pennsylvanid's gpplications do not require submittal of
overburden analys's because of the availability of equivaent prediction data, including data from adjacent
mine Stes. A variety of geologica/geochemica clues can provide ingght into the presence of acidity- or
akadinity-producing materiads. Such clues might include:

Exploratory drill hole data, to determine the lateral and vertical extent of rock types.

Premining water chemidry in sorings, drill holes and monitoring or water supply wells completed in or
hydrologicdly rdated to the coa seams being mined. Both shdlow and deep aquifers should be
examined, but water from zones much deeper than the cod will probably not be useful. Asarule of
thumb, if dkaline water is present, akaline rocks are probably present.

Water qudity from adjacent mining sites within the same cod seam

Maps and studies of paeodepostiond environments

The extent of glaciation and the carbonate content of glacid drift or till, where present
The presence of burned out vegetation areas on adjacent mining aress

Sail surveys can provide information on the varigbility of the host rock the soil was derived from. They
aso provide some information on depth of weethering and carbonate content.

These clues can help define the extent and degree of variahility of the overburden and in some cases may
preclude the need for overburden andysis. Alternatively, where overburden andysisisindicated, these same
dataaso provide information necessary to locate overburden holes to adequately represent the entire Site
(Tarantino and Shaffer, 1998).

Vertical Sampling Intervals

All digtinct discrete lithologic units should be sampled separately. In the northern Appaachian basin, the
common lithologic unitsindude: sandgtone, limestone, shde (induding sltstone and daystone) and cod. The
composition of these units can range widely. For example, sandstones can have a ca careous cement and
shales can be cacareous or carbonaceous. Noll et d. (1988) use a somewhat different terminology for
these rock units. They divided overburden rock units into sandstone, mudrock, limestone, cod, carbolith,
intercalate, glacid till, and glacid outwash. The difference in the glacid units is thet glacid outwash is
dratified and glacid till is not. Sandstone must have over 50% sand-9zed (less than 2 mm diameter) quartz
particles. The term mudrock is broad and includes mudstone, siltstone, claystone, and shae. Limestones
are composed of at least 50% cdcium carbonate and should fizz aggressvely with 10% HCI. Carbolith is
any black or dark colored unit that contains 25-50% by weight carbonaceous matter (coa contains grester
than 50% carbonaceous matter by weight). This term includes bone and waste cod, as wdl as
carbonaceous mudrock. Intercaate is a unit which is composed of two or more rock typesthat are findy
interbedded. Because of the high degree of interbedding, individud units cannot be sampled separatdly. In
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other parts of the Appdachian Basin, this definition of lithologic units may have to be modified to dlow for
different units or conditions peculiar to a given geology.

The sampling intervd for indurated srata should not exceed 3 feet within lithologicaly consstent units,
according to Noll et a. (1988). Sobek et d. (1978) suggested that a sampling interva of 5 feet for
sandstones and 3 feet for other rock types was adequate, dthough larger intervals may be considered
adequate in various jurisdictions. Determining bregks in the sampling interva within monalithic units can be
somewhat subjective, depending on the experience of the geologicd professona. However, within
monolithic units, sampling bresks should occur where significant color, minerdogicd, or grain Sze changes
occur. Skousen et d. (1987) suggest sampling intervas as thin as 12 cm, especidly if they exhibit adarker
color (dark gray or black), which may be indicative of a high carbonaceous content. Sampling breaks
should aso occur at changes in sedimentary Structure (e.g., a change from a cross-bedded to a massive
sandgtone) and a zones of sgnificant fracturing or jointing. Location within the sratigraphic column can dso
determine the thickness of the sampling intervd (e.g., intendve sampling of the strata directly overlying and
underlying the cod). Some units commonly exhibit Sgnificant differencesin terms of sulfur values compared
to adjacent lithologically smilar srata. For example, when a sandstone unit rests directly on top of a cod
bed, the bottom few feet of that unit commonly exhibit much higher sulfur concentrations then the rest of the
unit (diPretoro and Rauch, 1988; Donddson et d., 1979). Minerdogica changes, inclusions (e.g., coa
gpars, clay or Sderite nodules, clay veins, etc.), secondary minerd deposits (e.g., fracture filling by cacite
(CaCOg), and wesathered zones should dl influence the sampling interval.

There are severd criteria for determining the sampling intervas of overburden. The required sampling
interva for unconsolidated materid (i.e., mine spail, cod refuse, glacid deposits, and adluvium) should not
exceed 5 feet in some jurigdictions, while it can in others (such as up to 10 feet in Texas). Additiond
sampling breaks within these units are subject to the variability of the materid and the experience of the
geologic professond. However, @ the very least, undtered portions should be separated from weethered
or leached portions. It should be noted thet it is neither pragmatic nor economicaly feasible to bresk
samples out a each minor change. The sampling and compositing of the overburden should be conducted
S0 as to minimize the number of samples to be tested, without Sgnificantly decreasing the qudlity of the
overburden characterization. As an example, the mixing of thin high sulfur content strata with adjacent srata
can lead to acondusion that amuch larger volume of materid must be specidly handled then if the sampling
intervals were fine enough to resolve the smdler volumes of problemétic strata.

The opposite effect can be observed in Table 6.6. In that example, if one assumes (for the sake of
argument) that 0.5% sulfur is the threshold above which a unit is consdered acid producing, a stratum with
greater than 0.5% sulfur would be diluted to less than this value if it was combined with an adjacent low
sulfur stratum. Dilution would cause one to under-predict the acid producing potentid. For example, if the
bottom-maost unit on Table 6.6, a 1 foot thick black shale with a 2.34% sulfur content, was combined with
the overlying rock, a sandstone with 0.01% sulfur content, a composite sample with a mideading average
of 0.48% would be produced. This fine balance lies at the center of controversy between regulatory
agendies and mining companies. While there are anumber of statigtically-based schemes of sampling, inthe
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find anayss, the development of representative sampling is dependent on the professond skill of the
geologist who obtains the samplesiin the fidd.

Therefore, sampling intervals should not be increased to the point that there isno clear visud resolution of
the individud sratigraphic units. A worst case scenario would be to smply collect one composite sample
for an entire drill hole. In most cases, the percentage of sulfur and NP would be very low, but thiswould
not mean that there were no sratawithin the drill log that have significant amounts of sulfur and NP.

Table 6.6. Compositing of too many 1-foot (0.3 m) intervas can under-predict acid producing potentia
(Tarantino and Shaffer, 1998).

Thickness (ft.) Total %S Lithology Avg. %S of Interva
1 0.01 sandstone 0.48
1 0.01 sandstone
0.59
1 0.01 sandstone
0.79
1 0.01 sandstone
1.18
1 2.34 black shale

Representative Interval Samples

Noll et a. (1988) do not discuss the subtle complexity of ensuring accurate, non-biased, representative
samples. They do stressthat it iscritica that 100% of the sample volume be included for a sample interva
for compogiting purposes, because of possible geochemica variations within the three-foot (0.9 m) interval.
The ultimate sample Sze used in ABA assessmentsis 1 g for totd percent sulfur and 2 g for the NP test.
Therefore, assuming no loss or contamination of the zone being sampled, only 1 to 2 g are tested out of a
25,550 g sample (based upon a4.5 inch (11.4 cm) diameter drill bit and usng an average rock density of
170 Ibs/ft® (2,723 kg/m®)). This means that only one out of every 10 billion g contained in a 3-foot interval
over an acre is being tested for percent sulfur. Fortunately, sample preparation procedures have been
developed to obtain representative smal sample diquots.

Sobek et d. (1978) suggested that a5 inch (12.7cm) section out of the middle of a 1 foot interva of core
can be assumed to be representative of thet interva. The best way to ensure representativenessis to sample
the entire interval. To avoid bias, one of the following two methods is recommended:

The entire core interva having the same log description as described above, whether it beal, 2, or 3
foot (0.3, 0.6, or 0.9 m) interva, must be entirely crushed and reduced in Sze via ariffle or rotating
splitter until a suitable Sze fraction remainsfor andyss.

The entire core length should be bisected longitudindly using a core-gplitter or saw. One-hdf of the core
isretained for historical records and possible additiond testing. The other hadf of the coreis crushed for
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the entire sampling intervd. After crushing, the entire sample is divided and reduced in Sze via ariffle
or rotating splitter until a suitable sze fraction remains for chemica andyss.

There are three reasons for splitting and crushing samples:

1. Toreducethe bulk (amount) of a geologicd sample.

2. To provide an unbiased datigticaly representative sample of smdl quantity, which can be used in a
laboratory for ABA or leaching tests

3. Toreduce samplesto a amdl sze fraction that maximizes surface area.and minimizes the andyticd time.

Guiddinesfor Drilling and Sampling Overburden and Coal at Surface Mine Sites

Thefollowing are generd guiddines for incorporating geologic condderations in sampling design to account
for laterd and vertica variationsin geochemica parametersin an attempt to collect representative samples
of the srata The firgt four guideines for determining the number and spacing of overburden andlysis drill
holes on amine ste are largely based upon the common sense gpplication of geologic principles. The last
gpatia congderation is more difficult to describe or quantify because it attempts to answer the question of
how varigble is the minerdogy of samples from the same drata within the mine ste or from the same
dratigrgphic interval and resultant mine drainage quality at nearby mine sites. Usudly, this question cannot
be answered until some overburden andyss holes have been drilled and the sample results have been
evaduated, and that evaluation may require the use of geogtatistica tools.

A sufficient number of exploratory drill holes should be drilled throughout a proposed mine Site, prior
to determining the number, locations and depth of overburden andysis drill holes. These exploration drill
holes are routindly used on most mine stes to determine the number and thickness of minesble cod on
gte (i.e. cod reserves), and the maximum overburden thickness that is economicdly practica (i.e.
dripping retio). It is very important to perform ageologic evauation of these exploratory drill holes (i.e.
drill cores and/or rock chips) to corrdate coa seams and other stratigraphic units throughout the Site,
and to determine if there are Sgnificant variaionsin lithologic characteridtics or thickness of dratigrgphic
unitswithin the Ste.

The firgt congderation is determining the number and spacing of overburden analysis drill holeson a
proposed mine Steis related to mining engineering and geology. Mogt surface mining Stes are desgned,
operated and reclaimed in a series of mining phases. At least one overburden andlysis drill holes should
be located within the initid mining phase. The placement of the other holes should consder the spatid
configuration of the mine Ste and ggnificant variations in dratigrgphy and lithology that will be
encountered in the progression of mining phases.

At least one of the overburden andysis drill holes should be located a the maximum highwal height
(maximum cover) and at least one of the overburden analyss drill holes should be located & much
lesser cover, in order to evauate surface weethering effects. (Thisis not intended to imply thet two drill
holeswill be sufficient to characterize geochemicd variability of any mine ste) In the areas of the mine
gtewith low cover, the weethered-rock zone may be more than half of the overburden. For example,
athick shde within this weathered zone may have the top 25 feet fortuitoudy leached of most of the
pyritic sulfur content, but aso be leached of most of the carbonate minerds.
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If facies changes occur within the mine Ste, a sufficient number of exploratory or overburden andyss
drill holes are needed to delineste the pattern of facies changes (i.e. paeoenvironmental map)
throughout the site. Within each of the mgor stratigraphic sequences rdaing to the facies changes (eg.
freshwater cacareous shae replaced by thick channel sandstone overburden), a sufficient number of
overburden analysis drill holes should be located to obtain representative samples of the lithologic
differences.

A sngle overburden andlysis drill hole isadmaost never sufficient to characterize the overburden qudity
of even the samalest of proposed mine sites, because it tells nothing about varigbility within the mine Ste
and whether that Single sampleis representative.

The case sudies of geodatidtica techniques that follow provide examples of how variability of geochemicd
parameters can be quantified within and between mine gtes. In areas of high laterd varighility of tota sulfur
contents or other parameters of interest, it may be necessary to drill many more holes than implied from the
preceding four guiddines, in order to adequately characterize these patterns of variation and obtain
representative samples.

GEOSTATISTICAL APPROACHES

A large variety of satistical and quantitative techniques are available to evauate data obtained from
overburden sampling and to extrapolate the resulting information to the population represented by the
samples. Basic datisticd measuresinclude the average or mean vaue of a measured variadble or variables
and the variance or the degree of variaion around the mean. Statistical procedures in use in geologica
studies include frequency digtribution andlysis and andysis of variance procedures. More sophigticated
techniques specificaly designed to evauate spatidly digtributed varigbles, such as variography, kriging, and
three-dimensona modeling, are dso being used. The following discussion is provided to illugtrate the
usefulness of these techniques in overburden sampling for AMD prediction. Some case studies giving more
detall on the particular methods are provided in Appendix B. Readers are referred to the many basic works
on datigica evauations in geological studies, such as Koch and Link (1980), Griffiths (1967), and
Krumbein and Grayhill (1965). Recent works on geogtatigtics include ASTM Technicd Publication 1238,
Geodatigtics for Environmenta and Geotechnical Appications (ASTM, 1996), Practicd Geodaitics 2000
(Clark and Harper, 2000), and Introduction to Geostatistics, Applications in Hydrogeology (Kitanidis,
1997). See ds0 the many references noted in the discussion below and in the accompanying case sudies.

Analysisof Variance

The analysis of variance (ANOVA) datistical method is commonly used in geologica studies. Numerous
examples of one-way and two-way classfications and more complex ANOVA models are described in
early works by Griffiths (1967), Krumbein and Grayhill (1965), Miller and Kahn (1962), Chayes and
Fairbain (1951) in petrology, Griffiths et d. (1953) in petrography, Krumbein and Tukey (1956), and many
more recent studies.

ANOVA techniques depend on the important property that the variance of a sum of random variablesis

equa to the sum of the variances of these random variables, provided that these variables are uncorreated.
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If, under these conditions, two or more uncorreated factors introduce variability into a set of data, the tota
variability can be divided into individua portions that add up to the total. Each source of variaion can then
be evauated to assess its relative contributions to the totd variability in the observations (Krumbein and
Grayhill, 1965).

In the context of sampling geologica populations, ANOVA techniques have at least two important uses.
Thefird isto evauate the results of reconnaissance sampling sudiesin order to determineif the number of
samples collected per Ste is adequate to solve the geologicd problem, and if other aspects of the sampling
plan are sufficient to implement afull scae sampling of the population. The second isto provide Satigtica
tools to make meaningful interpretations and inferences about the variability of properties or portions of the
geologica populations under study.

A case dudy illudrating the use of andyds of variance techniquesis provided in Appendix B. Thisexample
is based on a sampling study by Hornberger (1985), who examined variations in sulfur content, framboidal
pyrite occurrence, and leechate chemidry of the Lower Kittanning cod and overlying shde a surface mines
in western Pennsylvania. This case sudy shows how andyds of variance can provide meaningful information
about the variability in sampling data and the sampling design.

Variography and Kriging

In addition to traditiond univariate satidics, extensve geoddidicd literature exists on determining optima
sampling patterns for estimating mean vaues of spatidly didributed variables (Tarantino and Shaffer, 1998).
Nearly dl geologica properties exhibit heterogenety, either of arandom type or displaying some degree
of scale-dependent spatia covariation. Covariance is the tendency for samples close to each other to be
amilar in some property (e.g., sulfur concentration averaged for two nearby vertica boreholes). The
identification of spatid covariance sructureis cdled variography, and is performed by sampling a avery
detailed scde and caculating covariance empiricaly at a variety of separation intervds, i.e. groupings of
sample pairs (Armstrong, 1984; Journel and Huijbregts, 1978). The results of such an andys's (termed
variograms, semivariograms, or corrdograms, depending on the variance scding employed) contain useful
information on the covariance of spatialy-distributed (or regiondized) variables (1sagks and Srivastava,
1988). Thisinformation on the spatid covariance structure may be applied to estimate sampling needs or
to interpolate values between points where information is available, i.e. to contour the data. Successful
interpolation schemes obey the covariance structure indicated by the measured data, and minimize or
eliminate error between observed data and interpolated vaues, called residuals.

One technique commonly applied to interpolation is kriging. Linear kriging, the most commonly applied,
produces the best linear unbiased estimate of a variable within a given area based on vaues a known
locations and weighting factors, estimated from variography to minimize resduds (Journe and Huijbregts,
1978). Application of linear kriging assumes that the sampled property is at least weekly stationary
(spatidly uniform with respect to mean and variance), i.e. thereisno large-scale spatid trend within the area
of study. Kriging across a field with a pronounced trend may require de-trending of the data set prior to
andyss. However, kriged esimates employing atrend or drift (also known as universal kriging) may aso
be performed, by incorporating the drift into the weighting functions.
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Both kriging and variography imply that both locd scde variance (noise) and large-scade variance (trend)
are present in observed datasets and, in principle, may be distinguished from, and perhaps separated from,
each other. In practice, distinction of noise from trend may be subject to considerable error in estimation,
and frequently requires large samples. The gpplication to mine-overburden sampling isto dlow estimation
of sample number and frequency to distinguish trends in the presence of noise.

Case studies on the application of variography to overburden sampling and characterization are provided
in Appendix B. The first one is a study on the gpplication of variography to NP, MPA, NNP, and
mineralogy in cod measures a working mines in West Virginia, based on work done by Donovan and
Renton (1998). The second describes the use of variography to evduate the AMD potentid of overburden
associated with mining operations in South Central Tennessee, based on work done by the Office of
Surface Mining' s Knoxville Tennessee Feld Office (Office of Surface Mining, 1997, 1998). These studies
show how variography can be used to detect primary spatid trends in overburden data and to estimate

optima sample spacing.
Visualization and Three-Dimensional Modeling

Visudization and three-dimensgond modeling software can be used to portray the three-dimensiond
characterigtics of subsurface overburden units and to produce three-dimensiona models. The three-
dimensona models can be used to accuratdy estimate the volumes of overburden materias that are
potentidly acid-forming. earthVision, by Dynamic Graphics, Inc. of Alameda, CA, isone of anumber of
such software packages that have been applied to AMD assessments of mining operations. earthVision
software is included in the set of engineering and scientific software tools known as the Technical
Information Processng System (TIPS) of the Office of Surface Mining. The TIPS system is available to
permit reviewers and reclamation speciaists on UNIX workgations in Federd, State and Tribal regulatory
agency officesin al cod producing sates to assist in the regulation and reclamation of coad mines. In 2000,
TIPS plansto distribute awindows N T version of earthVision that will engble permit reviewersto utilize
the software from their desktops.

Such software can be used to interpret, andyze, interpolate, and present spatidly-distributed two-
dimensiond or three-dimensond data. Data may be andyzed datisticdly by exploratory data andyss
(EDA) techniquesincluding B dugtering, three-dimensond viewing, hisograms, probability and digtribution
andyds, regresson, and declugtering. The spatid covariance may be andyzed by conventiond variography,
using sphericd, exponentid, gaussian, or power-law modds. Kriging may be accomplished using linear,
ordinary, universd, or co-kriging agorithms. The kriged spatid distributions may be integrated to yield
volumetric gatitics, such as esimation of average or totd property vaues. Volumetric andyssis enhanced
using sub-cdl sampling, dlowing relaively high precison in the volumetric estimates. For overburden
andysis, it may be used to estimate ABA from verticad samples over three-dimensiona volumes or two-
dimensiond areas of interes.

A case study illudtrating the application of earthVision to cod overburden datais provided in Appendix
B. This case study, which evaluated overburden characteristics of alarge surface minein Eastern Texas,
is based on work done by Behum and Joseph (1997). Three-dimensonad models of overburden
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characterigtics and volumetric calculations of sdected overburden zones were produced. This sudy shows
how visudization and three-dimensonad modding software can be useful in AMD prediction and mine

planning.

FINDINGSAND RECOMMENDATIONS

Thefallowing are our generd findings and recommendations on overburden sampling basad on the materid

or

esented in this chapter:
Proper overburden sampling and analys's can result in accurate predictions of the potentid for AMD
prior to mining. However, there is no single way to sample overburden thet fits al cases. Insteed, there
aeavaiety of tools that can be used to sample overburden Methods need to be chosen based on Site-
specific conditions to fulfill the god of collecting representative overburden samples.

Accurate water quality predictions and design of pollution prevention techniques can only occur if the
sampling strategy and dendty adequately represents the Site variahility. The greater the variability in the
overburden, the greater the number of samplesthat are generdly needed to adequately characterize a
gte.

Predictions based on overburden anaysis require that the drill hole or other samples analyzed be
representative of the Srata present at aste. Increasing sampling dendity is one option to compensate for
such variability, but this dso increases drilling and andyticd cogts. Any sampling plan that relieson a
gngle random (drill hole) sample of cod overburden will yield only one mean vaue for each varigble
measured, which may not be representative of the entire overburden population.

It is necessary to invest the time and money necessary to conduct appropriate sampling to ensure that
the data obtained are rdiable. Precise andyses performed on an unrepresentative sampling plan will, at
best, accurately characterize that unrepresentative portion of the population.

Sampling should be a two-step process, a preliminary reconnaissance sampling followed by a find
sampling plan. While there are anumber of satisticaly based schemes of sampling, in the finad andyds,
the development of representative sampling is dependent on the professond skills of the geologist who
obtains the samplesin thefied.

A sound understanding and knowledge of the geology of the area to be sampled are essentid in
designing a representative sampling strategy. Overburden sampling Strategies need to consder both
spatial and temporal fectors, i.e, latera and vertical sampling dengity of the geologica units being
sampled and whether sampling should continue over the entire life of the mining and reclamation
operation.

The geologic systems responsible for the deposition and dteration of the sediments and their chemical

qudity do not operate in a completely random fashion at the cubic centimeter level and, thus, do not
produce overburden samples that are satistically independent.

Near-surface weethering can ater overburden chemistry by decreasing pyrite and carbonate
concentrations (by oxidation and dissolution respectively). The effects of weathering can influence the
digtribution of overburden minerdogy just as dramatically as other geologic processes, such as
paeoenvironmenta factors. For a ste with variable overburden thickness, a sufficient number of high
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and low cover overburden holes must be drilled to assure adequate and representative sampling.

Locd overburden sections can include a variety of facies and paeoenvironments. These, in turn, result
in compogtiond variaions between rock facies and within individud facies. Spatid variaions exist
verticaly and lateraly. Paeodepostiond environments influence reative abundances of pyrite and
carbonate. If facies changes occur within the mine gte, a sufficient number of exploratory or overburden
andysisdrill holes are needed to ddineste the pattern of facies changes (i.e. paleoenvironmenta map)
throughout the ste. Within each of the mgor sratigraphic sequences relaing to the facies changes (e.g.
freshwater cacareous shae replaced by thick channel sandstone overburden), a sufficient number of
overburden analysis drill holes should be located to obtain representative samples of the different
lithologies

In order to identify aress of the proposed mine site that may differ from the generd Stratigraphic
conditions, it is helpful to look at, among other things, exploratory drilling logs and groundwater qudlity.
These can provide ingight into the presence of acidity- or akdinity-producing materias and can help
define the extent and degree of varigbility of the overburden so that overburden holes can be located to
adequately represent the entire Site.

Conventiond ar rotary drilling is probably the most common method of sampling overburden; however,
ar rotary-reverse circulation drilling, dthough less commonly used, offers amuch cleaner and quicker
means of obtaining overburden samples. Although core drilling provides a better overdl source of
religble lithologic data than air rotary drilling, it is very time consuming and codtly. At a minimum,
diamond cores should be used as a secondary means of data collection to isolate and zoom in on
previoudy identified problem zones.

Mog surface mining Stes are designed, operated and reclamed in a series of mining phases. One of the
overburden analyss drill holes should be located within the initid mining phase; the location of other
overburden andyss drill holes should congder the spatid configuration of the mine site and significant
vaiaionsin sratigraphy and lithology that will be encountered in the progresson of mining phases.

At least one of the overburden andysis drill holes should be located at the maximum highwall height
(maximum cover) and &t least one of the overburden analysis drill holes should be located & much lessr
cover, in order to evauate surface wegthering effects.

Experience has shown that aminimum of three and more typicaly six or saven holes per 100 acres are
necessary to capture the geologic variability of aste. However, the number of holes needed may vary
up or down depending on local site conditions.

Overburden andyss may not be necessary, if equivaent information is available from adjacent mining,
pre-mining water quaity, and other Ste characterization data

Andysis of Variance (ANOVA) techniques have at least two important uses. (1) to evauate the results
of reconnaissance sampling studies in order to determine if the number of samples collected per Steis
adequate to represent the area of study, and (2) to serve as a Satigtica tool to interpret and infer the
degree of variability of the geologica populations under study.

The geodatigtical methods of variography and kriging are vauable for determining optima sampling
patterns for estimating mean values of spatialy distributed variables and to interpolate val ues between
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points where information is available, i.e. to contour the data

Softwareisavailable that can perform interpretation, andyd's, interpolation, and presentation of spatialy-
digtributed distributed two-dimensiond or three-dimensond data The software may be used to
edlimate, among other things, ABA from overburden analys's data over three-dimensiond volumes or
two-dimensond aress of interest. Datamay be andyzed usng ordinary satistics and by variography and
kriging. Kriged didributions may be integrated with a volumetric andysisto yidd rdatively high precison
volumetric datistics of overburden property vaues. It should be noted that if mine permit data is
submitted eectronicaly, time-consuming data entry can be eiminated. Also, cod seamsthat areto be
mined should be modeed separatdly to ensure these zones can be diminated in the volumetrics.
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CHAPTER 7: MINE DRAINAGE PREDICTION, A SUMMARY OF
CONCEPTS AND PROCESSES

by
Eric Perry

INTRODUCTION

This chapter presents asummary of the key concepts and principles inherent in mine drainage prediction,
and outlines a generdized agpproach to the assessment of cod mine drainage qudity. Some issues that
currently limit our ability to predict mine water quality and desired improvements are aso discussed. The
chapter istargeted mainly a water quality prediction from surface cod minesin humid climates. However,
certain principles and practices can be applied to the analyss of underground cod mine water quality.

Mine drainage prediction is the integration of chemical, geologic, hydrologic, and biologic processes to
arive & an overd| estimate of water quality after mining and reclamation are completed. Currently, the
technology alows us to determine whether the water will be net dkaline or net acidic, where:

Net Alkalinity = Totdl akainity - Total acidity

The practical ggnificance of sdecting net akalinity, rather than pH or metal concentration, lies in its
fundamenta control or influence on most other chemica properties of mine water. A net-dkdine water is
cgpable of sAf-neutrdizing inherent acid generating capacity, and buffering pH to circumneutra conditions,
thereby limiting the activity of iron-oxidizing becteria In well agrated or oxidizing environments, the solubility
of most metas is a a minimum at circumneutral pH. Treatment options are aso controlled by the net
dkdinity or net acidity of weter. Extremey acidic waters may only be amenable to chemicd trestment, while
margindly acidic to dkaine water may be suited to various passive treetment technologies (Skousen et d.,
1998). At the moment, prediction is quditative, but as the science continues to advance, predictive
cgpability should become progressvely more refined and more quantitetive.

Predicting the quaity of mine drainage is not easy due to the amount and type of factors involved as well
as the way the factorsinteract. In the smplest case, dl components yield the same interpretation and the
prediction can be made with a high degree of confidence. In margind or complex stes, dl components may
not provide the same signds and the evauator has to weigh certain factors more or less heavily to arrive
at an assessment.

The evauation process for mine drainage prediction includes anaytica dataand experientid information.
Prediction of water quality is best achieved using a variety of tools. The classes of data and information
evauaed directly or implicitly include:

Quditative and quantitative hydrologic data for surface and groundwater from mined and unmined

aress,

Geologic informetion, lithology, structure, and geochemidiry;

Resaults of past or equivadent mining; and

Resource sengtivity.
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Implicit in water quality and geochemica sampling is arequirement that the samples represent the system
of interest. These data, collected a representativelocations and times, are extrgpolated to reach somefind
concluson.

The remainder of this chapter is presented in three parts. Fird is a summary discussion of basic concepts
that underlie the procedure of mine drainage prediction, taken in part, from other chapters of this report.
Second is agenerdized outline of the process of data andys's and interpretation to predict or esimate mine
water qudity. The chapter concludes with recommendetions for improving our understanding and managing
mine water impacts.

GEOLOGIC PRINCIPLES
Mineralogy

Mine drainage qudity isinfluenced by the type, amount, and didtribution of reactive minerdsin contact with
water. Two groups of mineras, sulfides and carbonates, largely control mine drainage qudity even though
they usudly condtitute only a few percent of the rock mass. Overburden analyss methods, discussed in
previous chapters, are designed to quantify the amount of sulfide and carbonate present.

In cod mines, acid potentia arises mostly from the sulfide minerd pyrite. In weathered rocks and soils,
exchangeable acidity and metd sulfate mineras may aso contribute to total acid production. Alkdinity is
provided mostly by carbonate minerds. Of these, calcite and dolomite are the most important acid
neutrdizers. The minerd Sderite is problematic for testing and interpretetion. It initidly provides
neutraization, but subsequent iron hydrolyss produces acidity. The net neutrdization from Sderite is zero.
Silicate mineras dso provide some acid neutrdization, but their rate of reaction is much dower than that
of carbonates. Smilarly, ion exchange reactions of acidic water with days can dso contribute dkdinity, but
this only occurs when the strata are saturated. Small amounts of other eements are often contained in
carbonates and can be rdeased when the minerd dissolves. For example, asmdl percentage of manganese
can subgtitute for iron in Sderite.

Paleocenvironment

The vertica and horizonta distribution of sulfides and carbonates in mine Ste overburden is a function of
the paeoenvironment, or conditions under which the sediments were deposited and any dterations that
occurred afterward. The sediments that formed these rocks were deposited in a variety of freshwater,
brackish and marine environments, such as stream channds, bays, and shdlow marine waters. In generd,
rocks formed in brackish water conditions contain higher levels of sulfides than marine or freshweter
deposits. Paleoenvironment can result in large changes in rock type and chemistry over smal horizontal
distances. Brady et d. (1988) found both acid and akaine water generated in five surface mines operating
on the same seam in Fayette County, Pennsylvania. The mines were in dose proximity to each other in the
same watershed, but differed markedly in the amount of carbonate minerds and sratigraphy at each mine.
The aborupt laterd changes were atributed to depostiond higtory. The acid Sites generdly lacked cacareous
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shdes and contained a high percentage of sandstone overburden. Some concepts of pal eoenvironment
relevant to mine drainage prediction are reviewed in Chapter 2.

Geologic Weathering

The Appaachian Plateau has been subjected to long term chemica and physical weeathering. Chemical
wesethering in ahumid climate removes the more soluble and reactive minerds, like carbonates and pyrite,
from near-surface rocks and soils (Figure 2.7). The weethered zone, for mine drainage prediction purposes,
isinert and has little capacity to either generate or neutrdize acidity. Weathered materids are often weekly
cemented or partidly decomposed, and are often colored brown, yellow, or red. Weethering depth varies,
but is often on the order of 20 feet in the Appaachians (Smith et d., 1974; 1976). Groundwater that
circulates through the weathered zone contains low amounts of dissolved solids and dkdinity, reflecting the
relative lack of soluble minerasin this zone.

Bdow the wesathered zone, the rocks retain most of their origind minerd assemblage, and may contain
gppreciable amounts of sulfides, carbonates or both. Groundwater circulaing in this zone generdly contains
more dissolved solids. Example anayses of two ground waters from the weethered zone and deeper drata
are shown in Table 7.1. The samples were taken from the Monongahela Group in northern West Virginia

Table 7.1. Groundwater Quality from Overburden in the Weathered Zone and Deeper Strata®
SampleLocation pH  Spec.Cond.  Alkdinty Fe Ca Mg Na SO, Cl

Wesahered zone 6.1 61 147 006 80 40 25 98 65
(15 feet deep)
Deep Strata 7.1 431 124 008 55 27 78 78 10
(66 feet deep)

(1) pH in standard units, specific conductance in umhos/cm, alkalinity in mg/L as CaCQO3, al othersin mg/L.

In this example, ground water from the weathered zone has low specific conductance, which indicates low
dissolved solids content, and little dkainity. Groundweater from degper srata has much higher dkainity and
dissolved solids. The degper water could add significant buffering to acidic water in surface mine backfills
or as recharge to flooding underground mines. The wegathered zone groundwater would have little impact
on mine water chemidry.

GEOCHEMICAL PRINCIPLES

The generation of acidity and dkainity proceed at different rates and by different geochemicd reactions.
Pyrite oxidation involves the oxidation of both iron and sulfur and proceedsin four steps. The processis
self-propagating, as shown in Figure 7.1, and as summarized in Rose and Cravotta (1998). It is catdyzed
by iron-oxidizing bacteria and can proceed very rapidly.

Alkainity production from carbonatesis a dissolution reaction that depends on pH and the partia pressure

of carbon dioxide (pCQO). In generd, lower pH and higher pCO, promote dissolution of carbonates and

dkdinity production. Carbonate solubility is limited, however. Consequently, dkdinity concentrations
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seldom exceed about 350 mg/L in surface mine waters, or more than about 600 mg/L in underground mine
pool waters.

Simplified model of pyrite oxidation
(Modified from Stumm and Morgan, 1981)

Pyrite  Oxygen Sulfaste  Acidity

FeS2 + 02 ———
— +8504 2-+ H+

Ferrous Iron

Fe2
@ R More Pyrite

SLOW + §§20xys&n + FeS2 FAST

(Bacteria acceleraie)
‘Ye]lowb(ry” Acidity

Fernc Iron Fe(OH)3 + H+

Figure 7.1. The fundamentad mechanisms of pyrite oxidation.

Feld validation studies of mine drainage and ABA have shown that an excess of neutralization potentia
compared to potentid acidity is necessary to obtain akaine drainage from surface mines (Chapters 2 and
4 of this book; Perry, 1998). How much pyrite or carbonate is needed to have significant capacity to
generate acidity or dkdinity? In Pennsylvania, Sgnificant strata were defined by threshold values (Brady
and Hornberger, 1990) for sulfur content and NP as: total sulfur content greeter than 0.5%, and NP greater
than 30 tons /1000 tons (3% CaCO; equivaent), with afizz when treated with 10% hydrochloric acid. A
later study of ABA and mine water quality in Pennsylvania (Brady et d., 1994; Perry and Brady, 1995)
suggested that an average carbonate content of 1-3% (NP of 10-30 tons/1000 tons) can be sufficient to
produce akaline drainage. These criteria were developed based on experience with rocks in northern
Appaachiain middie and Upper Pennsylvanian dtrata of the Allegheny, Conemaugh, Monongahela and
Dunkard groups. These rocks generdly contain higher levels of sulfides and carbonates than lower
Pennsylvanian rocks. The lower Pennsylvanian rocks in central and southern Appa achians typicaly have
low pyrite contents but aso low carbonate contents. In the lower Pennsylvanian rocks, carbonate contents

aslittle as 1% can be important sources of dkainity and neutrdization. The ADTI, after surveying the recent
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literature and compiling our own field experience, recommend that one should assume that an NP of less
than 10 tons/1000 tons will generate acid conditions and that an NP of greater than 21 tons/1000 tons will
produce dkaine conditions. The modified ABA procedures recommended in Chapter 4 should, in the
future, reduce that gray zone of 10-21 tons/1000 tons.

HYDROLOGIC PRINCIPLES
Net Recharge

The Appdachian and Midwestern codfields lie in a humid continentd climate with annua precipitation
ranging from about 30 to 60 inches. Most of these cod-producing areas have at least 40 inches or more
of precipitation. As a conseguence, mine Stes experience net recharge. The magnitude of recharge varies
by location and topography; however, average or long-term recharge va ues have been developed. In the
Appaachian region, recharge generaly congtitutes 20-30 % of annua precipitation. For example, Hobba
(1984) edtimates the average recharge within the Monongahela River basin of northern West Virginiais
about 7 inches per year. Thisis equivaent to about 0.36 galons per acre per minute (gpnVA) of infiltration.
Cdlaghan et d. (1998) report somewhat higher recharge estimates for mining areas in Pennsylvania, ranging
from 0.62 to 0.77 gpnV/A.

Recharge rates for underground mines are controlled largely by overburden thickness with rates ranging
from as much as 0.8gpm/A for mines under shalow cover (less than about 250 feet), to aslow as 0.05
gpmV/A or less under thick cover (Crichton, 1927; Stoner et d., 1987). In surface mine backfills, the
infiltrating recharge is available to leach and mohilize soluble condtituents. In underground mines, recharge
eventudly resultsin partia to complete flooding after closure.

Groundwater Fracture Flow System

Appdachian surface mines are located within a groundwater flow system largdly controlled by fractures and
topography. In addition to tectonic fractures, fractures are naturdly induced by geologic weethering and
gress relief or unloading of overburden. An idedlized section of ground water fracture flow in a hill that
contains perched water bearing zonesin dissected topography is shown in Figure 3.5. Mot flow circulates
within afew tens or hundreds of feet of the land surface. Overdl, hilltops and dopes act as recharge aress,
while foot dopes and valey floors are groundwater discharge areas. Surface mines intersect the fracture
flow sysem. During mining, amine usudly acts as a groundwater sink, and groundwater flowsinto the mine
from surrounding drata

Larger regiond aguifers underlie surface mines. These aquifers are dowly recharged by smdl amounts of
deep infiltration. Ground water flow velocity is low and water usudly has a very long resdence time. A
more detailed discussion of ground water flow and mining influencesin the Appaachian Plateau is given by
Callaghan et d. (1998) and chapter 3 of thisreport.
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Minespoil Aquifers

Mining and reclamation dters the hydrologic properties of rock strata. Mine spoil aquifers are usudly 10
to 100 times more permegble than the intact bedrock from which they were derived (Hawkins, 1998a) and
exhibit both porous media and conduit type flow. The dip of the pit floor or pavement often controls the
direction of flow and buildup of awater table. In the Appaachian region, athin perched aguifer typicaly
developsin the spail within about two years after backfilling is completed (Hawkins, 1998b; Razem, 1984).
Water table thicknessis usualy less than ten feet and frequently discharges as toe of spoil seepsdong the
cod cropline. Mogt of the spoil mass is unsaturated. Nonetheless, ground water storage in spoil aquifers
can be substantial. For example, one acre of mined land with asix foot thick saturated zone and a specific
yied of 15% stores about 293,000 gallons of ground water.

Spoail recharge occurs from precipitation faling directly on the mined areaand by laterd inflow from ground
water in adjacent unmined rocks (Hawkins, 1998a). Periodic infiltration leaches soluble materids into the
aquifer. The spoil/highwal interface has been identified as an area where Sgnificant infiltration takes place.
Consequently, specid handling guidelines recommend placement of acid-forming materid away from this
interface. High infiltration zones can be used to add akdinity to mine backfills (Carruccio and Geidd,
1984).

Pre-mining Water Quality

Pre-mining ground water akalinity concentrations are useful for confirming the presence of carbonatesin
mine Ste overburden. Chemicd compodtion of groundwaters reflect the minerdogy of rocks and soilswith
which the water has been in contact. Brady (1998) suggests that alkdinity concentrations should exceed
50 mg/L from wells drilled in deeper srataif there are Sgnificant amounts of neutralizers present. On the
other hand, akalinity less than aout 15 mg/l indicates a lack of neutraizers, or that the water sample
represents flow through the weathered zone.

However, the presence or absence of sgnificant amounts of pyrite cannot be determined from pre-mining
water quaity. Elevated sulfate concentrations should sgnify the presence of pyrite, Snce sulfate isadirect
product of pyrite oxidation. In unmined ground water environments, pyrite isrelatively stable and oxidizes
only dowly. Data presented by Brady (1998) shows that sulfate concentrations are unrelated to the amount
of pyrite in the overburden.

Water Quality from Adjacent Mine Sites

Water qudity from adjacent mines can be an excdlent indicator of expected mine drainage with certain

provisos, which include:

 Mining mugt be on the same seam with Smilar gratigraphy, topography, hydrology and mining methods;
Materid that could sgnificantly change water chemistry has not been placed on the adjacent mine,
unless the same treatment is proposed for the current mine; and
The age of the adjacent mine ste must be consdered. Pollutant concentrations in surface mine
discharges often pesk within 5-10 years after mining and gradualy decline theresfter, though a other

173



mines, the decline is much more gradud. Examination of an old mine Ste may not represent water
quality that will be generated within the first few years of reclamation.

Resour ce Sensitivity

Mining can impact water and biota both on and off amine Ste. Mine drainage prediction therefore includes
an as=ssment of the resources that could be impacted and an evauation of amargin of uncertainty in the
prediction.

Sengtive resources include lightly buffered streams, waters that serve as sources for drinking water supply,
waters with in-stream standards to protect sengitive biota, etc. Table 7.2 includes analyses from a lightly
buffered stream sampled upstream and downsiream of mine drainage entering the waterway. The upstream
water has dkalinity of only 3 mg/L, showing virtudly no cgpacity to neutraize any introduced acidity.
Downstream of the mine water discharge, water qudity is degraded and generdly unsuited for most biota,
recregtiona use or consumption due to acidity and metals concentrations. Even though the mine discharge
was only afew percent of the total stream flow, it was sufficient to pollute a sendtive water resource. For
such resources, the degree of uncertainty hasto be small to prevent degradation.

At the other extreme are resources that are aready degraded by past mining or other activities. Re-mining
of old abandoned stes with current reclamation technology usudly results in pollution abatement and water
qudity improvements (Hawkins, 1998b). In these ingtances, the risk to resourcesis low.

Table 7.2.%9 Water Qudity of aLightly Buffered Stream Upstream and Downstream of an Acidic

Disx:harge
Location pH Specific Alkdinity Totd Fe Mn Al Sulfate
Conductance Acidity
Upstream 55 73 3 15 005 006 02 18
Downstream 3.7 449 0 97 9.4 2.8 9.4 151

(D)pH in standard units, specific conductance in umhos/cm@?250C, alkalinity and acidity in mg/L CaCOs Eq, all others
inmg/L.

SAMPLING OVERBURDEN, SOILS, AND MINE SPOILS

The objectives of an overburden sampling program are to identify acid-and dkaine-forming materias
present within the proposed mine areg, show the vertical and horizontal digtribution of these materids, and
identify materias for specid handling, dkdine addition, or topsoil subgtitutes. Exploratory drilling, by
continuous core or cuttings from air rotary holes, is most commonly used to obtain samples. Sobek et d.
(1978) provided an initid st of guiddines for sampling and characterizing overburden, poils and minesoils,
Mogt gates have since refined ther guiddines to reflect a minimum number of drillholes and sampling
intervals. Different dates follow different guiddines, though often there is a minimum of two drillholes
recommended per Ste, with additional holes added as mine acreage increases. The date-by-dtate
guiddines, based on experience with loca geology, are reviewed in more detall in chapter 6. In most dates,
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acommon approach isto add drillholes a a sampling density of about one per 40 acres. For areas known
or suspected to exhibit variation in dratigraphy or geochemidtry, tighter sampling patterns are necessary.

However, Pennsylvania often doesn't require drillholes at dl, reying more on information from adjacent

mines. However, if no such information is available, or if for some reason it is not valid to use that
information, they typicaly require 6 to 7 drillholes per 100 acres, which they find enables them to be quite
accurate. ADTI participants agree with Pennsylvania that this is about the right number of drillholes when
relevant adjacent Ste information is not available.

Drillholes for overburden sampling should intercept al the strata expected to be disturbed during surface
mining. In hilly topography, this means placing some holes near the projected maximum highwal
development. However, drillholes should also be spaced to provide digtributed laterd coverage. Figure 7.2
isaplan of a 70 acre mine Ste which contained three overburden holes. Based on most guiddines, the
number of drillholes was considered adequate for the mine size. All were located near maximum highwall
height in one smdl area of the mine. Overburden andyses (ABA) of dl three holes showed an abundance
of cacareous shales with aweighted Net Neutrdization Potentia (NNP) of about 50 tons/1000 tons. On
this basis, mine water was expected to be dkdine. Unfortunately, a mgjor facies change occurred in the
middle of the Site, where the cacareous shaes were replaced by sandstone containing some pyrite. The
resulting mine water was acidic and is now routed to a passive trestment system. The lesson: it’s not only
how many sampling holes, but aso where they are placed, which determines if one can use the data to
accurately determine overburden properties.

Verticd sampling intervas are typicdly specified a three to five foot intervas in most sate sampling
recommendations (Chapter 6). Smdler intervals are useful for materids suspected of acid generating
potentia, such asrocks immediately above and below the cod, and “ partings’ within the seam. Thin rock
units, with very high acid potentid, can have a marked influence on mine water chemidry, especidly if they
are not recognized and are placed at random in the mine backfill. Ingppropriate compositing can mask the
potentia effects of such units. See Table 6.6 and the accompanying discussion.

Another gpproach to overburden sampling uses the techniques of geodtatistics. Geodtatistics was origindly
developed to predict metal concentrations in ore bodies by examining the variation in andyses among
gpaced drillholes. The technique is not generdly used by the cod mining industry, but could be useful for
gtes exhibiting complex lateral changes in geochemigtry. From two such case studies, described in chepter
6, the reader can see that sampling programs need to be tailored to Site geology and expected mining plans,
and not driven by arbitrary fixed standards. Sites with complex geology, margind or poor qudlity
overburden quality or sengitive resources require close scrutiny. Conversely, siteswith reedily predictable
geology and geochemistry and favorable overburden need not be sampled as intensively.

OVERBURDEN TESTING AND INTRERPRETATION

Acid generation and neutrdization of overburden samples are tested by one of two generd methods: dtetic
or wholerock analysis, usudly ABA, and kinetic or smulated weethering tests, including leeching testsin
various column and chamber arrangements. These test methods, and some new techniques currently under
development and evaluation, are described in detail in chapters 4 and 5 of this report.
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Acid/base Accounting

Conventiond ABA reports maximum vaues of potentid acid generation and acid neutrdization. These
values probably represent the rock’ s behavior over along period of chemical wegthering. However, the
test was not designed for, and gives no information about short term (afew years) chemica weathering
rates. From extensve use of ABA on cod mines and base and precious meta mines over the last 20+
years, it has become apparent that an excess of neutrdizers relative to acid potentid is required to produce
akaine dranage. A summary of suggested criteriafor interpreting ABA datafor water quality prediction
isshownin Table 7.3.

These criteriawere developed over avariety of rock types and dimates. It is not surprising that the criteria
do not identify identical ranges or cutoff points for classfying samples. The reported vaues consstently
show, however, that an excess of neutraizers over acid potentia is needed to obtain akaline drainage.

For the sake of completeness, Table 7.3 contains severd criteria that were originally developed for soils
and revegetation congderations, not water quality per se. These include pH less than 4.0 to define “acid-
toxic” and NNP of less than -5.0 tons/1000 tons for “potentidly toxic”. The criteria are based on the lower
limits of plant growth tolerance to acid conditions and liming requirements for native soils in the
Appdachians. Experience with ABA has shown that the same criteria cannot be gpplied to assess both soils
and water qudity.

Perhaps the principal cavest to the principle excess neutralization potential are those mines where the
rocks contain so little sulfur that they are incgpable of generating sgnificant acidity, regardiess of their
carbonate content. As aready discussed, weathered stratais typicaly low in both pyrite and carbonates.
Smith et d. (1974, 1976) noted that these conditions dso exist for some dtratain the central and southern
Appdachians.

ABA has dso been criticized for not predicting metads concentrations. Without additional detailed
information on rock type and mineralogy, ABA cannot be used to predict specific metals concentrations.
However, the suite of kinetic tests discussed in Chapter 5 can potentidly be used to estimate the relative
mohbility of metasin acid-forming rocks.

ABA has ds0 tended to overestimate the NP in rocks containing sSderite. A modification to the lab test
involving hydrogen peroxide addition, described in Chapter 4, should largely eiminate this problem. We
recommend the use of this modified NP procedure because it more accurately reflects the NP of
overburden materids, reduces andytica variability, and provides a better framework for predicting mine
water quality. A new technique, aso described in Chapter 4, definitey distinguishes Sderite from the
akdinity-producing carbonate rocks, and may become an additiona important tool.
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Figure 7.2. A plan view of a 70 acre mine site showing the 3 boreholes drilled.
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ABA remainsthe preferred Satic test for coa mine overburden because it is an established and recognized
procedure, is rdatively rgpid and inexpensive, and has been fidd cdibrated. Table 7.4 summarizes the
findings of three studies comparing ABA data with post-mining water quality for surface cod minesin
northern Appaachia and the midwest. In al cases, an excess of neutrdizers over MPA was needed to
obtain net akaline water. In each of the three Studies, there is a mixed zone of ABA vaues where water
may be marginaly net dkaineto net acid (range about +100 to -100 net dkalinity). For mines with these
types of margind overburden quality, evauation of other data, such as adjacent mining, is very important.

An example of adetaled lithologic and ABA log isshown in Table 7.5. Thelog isfrom northern Appdachia
for a sequence of rocks including the Middle and Upper Kittanning cods. For ABA interpretation, the
overburden can be characterized as congsting of five main units:
The upper 20 feet, which is oxidized and haslittle potentid to generate Sgnificant acidity or to neutraize
acid.
The next 18 feet, which lacks appreciable neutrdizers, and has some acid potential.
A fractured but hard high-grade limestone unit, which is present from about 38-50 feet, with NP vaues
as high as 800 tons/1000 tons (80% CaCO:s).
The next 28 feet, which is essentidly neutrd.
The interburden from about 78 feet to the top of the Middle Kittanning cod, which has moderate to high
sulfur content and lacks significant neutrdizers. These rocks are capable of producing moderate to
strong acid drainage.
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Table 7.3. Summary of Suggested Criteria for Interpreting Acid-Base Accounting @)

CRITERIA

APPLICATION

REFERENCE

Rocks with NNP less than
-5 parts/1000 considered potentially
toxic

Coal overburden rocksin northern
Appalachian basin for root zone mediain
reclamation; mine drainage quality

Smith et. al., 1974, 1976; Surface
Mine Drainage Task Force, 1979;
Skousen et.al., 1987

Rocks with paste pH less than 4.0
considered acid toxic

Coal overburden rocksin northern
Appalachian basin for root zone media, mine
drainage quality.

Base and precious metal minewasterock in
Australia and southeast Asia

Smith et. a., 1974, 1976; Surface
Mine Drainage Task Force, 1979

Miller and Murray, 1988

Rocks with greater than 0.5% sulfur
may generate significant acidity

Coal overburden rocksin northern
Appalachian basin, mine drainage quality.
Base and precious metal minewasterock in
Australia and southeast Asia

Brady and Hornberger, 1990

Miller and Murray, 1988

Rocks with NP greater than 30
parts/1000 and “fizz" are significant
sources of alkalinity.

Coal overburden rocksin northern
Appalachian basin, mine drainage quality

Brady and Hornberger, 1990

Rocks with NNP greater than 20
parts/1000 produce alkaline drainage

Coal overburden rocksin northern
Appalachian basin. Base and precious metal
mine waste rock and tailingsin Canada.

Skousen et.dl., 1987;

British Columbia Acid Mine
Drainage Task Force, 1989;
Ferguson and Morin, 1991

Rocks with NNP less than
-20 parts/1000 produce AMD

Base and precious metal mine waste rock and
tailingsin Canada.

British Columbia Acid Mine
Drainage Task Force, 1989;
Ferguson and Morin, 1991

Rocks with NNP greater than 0 do not
produce acid. Tailingswith NNP less
than 0 produce AMD.

Base and precious metal mine waste rock and
tailingsin Canada.

Patterson and Ferguson, 1994,
Ferguson and Morin, 1991

NP/MPA ratio lessthan 1 likely results
in AMD.

Base and precious metal mine waste rock and
tailingsin Canada.

Patterson and Ferguson, 1994;
Ferguson and Morin, 1991

NP/MPA ratio classified asless than
1(likely AMD), between 1 and
2(possible AMD), and greater than
2(low probability of AMD).

Base and precious metal mine waste rock and
tailings in Canada.

Ferguson and Robertson , 1994
Priceet d, 1997

Theoretical NP/MPA ratio of 2 needed
for complete acid neutralization.

Coal overburden rocks in northern
Appalachian basin, mine drainage quality.

Cravottaet.al., 1990

NP/MPA ratio used with NP threshold
to determine confidence levelsfor acid
producing samples. 80% confidence of
no acid production if NP/MPA ratio of
6.5 and NP threshold of 3.3%.

Coal overburden samplesfrom 4 states. PA,
WV, TN, andKY.

Bradham and Caruccio, 1995.

Use actual NP and MPA values as well
asratiosto account for buffering
capacity of the system.

Base metal mine waste rock, United States

Filipek et.dl., 1991

(2) Criteriain thistable were developed for classification of individual rock samples

Absent other information, what weater qudity will result from surface mining of both cods? The overburden
datafrom Table 7.5 were put in a spreadsheet and volume-adjusted ABA parameters were caculated for
each individuad sample, as well as a summary numbers for the entire section. The basic procedures for
performing these cd culations have been described by Smith and Brady (1990) and are used in Pennsylvania
and other gates. Thedrillholeislocated in hilly terrain. The mining area represented by this drillhole covers
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about 10 acres at the top of the rock column and about 25.5 acres at the base of the middle Kittanning
cod. The area of each sample interva between the top and bottom is interpol ated.

Comparing these data to the criteria given in Table 7.4, the large excess of neutrdizers should generate
dkaline drainage. However, the most significant source of neutrdization is the 11 foot thick limestone,
located roughly in the middle of the overburden column. To work effectively, the limestone has to be broken
or crushed during blagting and grading to relatively small pieces to dissolve and supply akainity. Large
blocks of limestone will not be chemicdly active in the spail pile. The limestone should aso be mixed with
in the spail for maximum effect. Studies of dkadine addition have generdly shown best results from
incorporation of akaine materid and less effect if placement isdl at the surface or the bottom of the spoail
pile (Smith and Brady, 1998). Thus, mining and reclamation practices will have some influence on the fina
water quality.

By way of contragt, it isinteresting to look at the expected water qudity if the Middle Kittanning (lowest
cod inthedrill log) is extracted by underground mining. Lets assume that the mineis located above local
drainage and is developed as a room-and-pillar down-dip mine with retrest mining. The mine would be
expected to flood to the portd devation after closure. The rocks immediately associated with the cod (i.e.
roof, floor, and partings) will have the mast obvious controls on water chemidiry. The roof rock has astrong
acid potentia, and no ggnificant NP is available a mine level. The mine pool will probably be strongly
acidic. Unless the overburden is severely fractured and subsided to at least 40 feet above the mine, the
limestoneis unlikdly to sgnificantly affect mine pool chemigtry. Prolonged flooding (decades) may ultimately
improve weter qudlity.

Table 7.4. Summary of water quaity prediction from three sudies of mine drainage and ABA.

Overburden Quadlity Water Study Source
Qudity
Net Acid Vaiadle | Net Alkdine
Neutrdization <10 partg1000 | 10to21 | >21 parts/1000 PA (Brady et al., 1994;
Potential (NP) Perry & Brady, 1995)

NP with thresholds | < 1 parts/1000 1t010 | >10 parts/1000 PA (Brady et al., 1994;
Perry & Brady, 1995)

Net Neutrdization <20 partg1000 | 20to40 | >40 parts/1000 WV (diPretoro & Rauch,

Potential (NNP) 1988)

NNP < 0 parts/1000 Oto12 | >12 parts1000 PA (Brady et d., 1994;
Perry & Brady, 1995)

NNP with thresholds | < -5ton/1000 -5to+5 | >5ton/1000 PA (Brady et al., 1994;
Perry & Brady, 1995)

NNP <10 parts1000 | 10to 30 | >30 parts/1000 WV (diPretoro & Rauch,
1988)

NNP <10 parts/1000 | 10to20 | ? USBM (Erickson &
Hedin, 1988)

(1) Overburden criteriain this table are developed from volume weighted summaries of overburden data.
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Table 7.5. Example—ABA log of Middle and Upper Kittanning cods

Sample Lithologic %S MPA Fizz NP NNP
Interval (ft) Description tons/1000tons| Rating | tons/1000tons | tons/1000tons
0-2 Soil
2-5 Lt brown to It gray sandy Siltstone 0.15 4.69 0 3.72 -0.97
5-8 . 0.15 4.69 0 3.72 -0.97
8-10 0.15 4.69 0 4.49 -0.20
10-12.3 0.15 4.69 0 6.01 132
12.3-14 .o 0.15 4.69 0 10.99 6.30
14-17 . 0.15 4.69 0 12.68 7.99
17-19.6 0.15 4.69 0 9.52 4.83
19.6-22 Black Shale, slightly weathered 0.37 11.56 0 11.64 0.08
22-25 .o 0.65 20.31 0 6.93 -13.38
25-25.7 . 0.93 29.06 0 5.29 -23.77
25.7-26.2 | Coal (Upper Kittanning) claystone 0.17 531 0 5.01 -0.30
binder @26.1-26.2
25.7-27.8 | Coal (Upper Kittanning) 0.89 27.81 0 3.92 -23.89
27.8-29.0 | Lt gray silty Claystone, soft 0.15 4.69 0 4.89 0.20
29-31.7 .o 0.27 8.44 0 7.75 -0.69
31.7-34 Lt gray sandy Siltstone w\ fine gr 0.17 531 0 7.01 1.70
Sandstone @ 37.2-37.8,medium
34-37 e 0.15 4.69 0 6.66 197
37-38.2 0.28 8.75 0 18.94 10.19
38.2-40 Lt brown to Lt gray Limestone, 0.15 4.69 3 679.00 674.31
Fractured, hard
40-41 .o 0.15 4.69 3 654.00 649.31
41-42 . 0.15 4.69 3 519.00 514.31
42-43 0.15 4.69 3 773.00 768.31
43-44 0.15 4.69 3 736.00 731.31
44-45 .o 0.15 4.69 3 777.00 772.31
45-46 . 0.15 4.69 3 814.00 809.31
46-47 0.15 4.69 3 821.00 816.31
47-48 0.15 4.69 3 765.00 760.31
48-49.9 .o 0.15 4.69 3 701.00 696.31
49.9-52.4 | Lt gray silty Claystone, vert fractures 0.15 4.69 0 13.18 8.49
52.4-55 Lt gray to brown Siltstone, Fe stainson | 0.15 4.69 0 10.94 6.25
fractures, medium
55-58 0.15 4.69 0 9.02 4.33
58-61 .o 0.15 4.69 0 10.57 5.88
61-63.7 . 0.15 4.69 0 8.05 3.36
63.7-66.5 | Med to dark gray Shale, Fe stainson 0.15 4.69 0 9.62 4,93
fractures, medium
66.5-69 051 15.94 0 10.17 -5.77
69-72 Dark gray to black shale, Fe stains 0.56 17.50 0 14.08 -3.42
72-75 .o 0.16 5.00 0 11.34 6.34
75-78 . 0.52 16.25 0 1841 2.16
78-81 0.81 2531 0 11.05 -14.26
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81-84 ‘o 0.94 29.38 0 15.22 -14.16

84-85.5 .o 164 51.25 0 13.60 -37.65

85.5-87 Dark gray fine grained Sandstone 3.26 101.88 0 5.62 -96.26
w\black shale Intbeds, medium

87-87.9 o 4.20 131.25 0 2.62 -128.63

87.9-89.5 | Coal (Middle Kittanning) 0.00 0.00

89.5-90 Coal (Middle Kittanning) claystone 412 128.75 0 3.60 -125.15
binder @89.5-90.0, soft

90-92.2 Coal (Middle Kittanning) 0.00 0.00

Apparent water quaity in underground minesis aso afunction of where it is measured. Mine pools tend
to dratify chemicdly, with the best water qudity usualy found at the top of the water column. The worst
or most mineraized water is usudly a the bottom of the pool or appears as outcrop barrier seepage. Two
samples collected from different devationsin the same wdll illugrate this phenomenon in Table 7.6. The 100
foot sample is taken & mine leve, and contains substantially higher concentrations of dl parameters.
Sgnificantly, iron, for which this water will require trestment, is over 35 time gregter in the pool than in the
dratified sample.

Kinetic Tests

Kinetic or smulated wegathering tests are not used routinely for coal mine drainage prediction, only when
additional information or specific characterizations are needed. However, they should probably be used
much more frequently than is now the case, and should be considered whenever theratio of the NPto S
(or MPA) isnear 1. They are widdly used in the hard rock mining industry. The fundamental concept isto
smulate the cyclic wetting, drying and flushing of spoil materid. The chief advantages of kinetic teds are
gmulation of reldive rates of acid generation and akaline production, smulation of relative concentrations
of net acidity, metds and sulfate, and smulation of amendments such as dkaine addition.

Unfortunately, no single kinetic test method has emerged as the best or standard technique, athough
wesathering tests have been shown to be more accurate than other kinetic tests in predicting mine water
qudity (Bradham and Caruccio, 1990). However, since a variety of tests are in use, results must be
interpreted on the basis of the specific test protocol used. Net acidity, metds, cations, or sulfate data can
be plotted as daily production rates (mg of ion per g of sample per time intervad) or as cumulative
production rates with time. Although the data are sometimes plotted as concentrations, this defeats the
purpose of the kinetic test evaluation and does not dlow samples to be readily compared due to variations
in rock weight and effluent volume. From the plots of production rates, samples are classfied as dkdine
or low, medium, or high acid producers or smilar descriptive terms. The key aspect of kinetic tests are
changesin the rates of production that develop over time, as carbonate mineras are consumed and sulfide
mineras oxidize. However, at certain threshold levels of NP, the carbonate minerds inhibit oxidetion of
aulfide minerds, enhancing Sability.

Few fidld cdibration studies and screening criteria for kinetic tests are published. This stems from the
gpplication of kinetic tests on a case by case basis, rather than on a broad scale. Figure 5.6 shows an
example of aplot of net cumulative adidity (as mg of addity/gm of sample) in which two of the ssmpleswere
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akaline and one exhibited low acidity. Either daily or cumul&tive data can be plotted and the interpretation
related to the differing dopes of the lines. With cumulative data, the chemicd wegathering attributes are
usudly defined by one of three trends. Figure 5.6 is an example of rdatively straight dopes indicating that
the acid and dkdine production potentids vary little with time and that few weethering products
accumulated in the sample prior to leaching. Thisis common for dl dkaline samples. A second common
trend is a steep acid dope initidly, followed by a much flatter dope for the remainder of the test, which
suggests that accumulated acid weethering products areinitidly being flushed. A steep dope dso indicates
that the sample may weather quickly upon exposure. The third mgor trend in acid samples is that the
sample may exhibit low acidity or sulfate vauesiinitidly and after severd weeks begin to produce sgnificant
acidity. These samples are normally high acid producers, as discussed in Chapter 5. Plots smilar to those
presented in Figures 5.6 and 5.7 can be constructed for metals or other parameters of interest. The
interpretation has to be keyed to the pecific test method, however. This sems from the use of kinetic tests
on acase by case bas's, and the variety of test protocolsin use.

Figure 7.4a shows an example plot of sulfate and tota acidity generated from a 12 week leaching test for
two samples. A standard quantity of water was added to columns containing the crushed samples. Sample
B produces much higher concentrations of both acidity and sulfate than sample A. Sulfate and acidity
concentrations reach a peek after about 5 weeks and decline only dightly thereafter. Thisisinterpreted to
mean that sample could gtill generate additiond acidity and sulfate beyond the 12 week test period. Sample
A on the other hand, never produces much acidity or sulfate throughout the test, and both parameters are
decreasing in the later weeks of the test. Sample A is not expected to be an acid source. Sample B could
generate Sgnificant acidity.

Figure 7.4b isa cumulaive plot of acidity and sulfate generation for two samples from a 70 day (10 week)
wegthering test. The cumulative production of acid and sulfateis expressed in mg/g of sample. Thisdlows
direct comparison of samples on amass basis. Sample D produces atota of about 3.5 mg acidity/g sample
for the test period compared to about 0.32 mg/g for sample C, a difference of about 10 fold. ThusD is
expected to be a Sgnificant acid source relative to C. The dope of the cumulative acidity plots for both
samples continue to increase at a congtant rate at the end of the test period. Thisindicates that both rocks
are likely to continue to produce acidity. A decreasein dope or flattening of the line would signify that the
rate of acid production was declining.

Table 7.6. Strificaion of water qudity in an underground mine pool--pH in standard units, specific
conductance in umhos'cm@?25, dkdinity in mg/L. CaCO; equivdent, dl othersin mg/L.

Sample pH Alkdinity Specific Fe Mn Sulfate
Depth Conductance
100 feet 7.15 565 7000 202 2.8 3654
(bottom)

60 feet 7.60 257 4240 5.6 0.38 1936
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Simulated Weathering Test L eachate
Concentrations of Acidity and Sulfate for Two Samples
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Figure 7.4. Two examples of cumulative acidity and sulfate production graphs.

A GENERALIZED APPROACH TO THE ANALYSISOF SITE DATA AND PREDICTION
OF MINE DRAINAGE QUALITY

Mine drainage qudity is largely controlled by three mgor variables. geologic conditions, hydrologic
conditions, and the mining and reclamation plans. While these three factors control mine water chemidtry,
resource sengtivity determines what risk is assumed if the Ste is mined. Resource sengtivity is therefore part
of the evduation. Findly, adjacent mining, if suitable examples exigt, show pogt-mining results that may be
andogous to the ste under development. Pennsylvania has demonstrated that properly used, such data can
be extremdy useful.
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The unique character and condition of each mine Site precludes a standardized cookbook approach to the
evaluation process. Instead, the process can be seen as a series of questions to determine:
* Isdte characterization adequate?
Wheat are site conditions?
What effect will mining and reclamation have, i.e. what is the expected post-mining water quaity?
Does post-mining water quality produce unacceptable effects?

Whether one s preparing or reviewing a permit, one has to achieve some leve of satisfaction that each of
these issues has been adequately addressed. The process is conceptudly illustrated in Figure 7.5. The
proposed mining operation is andyzed for geologic, hydrologic and mining conditions to predict expected
mine drainage characterigtics. Projected water quaity is then evaluated againgt on- and off-site resources
to determine probable impacts. Therisk of these impacts must then be classed as acceptable or not, based
on legd or regulatory standards, technology limits, or other criteria.

Following isagenerdized set of questions, arranged by topicsto form atypicd evduation for asurface cod
mine. An analogous process can be described for underground mines, with some common eements
between the two as, well as features unique to each. Theligt is not intended to be an inflexible set of rules,
but rather a guide that must be adjusted based on site specific issues.

Hydrology [<—> | Geology | <—>| Mine Plan

~S V7

Expected Mine Drainage Quality

v

Resource Sengitivity

Y
Expected Impacts

R

Acceptable Not Acceptable

Figure 7.5. Diagram illugrating the mgor dements of mine drainage prediction and evauation
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Generd dratigraphy, lithology and structure

Is the reported site geology consistent with published geologic reports that describe the general
geology? Large differences between genera and site-specific geology indicate that loca geology exhibits
rapid changes over small distances, or that Site characterization is inadequate or inaccurate.

Are the rock types and vertical sequences of rocks laterally consistent across the area? Vaidionin
dratigraphy may sgnad changesin geochemigtry of the rocks aswell.

Arethere structural features (anticlines or synclines) present? These may control or influence ground
water flow direction after reclamation.

What is the degree and direction of dip of the coal beds to be mined? Ground water usudly flowsin
the direction of dip in surface mine spoil aquifers. In underground mines, flooding typicaly begins at the
downdip end of the mine.

Are limestones or limey shales or mudstones present? Limestones contain high percentages of acid
neutrdizers, but must be broken into smdl sze fragments to be chemicdly active. Limey shdes and
mudstones may undergo rapid physica weethering and release dkainity quickly.

Isthe coal bed laterally consistent in thickness and composition? Cod beds can thicken, thin or pinch
out entirely. Channel sandstones that replace cod in the latter case sometimes contain pyrite, and usualy
lack carbonates. Partings within acod bed frequently form acid.

How much sandstoneis present in the over burden? Some of the most severe acid drainage comes from
gtes with large percentages of sandstone and little carbonates. Hard sandstone that resists physica
weethering cregtes large voids and helps circulate oxygen into the spail pile. In underground mines,
competent sandstones may resist breaking and subsiding.

Hydrogeologic Setting

What is the topographic setting of the mine? Surface mines located on hilltops and upper dopes are
likely to be in ground-water recharge areas. Surface mines located on footdopes or valey floors are usudly
in ground-water discharge zones. These mines will recave flow from upgradient. The posshbility of
generating acid drainage is higher for mines in discharge zones compared to otherwise Smilar minesin a
recharge area, unless the pyritic materia will be permanently inundated after reclamation.

Underground mines located above drainage may flood only partialy after cdlosure and discharge by outcrop
barrier leskage or a other points. Below drainage mineswill usualy flood completely after closure.

Where are aquiferslocated? Mines usudly will intercept some ground water from the fracture flow system
on hillades. Mine drainage can move through the fracture flow system to discharge from or recharge
aquifers at lower devations. Underground mines may intercept larger regiond aquifers.
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Are springs and seeps present on the mine? Springs and seeps indicate loca ground water discharge
zones and infer that the underlying rock is of lower permesbility.

What are static water levelsin drillholes and wells? Satic water levelsindicate in agenerd manner, the
amount of ground water that may be encountered during mining. Water table devation in surface mine ol
isusudly lower than pre-mining weter levels.

Where isthe coal cropline? The cropline, dong with dip largely determines the location of post-mining
discharges. For underground mines, the cropline indicates a potentiad seepage after flooding.

Drillhole Information

Are exploratory holes distributed across the mine site? Didtributed drillholes are needed to determine
whether dratigraphy is consgstent or varigble.

Are drill logs and cross-sections plotted in the correct locations with all units described and
identified? Accurate locations are necessary to determine structure and to correlae strata.

Aretheredirectional trendsin the stratigraphy? Thickening or thinning beds or facies changes within
the mine Ste can affect the digtribution of acid forming and acid neutrdizing minerds.

Are all of the strata to be disturbed during mining represented in the drillhole data? It is necessary
to identify al rocksthat may contribute to mine drainage qudlity.

Do the number and distribution of drillholes provide a clear interpretation of site stratigraphy? If
dratigraphic units cannot be correlated or facies changes identified, additiona exploratory drilling may be
needed.

Geochemicd Data

Have the samples been collected, stored and analyzed following generally accepted and documented
procedures? Andytica results can vary widdy if a quaity assurance/qudity control plan is not followed,
meaking interpretation difficult or impossble.

Do the geochemical data represent the rocks both vertically and horizontally? Samples must represent
the different rock types identified. Subsamples within individua dratigraphic units are needed to identify
changes in geochemidtry that are not obvious based on visud ingpection. Typica subsample units are 3 to5
feet, maybe lesswhen sgnificant acid forming potentid is suspected.

For ABA data, reports should include calculated MPA, NP and NNP. Color and fizz rating are useful
supplementd information to identify the weathered zone and the presence of carbonates.

For amulated weethering tests, the data report should include tabular summaries and/or plots and graphs
of the leachate qudlity data, and a description of the specific test method used.
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Where are the significant acid forming and acid neutralizing materials? Each drillhole is examined by
individua sample andysesto identify which rocks are contributing to acid generation or neutraization. Some
numeric criteriafor characterizing rocks from ABA andyss as Sgnificant sources of acidity or dkdinity are
shownin Table 8.4.

Arethere directional trends in geochemistry? Compare chemicd data among drillholes to determine
laterd congstency. Both sulfur and carbonate content can increase or decrease across amine, and the unit
may thicken, thin, or pinch out.

Is a weathered zone of low sulfur and low neutralizer content present? These materids will not
generate much acidity or dkdinity.

Isold minespoil or coal refuse present? These materias have undergone chemica weethering and can
contain metd sulfate minerds such as copigpite, hdotrichite and others. The metd sulfate minerds are a
source of stored acidity and metas. For these kinds of materids, indude sulfate sulfur in the cdculation of
potentia acidity. Weeathered samples show spoil qudity that could develop on the new mine.

Arethereindividual samplesor strata with high acid generating potential ? These rocks may require
preventive mesasures including but not limited to dkaine addition, specid handling and water management.

Are there individual samples or strata with high neutralizing potential? These rocks are principal
source of akdinity in the spail. They should be mixed with acid forming materid or otherwise redistributed
to offset acid generation.

Are ABA data combined or plotted by a method that simulates the geometry of the mine site? Severd
criteriafor interpreting ABA datafrom NP, NNP and asratio of NP to MPA were discussed earlier inthis
chapter. The criteria were developed from ABA data that were combined into a summary vaue for the
entire mine Ste.

Does weighted ABA data and interpretive criteria suggest drainage islikely to be alkaline, acidic or
marginal quality? In generd, an excess of neutrdizers are needed to preclude acid drainage. Sites lacking
neutraizers are probable acid formers, unless the rocks are al'so essentialy without pyrite. The strength or
severity of acid drainage depends on sulfur content, amount of neutralizers present and rock types.
Condusions drawn from ABA data should be compared with other tools like adjacent mining and basdline
water quality to strengthen conclusions.

Hydrology

Were water quality samples collected, preserved stored and analyzed using generally accepted and
documented methods? Andyticd results can vary widdly if aquality assurance/qudity control plan is not
followed, making interpretation difficult or impossible.

How much alkalinity is present in “ deep” ground-water (below the weathered zone)? These waters
should have gppreciable dkainity (>50 mg/L) if sgnificant NP is present in the rocks.
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How much alkalinity and dissolved solids are in springs and seeps? These waters usudly circulae in
the weathered zone and are generdly low in dissolved solids (less than afew hundred mg/L) and dkainity
(often less than 20 mg/L).

Are multiple samples available to characterize seasonal variation in quality? In the Appaachian
region, samples collected in late winter to eerly soring and late summer to fal will display the range in water
quality likely to encountered.

Do samples reflect the different aquifer systems that will be encountered or affected by mining?
Mixing mine drainage with aquifers of different chemigtry will have impacts that differ in type and severity.

Does ground water quality show influence of past mining? Ground waters within afew hundred feet
of land surface in Appaachia usualy have less than 100mg/L of sulfate as background. Elevated sulfate
concentrations can indicate that mine drainage has migrated on ste from other surface or underground
mines. Mine waters that have been neutrdized by carbonate reactions in surface mine spoil often produce
water with the cation fraction dominated by cacium and magnesum.

Are there samples from previous or adjacent mining in the same coal bed? Adjacent mining can show
the generd character of expected water qudity from the proposed mine if the Stes have smilar geology,
hydrology and mining techniques.

Arethere others sources of ground-water recharge to the site and if so, what isits quality? Dranage
from mines on other seams etc. can influence water quaity

Are stream sampling sites perennial, intermittent or ephemeral? Water quality is some composite of
ground discharge and surface runoff. Concentrations of some parameters like sulfate and akdinity are
sengtive to flow conditions and the contributions of different sources.

Are multiple samples provided to estimate the range in seasonal variation of water quality? Inthe
Appaachian region, samples collected in late winter to early spring and late summer to fal will disolay the
range in water quality likely to encountered. Mine drainage impacts to streams are often most pronounced
during low flow conditions, when mine water is alarger percentage of stream flow.

Are measured flow data reported with water quality? These data are needed to perform loading, mass
baance, or mixing caculations for projecting the impacts of mine drainage on areceiving sream.

Are streams lightly buffered? Lightly buffered waters have little capacity to neutrdize an influx of acid
drainage.

Does flow increase or decrease downstream? In most Appaachian drainage basins, flow increases
downstream (gaining streams). If flow decreases downstream, the loss could be infiltrating underground
mines or karg.
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Does surface water quality show influence of mine drainage from past or current mining? Many
surface waters in the Appaachian region have background concentrations of less than 50 mg/L of sulfate.
Elevated sulfate concentrations often indicate mine drainage effects. Mine waters that have been neutraized
by carbonate reactions in surface mine spoil often produce water with the cation fraction dominated by
cacum and magnesum.

Mining and Redlamation Plan

What surface mining method and spoil handling/spreading equipment will be used? The mining
method and equipment determines pit Size, exposure time before reclamation, and the ability to segregeate
or specid handle acid-forming materid. In generd, areamining by dragline provides the longest exposure
time before reclamation, and the leadt flexibility in handling acid materid or ingdling other preventive
measures. Contour haulback or block cut with trucks and loaders usudly have the mogt flexibility to
incorporate specid handling, water management and akaline addition.

What materials, if any, are proposed for special handling? In the Appaachian region, specid handling
involves placement of acid forming materid above the expected pos-mining water table. Ten to twenty feet
above the pit floor is a common target zone for placement. In the mid-continent and rarely in Appaachia,
flooding or placing acid forming materid below the water table is used.

Are materials to be specially handled easily recognized in the field? They can usudly be distinguished
by color or rock type

Is alkaline addition proposed? If yes, what quantity and where will it be placed in the backfill?
Alkaine addition can be beneficid on margind sites and as a* best management practice.” The common
practice isto add dkaine materid based on the deficiency expressed by negative NNP for asingle strata
or an entire overburden section. Adding more dkaline materid to raise the NNP above zero seems to
increase the chances for success. Placing dl the dkaline materid at the top or bottom of the backfill isless
effective than mixing or incorporating the dkaine materid into the spail pile,

Adjacent Mining

Were mining and reclamation methods including special handling, alkaline addition and water
management methods similar on the existing and proposed mine? No mines are identicd but the overdl
mining and reclamation techniques should be smilar for avaid comparison.

Do the sites have similar overburden stratigraphy and geochemistry? Even adjacent sites can be
geologicdly dissmilar, due to facies changes, topography, etc. If the Stes are not dratigraphicaly and
geochemicaly smilar, usng data from the adjacent site will be mideading.

What is the post-mining water quality and quantity from the adjacent site? Assuming the comparison
isvdid, thisinformation is extremey useful in predicting future water qudity a the unmined ste.
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Resource Sengtivity

Are there lightly buffered surface or ground waters that could be affected? Are there public or
private water supplies (intakes, reservoirs, and wells) that could be impacted? Are there sensitive
biota that could be affected? Quality could be damaged by small amounts of acid drainage.

Is water quality already degraded by past mining or other activities? This might meen that the
watershed cannot withstand any additional degradation or, aternatively, may indicate that the watershed
islessvulnerable.

The questions posed in the preceding sections are not al-encompassing. They do, however, flag the mgor
data needs for an andysis and prediction of mine drainage qudity and can serve as a darting point for
specific casereviews.

DEVELOPING MINE DRAINAGE SCIENCE: ISSUES, OPPORTUNITIES AND NEEDS

An enormous body of scientific research and practical experience in mine drainage has developed over the
last century. Nonetheless, our ability to correctly anticipate, prevent, or manage mine drainage and its effects
isdill limited. Additiond effort is needed to:

1. Enhance quantitative prediction of mine drainage chemistry. Currently, assessments are often confined
to adetermination of net acid or net dkdine. Edtablishing expected ranges of dkdinity, acidity or other key
parameters would reduce levels of uncertainty on margind or senditive Sites.

2. Edtablish a consensus on kinetic test methodology. Currently a large number of test protocols are
available, and each may produce different results. The lack of consensus has made wide spread gpplication
and interpretation of kinetic tests quite difficult.

3. Conduct fidd cdibration studies of mine water quaity and andytica/predictive methods. The most
comprehensive field cdibration studies that exist are for ABA in northern Appdachia and a few mid-
continent stes. Analogous studies are needed in central and southern Appalachia and the mid-continent.
Few published studies relate kinetic tests and field performance.

4. Develop improved predictive technology for underground mine water quaity. Prediction work on
underground mines has received |ess attention compared to surface mines. However, most of the existing
mine drainage pollution in Appa achia comes from abandoned underground mines.

5. Pursue the development and testing of new and revised andyticd techniques, such as downhole wireline
logging, evolved gas andys's, and other methods.

6. Learn from past mistakes and accumulated data. Basdine and monitoring data are available from
completed and ongoing mining from companies, consultants and government agencies. Careful examination
of quality would help refine predictive techniques.
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7. Examine the gpplication of minerdogica data and geochemica modeling techniques to mine drainage
prediction. These methods are being gpplied in the hard rock mining industry to mine drainage prediction.

8. Pursue the use of andyticd tools, such as three dimensiond modding software packages that can
perform overburden volumetric andysis and Satigtical andys's procedures, including, where gppropriate
for detailed sampling and andlys's, variography and kriging.

The stience of mine drainage prediction has benefited from new and improved testing methods, many fied
sudies and experiments, and practica experience. The need for and possibility of continued improvements
and refinements il remains amgor chalenge.

Acknowledgments. The author thanks Robert Evans, Hydrologist, Office of Surface Mining, for severd
productive brainstorming sessions that contributed to the development of this chapter. A chapter discussng
mine drainage prediction (Kania, 1998), written by Tim Kania, Hydrologist, Pennsylvania DEP, aso
provided much guidance and ingght in this effort.
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APPENDIX A. CONSIDERATIONS FOR CHEMICAL MONITORING AT
COAL MINES

by
CharlesA. Cravottalll and Gary M. Hilgar

INTRODUCTION

Ground water and drainage from cod minesrange in qudity from strongly acidic (pH <4.5) to near neutrd,
or alkaline (akdinity > acidity; pH > 6) (Cravottaet d., 1999). Acidic mine drainage (AMD) commonly
has elevated concentrations of sulfate (SO,%), iron (Fe), manganese (Mrf*), duminum (AF*), and other
solutes that result from the oxidation of pyrite (FeS;) and the dissolution of carbonate, oxide, and
auminosilicate minerals (Cravotta, 1994; Rose and Cravotta, 1998). Predicting the potentia for AMD
formation requires a detailed evauation of the geologic and hydrologic systems at a proposed mine site. A
sgnificant amount of quditative information (such as lithology, drainage characteristics, presence/absence
of seeps, etc.) can be obtained through observations by trained professionas. However, for confident
predictions of post-mining water quaity, water and, in many instances, rock must be sampled for andyss.
The samples must be collected and andyzed under controlled conditions using Sandard messuresto assure
reliable data.

The god of AMD prediction isto evduate a planned physicd and chemicd dteration of aparticular Ste(i.e
a proposed mining operation as described by the permit application) and determine as accurately as
possible whether, and to what extent, water quality will be affected. To accomplish this, it is necessary to:
1) establish data collection points that are representative of the physica and chemica systems associated
with the subject Site; 2) collect, preserve, and transport samples from the fied Ste to the testing |aboratory
in a manner that minimizes physica and chemicad changes in the sample; and 3) perform laboratory
procedures that accurately characterize the samples and yield useful results.,

Water samples are collected to establish a pre-mining basdine and to aid in prediction, by characterizing
pre-mining water qudity on site and post-mining water qudity a adjacent mines. However, it isimportant
to note that even if a prediction is qualitatively accurate, the absolute quantities and rates of production of
acidity, dkdinity, and other condtituents in the discharge water are difficult to determine on the basis of
laboratory tests. For example, overburden evaluation may accurately predict dkaline water; however, the
akaline water can have concentrations of metals and sulfate that exceed regulatory requirements for mine
discharges. The uncertainty in post-mining water qudity prediction is most commonly attributed to spatia
variability of lithology and associated issues associated with rock sampling, andyss, and interpretation.
Nevertheless, spatia and tempord variability in the hydrology and water qudity a a mine also can be
ggnificant sources of error in the evauation of predicted and measured water quality at coa mines.

Comprehensive reviews and data have been published recently on the chemistry of mine drainage
(Nordstrom and Alpers, 1999; Rose and Cravotta, 1998). This chapter summarizes mgjor factors that
apply to collecting and analyzing samples for the prediction of pH, dkdinity, acidity, and associated
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condtituents of cod mine drainage. Methods for water sampling and characterization are described to ensure
that useful datafor prediction and evauation of post-mining water quality are collected. Other aspects, such
as overburden sampling, have aready been covered e sewhere in this book, and are therefore addressed
inlessddal.

HYDROGEOCHEMISTRY OF COAL MINE DRAINAGE

Pyrite oxidation takes place primarily in the unsaturated zone and at the land surface, where oxygen (O,)
and moisture are available and where acid (H") and other oxidation products tend to concentrate in fluids
and solids. For example, secondary sulfate mineras can form asintermediate oxidation products on pyrite
and other sulfide minerds and can precipitate from eveporating sulfate-rich solutions (Nordstrom and
Alpers, 1999). Secondary sulfate mineras are important as both sinks and sources of AMD, storing H',
Fe, and SO,* in a solid phase during dry periods and releasing the solutes when dissolved by runoff,
recharge, or risng ground water (Cravotta, 1994; Olyphant et a., 1991). Consequently, concentrations of
acid and dissolved solutes in mine discharges can increase with increasing flow rates, particularly when
recharge first occurs after sustained dry conditions (Hornberger et d., 1990).

In contrast with SO,%, which is transported primarily as a dissolved ion, iron can be transported as ferrous
(Fe*") and ferric (Fe*) ions and as suspended Fe(l11) solids. At pH >3, concentrations of dissolved Fe**
are limited by the formation of Fe(I11) oxyhydroxides and related solids (Bigham et d., 1996). However,
a nea-neutral pH and under anoxic conditions, concentrations of Fe** can be elevated due to the relatively
high solubility of Fe(ll) oxyhydroxides and carbonates. Aeration of water containing Fe** and Mr?*
promotes their oxidation and hydrolysis, producing Fe(l11) and Mn(l11-1V) oxyhydroxides and 2 moles H*
for each mole F&* or M (Cravottaet d., 1999; Rose and Cravotta, 1998). As explained in more detail
below, the potentid for the production of H" (or consumption of OH) by hydrolysis reactionsinvolving Fe,
Mn, Al, and other metd ionsis measured as acidity.

Neutrd or dkaine mine drainage (NAMD) has akdinity that exceeds acidity, but also can have devated
concentrations of SO,%, Fe**, Mr?*, and other solutes (Rose and Cravotta, 1998). NAMD commonly
originates as AMD that has been neutrdized by reactions with carbonate, oxide, and duminosilicate
mineras composing the overburden (Blowes and Ptacek, 1994; Cravotta et a., 1999). If present in
sufficient quantities dong downgradient paths, dissolution of cacite (CaCG;), dolomite [CaMg(COs),], and
other calcium or magnesium bearing carbonate mineras neutraizes acid and produces dkdinity (([OH] +
[HCO;] + 2[CO4]). By definition, akalinity = O for pH < 4.5 (Greenberg et d., 1992). Generdly, the rate
of dissolution of carbonates decresses with increasing pH, akalinity, and Ca* concentrations, and
decreasing concentrations of dissolved carbon dioxide and carbonic acid (H,COs ) (Plummer et d., 1979;
Stumm and Morgan, 1996). The neutrdization of AMD generdly does not affect SO, concentrations;
however, if present upgradient from pyrite, the calcareous mineras can buffer the initia pH to be near
neutra, which can dow or inhibit pyrite oxidation and the production of SO, (McKibben and Barnes, 1986;
Moseset a., 1991).

Strongly acidic waters are cgpable of reacting with duminosilicate minerds, such askadlinite, illite, chlorite,

mica, and feldspar. Although pH can be increased by the dissolution of auminosilicates, the subsequent
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hydrolysis of AF* ions will generate acid. lon-exchange reactions involving clay mineras derived from
wesgthered claystone or shae strata adso can be important. These reactions, which typically take placein
the saturated zone, can remove H', dissolved metds, and other contaminants from mine drainage (Winters
et d., 1999; Lambert & d., 1999). Cacium ion exchange for sodium (2Na” = Ca-EX) can increase
akdinity by promoting dissolution of calcium carbonate, if present (Cravottaet d., 1994a).

WATER QUALITY MONITORING AND EVALUATION

Ground weter & acod mine commonly variesin qudity both spatialy and temporaly because of varigions
in physicad and chemica conditions in spoil and surrounding zones. Hence, for water quality prediction and
evauaion, the median net akalinity and other condtituents for samples from amine or wells can be useful
as representative of Ste water quaity conditions (Chapter 3, Brady et d., 1994). This assumes that the
discharge or ground water sample integrates spatia variations in the spoil and that a sufficient number of
samples has been collected to identify the median tempora condition; however, it fails to consder how
accurately the water sampled at a mine represents the overdl range of Site conditions.

Figure 1 shows that despite wide variations in the net-dkalinity concentrations for monthly samples from
three monitoring wells completed through spail, the median monthly net akalinity and net neutrdization
potentia (NNP) for spail cuttings from the boreholes were positively related. This correlaion between
NNP and median net dkainity indicates that patia variability in ground water quaity within the spoil is
controlled localy by the ABA. However, the tempord variability in net akdinities for each of the wdls
indicates sgnificant effects from dynamic factors including variations in recharge, reaction rates, and solute
trangport. Furthermore, despite potential for acidic conditions, water from the unmined bedrock was
akaline, indicating mining was necessary to accelerate the oxidation of pyrite. Thus, while the overburden
data from the bedrock borehole would have accurately indicated potentid for acidic ground water in the
mine spail, the actud water qudity in the spoil was more closdy rdaed to conditionsin the vicinity of the
wdll.

Figure 2 shows that a amine, or a sngle ground water sampling location, the net akdinity can dternate
from dkadineto acidic. At this mine, recharge had a pronounced effect because pyritic materias had been
selectively placed in compacted pods above the water table. Negative vaues of NNP were computed on
the basis of cuttings from boreholes for each of these wdls, ranging from -33 to -0.5 g/lkg CaCO; (Cravotta
et d., 1994b), indicating the potentia for acidic conditions for this Ste. Nevertheless, depending on when
and where samples were collected, the corresponding water quaity data were not aways in agreement with
this prediction. Although selective handling isolated pyritic strata from ground water, concentrations of
metalsin ground water were dill evated because the oxidation of pyrite and dissolution of Sderite were
not abated (Cravotta et al., 19944).

Daa for the pH of ground water and associated discharge samples from four surface mines in the
bituminous codfied of Pennsylvania, when combined so that each mine is represented equaly (tota
frequency of 25% for each mine), show a bimoda frequency ditribution (Figure 3a). Most samples are
either near neutral (pH 6-7) or digtinctly acidic (pH 2.5-4), with few samples having pH 4.5-5.5. This
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bimodd digtribution is consstent with regiond data for the northern Appalachians and reflects buffering in
the near-neutral and acidic pH ranges (Cravotta et a., 1999). Nevertheless, the pH of the ground water
a each mine commonly ranges over severd units, mainly caused by spatid variability or heterogeneity.
Although acidic and near-neutral waters were sampled at three of the four mines, individua wells or
discharges generdly reflected locally acidic or near-neutral conditions. A few wels in mixed pyritic and
cacareous spoil had water quaity that varied temporaly between acidic and akdine (e.g. Figure 2).
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Figure 1. Acid-base accounting and water chemistry data for boreholes ingalled through the same cod
bearing horizon a a cod mine after reclamation (adapted from Cravotta, 1998). NNP is the weighted
average of the difference between NP and MPA for rock cuttings from the borehole. Negative values
indicate the potentid for acidic conditions. Net dkdinity is presented for monthly water samples from the
borehole; negative vaues indicate acidic conditions. The median net dkdinity, indicated separatdly, is
related to NNP.

The pH, dkainity, and acidity of mine water samples are rdaed, asilludrated in Figure 3b. In generd, mine

water samples that have pH> 6.0-6.5 can be classified as NAMD or dkdine (akdinity > acidity). The pH

of the NAMD samples generdly will be buffered by carbonates and hence will not decrease subgtantialy

as oxidation and hydrolys's reactions occur. In contrast, mine water samplesthat have pH < 5 generdly can

be classified as AMD, or acidic (akalinity < acidity). These samples commonly contain Fe, Mn, and Al

ions, hence, the pH typicdly will decrease as oxidation and hydrolys's reactions occur. Mine water samples
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with an intermediate pH of 5-6.5 may or may not have devated concentrations of Fe* and Mr?*. Asthese
caions undergo oxidation and hydrolyss, the pH vaues of acidic samples in this intermediate pH range
ultimately will decreaseto pH < 4.5; however, an ultimate pH > 4.5 islikdy for dkaine samples.

Measurement of pH, Alkalinity, and Acidity

The pH of asolution isameasure of the effective hydrogen-ion (H") concentration or, more accurately, is
the negative logarithm of the H" activity in moles per liter (pH = -log aH") (Nordstrom et a., 2000). The
pH of water samples is controlled by reactions that produce or consume H', induuding hydrolysis and
dissociation of acids and bases (Wood, 1976). Samples with identical pH can have widdy variable
dkdinities and/or acidities depending on the concentrations of solute species. Accurate vaues of pH
normaly must be measured in the field because the pH can be affected by changesin ionic speciation owing
to gas-exchange reactions, such as the exsolution of CO,, and to minera-precipitation reactions, such as
the formation of carbonate and hydroxide compounds (Wilde et ., 1976; Wood, 1998). Consequently,
laboratory pH vaues for mine drainage can differ from field pH vaues by severd units (Wood, 1996).

Alkdinity isthe capacity for asolution to neutrdize acid, or H, ions (Greenberg et d., 1992; Hem, 1985;
Stumm and Morgan, 1996). In practice, akdinity indicates the potentid for the pH of awater sampleto
change with the addition of moderate amounts of acid. Although a number of solutes, including carbonate,
hydroxide, sulfide, phosphate, borate, silicate, anmonia, and organic bases can contribute to akainity, the
inorganic carbon species, HCO5 and COs?, are the predominant sources of akainity in most natural water
samples (Hem, 1985).

Standard methods to determine dkdinity involve titration with a sandard concentration of sulfuric acid
(H2SO,4) (Wood, 1976; Greenberg et d., 1992; Fishman and Friedman, 1989; Wilde et d., 1998). The
primary difference among the methods involves the selection of the titration endpoint as afixed pH vaue
or a vaiable pH vaue. The current standard recommends only the pH 4.5 end point (Fishman and
Friedman, 1986; Greenberg et al., 1992).

Owing to the potentia for CO, exsolution and pH changes, akdinity commonly isindicated as an undable
congtituent requiring field measurement (e.g. Wood, 1976; Wilde et d., 1998). In practice, the exsolution
of CO, will increase pH; however, the dkainity will be conserved by this process, asindicated by:

HCO; = CO, (gas) + OH

where the reactant HCO; and product OH" are stoichiometrically baanced and have identica acid-
neutrizing capacity. In contrast, the in-bottle precipitation or accidenta introduction of hydroxide or
carbonate mineras can affect the acid neutraizing capacity of asample. For example, CaCOs or Fe(OH);
will dissolve as H,S0, istitrated into the sample, adding to dkdinity. If these partides formed after sampling
and are thoroughly mixed and completely redissolved during titration, then the dkdinity will be unaffected.
However, if the solids adhere to the bottle or were introduced accidentaly, then dkainity can be reduced
or increased, respectively. If dkdinity isto be measured in the laboratory, water samples should be recently
collected, completely filled,sedled and chilled.
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Figure 2. Tempord variations in net dkainity data for ground water samples from monitoring wells

screened through reclaimed spoil at a surface cod mine in Pennsylvania (adapted from Rose and Cravotta,

1998).

Acidity is defined as the capacity for awater sample to react with strong base, or OH', to a designated pH
(Greenberg et d., 1992). In practice, acidity indicates the potentid for mine drainage pH to decrease owing
to the hydrolysis of Fe, Al, Mn, and other cations (Payne and Y eates, 1970; Ott, 1986, 1988; Cravotta
and Rose, 1998). The acidity of mine water commonly is measured by one of three titration methods: hot
acidity with the addition of hydrogen peroxide (Greenberg et d., 1992), cold acidity with the addition of
hydrogen peroxide (Fishman and Friedman, 1989), and cold acidity without hydrogen peroxide (Ott, 1986,
1988). All the methods involve titration with a standard concentration of sodium hydroxide (NaOH) to a
pH 8.3 endpoint. The addition of hydrogen peroxide (H,O,, 30%) promotes oxidation of reduced forms
of polyvalent cations, such as Fe** and Mr#*. Bailing the sample for the hot acidity method accelerates
hydrolysis of the cations, improving method precision; however, because Mg?* produces positive
interference with hot acidity, the measured hot acidity could be excessve (Payne and Y eates, 1970).
Expressed as equivaents, Mg?* is among the predominant cations in mine drainage (Cravotta and Rose,
1998). Thus, acidity values obtained by cold acidity methods tend to be lower, and may be more
meaningful, than those determined by hot acidity (Ott, 1986; 1988), particularly if M¢f* is a predominant
caion and if samples, after being boiled, are not cooled sufficiently before completing the hot acidity
titration.
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Figure 3. Addity, akdinity, and pH data for water samples from four mines in Pennsylvania (adapted from
Rose and Cravotta, 1998): a). frequency datafor pH showing bimoda digtribution; b). net dkalinity rdative
to pH. Alkadinity and acidity are capacity properties of a solution to neutralize base or acid, respectively.
Both properties may be imparted by severd different solute species, and both are evauated by acid-base
titration to gppropriate pH end points (Hem, 1985). Acidity and dkdinity are expressed as equivaents, or
as CaCO;, enabling comparison with one another and with stoichiometric reactions involving carbonate
Species.
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Figure 4. Comparison of measured and calculated acidity (adapted from Rose and Cravotta, 1998).

The acidity of mine water can be estimated as the sum of the equivaents of H', Fe**, Fe**, AI**, and
M multiplied by 50:

Acidity(mg/L CaCOs) = 50*{ 10°P+[(3Ckes+2Cre2:)/56]+[(3Cai3:)/27]+[(2Cnz+)/55]}

where C is the concentration in mg/L, the multiplication factor is the charge, and the divisor isthe
molecular weight of the subscripted species. On the basis of the above equation, caculated acidities
generaly are comparable to measured acidities (Figure 4); however, discrepencies exceeding 10% are
apparent. Probable causes for discrepencies include exsolution of CO, and H,S, ion complexation by
H* and OH  (e.g. HSO,, FeOH?"), and the indlusion of M¢f* in the hot acidity measurement (Payne and
Y eates, 1970; Cravotta and Rose, 1998).

GROUND WATER MONITORING CONSIDERATIONS

Cod-bearing rocks congst of multiple layers, or srata, of different compostions. Before mining, the relaive
abundance and verticd didribution of pyritic, acid-forming lithologies and cacareous, neutrdizing lithologies
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can be evaduated to indicate the potentid for AMD formation and to develop amine plan or overburden
handling plan. As discussed in Chapter 2, acid-forming and neutralizing materias tend to be more abundant
for a given dratum at depth, where they have been protected from westhering, because rain water
infiltration commonly has depleted the pyrite and calcareous minerds near the surface. Although different
methods of mining, overburden handling, water management, and reclamation can affect poil properties,
mining typicaly produces spoil that congdts of a mixture of acid-producing and neutraizing materids, is
inverted dratigraphicaly, and has higher permegbility and porosty than the unmined rock (Cravottaet d.,
19%a,b). Because of the increased permeability of the spail, inflow rates of oxygenated air and water are
higher and the water table within spail tends to be degper than in unmined rock (Guo et d., 1994; Jaynes
et d., 1984ab; Rose and Cravotta, 1998). Hence, pyrite oxidation and associated reactions are facilitated
in spoil by the exposure of previoudy deep-lying unweethered drata to O, and circulaing water.
Additiondly, degp burid and inundation of previoudy shdlow-lying, weethered srata facilitates reductive-
dissolution of Fe- and Mn-oxyhydroxide minerds and the subsequent release of metads associated with
these compounds (Francis et d., 1989, 1990). These processes can be rapid and can produce significant
and prolonged effects on the water quality at a mine and downgradient locations.

Monitoring desgnsto evauate pre-mining conditions and effects of mining and remediation on the chemigry
of ground water need to consder and produce site-specific information on the hydrology at the mine, the
chemigtry of water from unsaturated and saturated zones, and the relative abundance and digtribution of
acid-forming and dkaline-producing minerals aong flow paths. As discussed in Chapters 2 and 3, water
quality and quantity will vary spaialy and tempordly a amine, particularly during active mining, but dso
for years dfter reclamation and during the reestablishment of the zone of saturation and hydrologic
equilibrium (recharge/discharge). The ability to evaduae such variability and hence, to minimize the
uncertainty of AMD prediction, requires the ingtdlation of sampling points dong potentid flow paths and
the monitoring of water quaity and quantity for sufficient duration and frequency to characterize seasond
and long-term trends. Monitoring Sites should be established at locations within the mine areaand & one
or more upgradient and downgradient locations for surface and ground weter. Monitoring points dont two
or more transects and at two or more depth intervals will be needed to assess complex spatid trends.
Periodic monitoring (monthly or quarterly) over severd annud cyclesis needed to indicate seasond trends.
Long-term trends may be reveded by quarterly monitoring that is sustained for years to decades.
Supplementa information is available on locd rainfal and ar temperature (e.g. Nationd Oceanic and
Atmospheric Adminigtration climatic data) and locd streamflow and ground water stage (eg. USGS
hydrologic data records), which can help one evaluate seasond and longer term trends in water quality and
quantity.

Although mine discharges routindy are sampled under regulatory programs, the water at a discharge
point(s) may not be representative of the ste conditions as a whole, particularly where flow rates are
subgtantialy smdler or larger than the estimated inflow volume from recharge & a mine. Hence, Ste
characterization can be enhanced through the use of sdlectively placed monitoring wells and lysmeters and,
for some specid circumstances, gas samplers (Figure 5). These devices can be used to evauate spatid and
tempord variationsin the hydrogeology and water qudity at a mine that could result from environmenta
factors and from different mining and redlamation practices. Drill cuttings from monitoring boreholes can be
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logged and characterized for mgor minerals and sulfur and carbonate contents. These data can be
compared directly with water-quaity data from the boreholes and with pre-mining rock samples. Samples
of pore water and pore gas from the unsaturated zone, dong with temperature, can indicate geochemicaly
active zones, because the oxidation of pyrite generates heat and consumes oxygen, even when solutes are
stored as secondary solids. Pressure-vacuum lysimeters and open tubing ingtdled to various depthsin the
gpoil are useful for collection of unsaturated-zone water and gas (O,, CO,) data, respectively. These data
will indicate chemicd changes as water infiltrates the spoil and can be useful for evauating the effectiveness
of covers in modifying the chemistry of recharge (Cravotta, 1998) or the effectiveness of spoil handling
methods for minimizing pyrite oxidation (Cravotta et d., 1994ab; Guo and Cravotta, 1996). Ground water
measurements from properly congtructed wellsinto spoil and underlying bedrock can be used to evauae
the chemigtry, origin, and potential for movement of ground water in the spoil and surrounding rock
(Cravotta, 1994). By deepening the spoil wells dightly into the underclay, a sump is created, which
facilitates water sampling.

QUALITY ASSURANCE/QUALITY CONTROL

Quiality Assurance (QA) isamanagement system for assessing the quditative and quantitative rdiability
of field and laboratory data, and ensuring that al information and data are technicaly sound and properly
documented. Quality Control (QC) refersto a set of measurements that assures that the anaytica results
are accurate and precise. QC procedures commonly used include duplicate analyses and comparison testing
using known standards, blanks, and spiked samples. QA is essentidly an audit function to ensure that QC
work is being completed satisfactorily. A suitable QA/QC program will add cogs to the permitting effort,
but will increase the degree of confidence of the regulatory personnd in the data being being reviewed. This
will ultimatdly increase the the probability of timely permit decisions and decrease the chance of unexpected
AMD problems resulting from predictions based on flawed data.

Any project that is based on the eva uation of data gained from the collection and subsequent laboratory
analysis of field samples should be subject to some degree of QA/QC, and thus have a QA/QC plan. A
basic QA/QC plan ensures that the data generated are indicative of the study site characteristics and its
potentid to produce AMD. The need and ability to assess the quality of andyticd data is typicaly
proportiona to the degree of confidence required.. The extent to which QA/QC isimplemented should be
based on the acceptable level of uncertainty or confidence of results needed to answer specific question(s).
The cods involved in ste-specific hydrologic and overburden studies will increase as the need for
confidence in the data increases. Under certain circumstances, the need for high-confidence data becomes
very important. If expensive mangement options are to be decided on based on the andytica data (such
asthe potentid for perpetud trestment from alarge mine complex), a higher degree of confidence should
be required. Data that will be used to assess human hedth risks (not normally the case in amining scenario)
or datathat will or could be used in litigation should aso be subjected to more extensve QA/QC.

At a minimum, the QA/QC plan should assess: fiedld sampling procedures (including sample collection,
preservation, storage, and trangportation); measurement of fild parameters, field notes’documentation;
sample custody procedures,; sdection of laboratory and andytica procedures, |aboratory sample analysis

and QA/QC; and specific routine procedures to assess data. The QA/QC plan should be developed and
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maintained by the personnd performing the field investigation and andlyzing the laboratory data. Although
the QA/QC plan of the investigating entity should address laboratory procedures to some extent (i.e.
condtituents to be tested and andyticd methods to be used), the andyticd laboratory should have an internd
QA/QC plan that addresses al aspects of |aboratory operation.

MOHITOR WELL HESTED LY SIMETERS HESTED GAS 5SAMPLERS

UHSATURATED MINE SPOIL
SATURATED MIHE SPOIL

X

Figure 5. Schematic diagram showing nested monitoring design for evauation of subsurface chemidiry in
mine spoil (adapted from Cravotta et a., 1994).

FIELD SAMPLING PROCEDURES

Genera sampling procedures have been discussed in other chapters of this document. It must be
emphasized, however, that sampling should be conducted carefully so that the sampled media (water, soil,
or rock) approximates actua field conditions as closdy as possble. Generating qudity data representetive
of fiedd conditions requires that the condition of the media sampled is not sgnificantly dtered by the
introduction of contaminants or the occurrence of natural chemica processes during sampling, storage, and
transportation to the [aboratory.

The primary concern with soil and overburden samplesisto ensure that contamination from outside sources
(i.e. cross-contamination from other sampling locations via drilling equipment or sampling scoops) does not
occur. Soil samples and drill cuttings collected at specified intervas should be stored in individud sample
bags or containers labeled with the sample site and location, depth interval, and date. Continuous rock
cores are generdly placed in core boxes by the driller for trangportation to the facility where detailed logging
and sample extraction will be performed. However, fidd personnd should work with the driller to ensure
that any intervals not placed in the core boxes due to loss during core recovery or remova for testing by
other parties (i.e. cod seams removed for proximate andyss) are identified and dlearly marked. In al cases,
field samplers should use the sample containers and storage/trangportation methods specified in the QA/QC
plan. These dements may vary depending on the required test parameters for each sample. Sample

205



containers should be labded at aminimum with the project location, sample point number, sample depth,
and date. During storage, the primary concern isto minimize changesin sample properties due to drying and
oxidation. Changesin moisture can be measured by welghing fresh samples, and then reweighting them after
oven or freeze drying. Freeze drying is gppropriate for preserving the origind mineralogy and forms of
aulfur.

Water sampling typically requires a greater degree of care than soil and rock. Water samplesfor analysis
of inorganic chemica condiituents, including acidity, dkadinity, sulfate, and metds, should be collected and
dored in polyethylene bottles (Wilde et d., 1998). During surface water sampling, care should be taken to
minimize the disturbance of bottom sediments that could be incorporated into the sample. Introduction of
such sediments during sampling produces eevated leves of suspended solids, and depending on the
chemigtry of the disturbed sediments, could increase levels of Fe, Al, and possibly Mn (eg. Horowitz,
1991). Ground water sampling a wells should be conducted only after the gppropriate volume of water
(specified in the QA/QC plan) has been purged from the well (e.g. Claassen et al., 1982; Wilde et 4.,
1998). The samples should be processed (filtered, preserved) and stored at the appropriate temperature
specified in the QA/QC plan, and delivered to the laboratory as soon as possible after the completion of
sampling. Samples for [aboratory andysis of dkainity, acidity, and specific conductance (SC) should be
filled completely to displace any air. Samples for analysis of dissolved condtituents can be filtered through
0.45-micrometer or amdler porosty filters. Samplesfor anayss of dissolved and sugpended metd's should
be stored in acid-rinsed bottles and acidified with concentrated nitric or hydrochloric acid as specified in
the QA/QC plan. Samples that are not preserved should be refrigerated or stored on ice until anayzed.

Sample bottles should be labeled with a sation identification number and coded to identify the sample
preservation. The date and time of sample collection should be recorded on the labe and the corresponding
andytica services request forms at the time of sample collection. Andytica services request forms should
include dtetion identification, date and time of sample collection, a code to identify the preservation
technique, an andys's code to designate the specific laboratory andysesto be performed, and the name of
the person who collected the sample as well as other pertinent information, such as project name and
contact information. As specified in the QA/QC plan for chain of custody, one copy of the form should be
submitted with each sample to the laboratory; a duplicate copy should be retained by the investigator until
laboratory results are received and data are entered into the appropriate data base.

Fieddd Measurement of Unstable Water-Quality Congtituents

Datafor flow rate, ground water head, temperature, dissolved oxygen (DO), pH, and redox potentid (Eh),
and to alesser extent, SC, dkdinity, and acidity, should be measured in the field at the time of sample
collection because these characteristics are likely to change once the water sample has been extracted from
its natural environment (Wood, 1976). The measurement of these unstable characteristics should be
conducted using field-calibrated instruments (Rantz et d., 1982a,b; Wilde et a., 1998). From a QA/QC
gandpoint, it isimportant thet the field equipment be cdibrated periodicaly according to the manufacturers
specifications and/or the QA/QC plan. Generdly, fied equipment should be calibrated, at a minimum, a
the beginning of each sampling day and checked periodicaly. Depending on the length of the sampling event
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and the number of measurements to be made, recalibration and periodic checks in gppropriate standards
should be conducted during the day.

The measurement of flow at surface streams and ground water discharge points, and water level in
monitoring wells, is critica to address the permit application questions regarding existing water quantity and
the potentia for change. Accurate flow measurements are becoming increasingly important, particularly
where the determination of daily loadings of a given contaminant is required. The QA/QC plan should
assure that the methods used to measure flow and water levels are acceptable. Current meters can be used
to measure flow rate (eg. Rantz et d., 1982ab). This method typicaly involves measurement of the cross-
sectiond channd areain square feet (ft?) and average water velocity in feet per second (ft/s) to obtain
discharge in cubic feet per second (cfs). Where flow rates are too small (<0.01 cfs) or too diffuse for
current meters, volumetric methods using cdlibrated containers and timing devices can be used to determine
flow rate. Generdly, smdler flows can be collected by routing them through asmal diameter plastic pipe,
and usng a sopwatch to measure the time required to fill a container of known volume to obtain discharge
in galons per minute or liters per minute. Other accurate methods of surface flow messurement (eg. welrs,
flumes, s&ff gages) are available (Rantz et d., 1982ab), but are less portable and/or require ingdlation and
mai ntenance of permanent equipment. Regardless of method, flows should be measured as accuratdy as
possible—visud estimates, other than taff gage values, arerardly, if ever, adequate.

Static water level in wells should be measured as specified in the QA/QC plan. The most common methods
use a chadked sted measuring tape or an dectronic water leve (conductivity senang) probe with avisud
or audible indicator atached to a graduated wire cord. Results can be expressed in distance below a
particular datum (i.e. top of casing, ground levd, etc.), or can be converted to a satic water levd if the
elevation of the wdllhead is known. Reference points for water level measurements needs to be consstent
and stable. A reference point can be surveyed relative to one or more stable, marked reference points

nearby.

Because temperature, pH, Eh, and DO can be affected by interaction with the atmosphere and gas
exchange during sample processing and storage, in Stu (downhole, instream) measurements or on-Site
measurements using flow-through cells that minimize atmaospheric contact with the water are gppropriate.
Although SC, dkdinity, and acidity are suggested fidld measurements (Wilde et d., 1998), comparable deta
for these condtituents can be obtained for fresh, completdy filled, seded, and chilled samples with short
holding timesin the laboratory. Neverthel ess, because of possible effects from aeration, gas exchange, and
hydrolysis of ions, data for some samples that are andyzed in the fidd and laboratory or andyzed
repeatedly through time should be evauated to determine if sample storage and |aboratory testing leads to
unacceptable errors. Field pH and SC data may aso provide data quality checkpoints because they can
be measured in subsequent laboratory anayses.

Feld measurements of temperature, SC, DO, and/or pH in water should be conducted seridly before and
during purging and sampling to assure that water processed for |aboratory andysis is representative of the
ground water and surface water systems. Find field data should be recorded and samples should be
collected only after stable, steady-state conditions are indicated.
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FIELD NOTES'DOCUMENTATION

A detalled record of field activities and Site-specific conditions that may affect the samples should be
documented in afield notebook. The type of information and degree of detail may vary according to the
complexity of the sudy. For a typicd mining water qudity study, the following information should be
recorded: 1) Name of sample collector(s); 2) Project name, location, and date of sampling; 3) Field
conditions: weether, hydrologic conditions (bassflow, runoff), description of sample site, and documentation
of any unigue conditions that may affect sampling activity or sample qudlity; 4) Specific field book entry for
each sample point, including dte description, time of sample collection, and record of point-specific
measurements (flow/water leve, temperature, pH, SC, etc.); 5) if wells are sampled, there should be a
record of datic water level before sampling, documentation of purging times and volumes, weter levd after
purging, actud sample collection time, and field measurements of pH, temperature, and SC before and after

purging.

Although al notes and observations of field conditions and the recording of field measurements are
important, it is essentid that the field sampler document any unique and/or temporary conditions that may
dter the permanent hydrologic regime of the sample point. This is especidly true if these conditions are
affecting the physicd or chemica characteridtics of the sample a the time of sampling or have the potentia
to do s0 in the future. For example, if a smdl stream that has aways been clear during the basdine
monitoring program is found to be highly turbid due to activities upstream from the monitoring point,
laboratory analyses of the sample could indicate anomaoudy high levels of suspended solids, Fe, and Al.
If this condition or other smilar events that may affect water quality are not documented by the field
sampler, the resulting water qudity anomaies may be unexplained or misinterpreted by persons not familiar
with the project area. Documentation is particularly important in areas of previousexisting mining where
hydrologic studies may be designed to predict the consequences of future mining by assessng the impacts
of past mining. Any sources of water quaity fluctuations should be documented as completely as possible
to differentiate actud mining impacts from those semming from other activities.

Field notes for soil/rock sampling activities should include: 1) Name of sample collector(s) performing
sample collection; 2) Project name, location, and date of sampling; 3) Field conditions: weather; description
of sample Ste; documentation of any unique conditions that may affect sampling activity or sample qudlity;
4) Specific fidd book entry for each sample point, including description (such as drill hole, sail pit, highwall
exposure, €c.); time of sample collection; log of individua sample characteristics (depth interval, color,
texture, lithology or soil classfication, etc.); and percent recovery. Standardized classifications for color
(Munsdl Color Charts) and texture (Universd Soil Classfication System) should be used to the fullest
extent possible to minimize persond biases. Rock classfication systems are not as standardized as those
for soils, and lithologic determinations should be made by atrained individud. Field guides such asthe AGI
Data Sheets published by the American Geologicd Indtitute may be useful for rock identification.

Field notes for soil/rock sample collection by drilling should dso document any observations that may
indicate the subsurface geologic or hydrologic conditions present & the Site. These may include, but are not
limited to, drilling advance rates, water levels, loss of air circulaion, loss of cuttings, water yield or loss
during drilling a different depths, and caving/hole Sability.
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SAMPLE CUSTODY PROCEDURES

An acceptable QA/QC program in AMD prediction studies requires that the complete history of every

sample be recorded (Downing and Mills, 1998). The chain of custody begins with the person(s) collecting

the samplein thefidd and is transferred to each subsequent person or entity that handles the sample. Such

ahigory will incdlude:

. The date, time and sampling protocol for the origind sample;

. The method, duration, and location of any sample storage;

. A detailed record of any physica or chemicd trestment of the sample, including drying, crushing,
grinding, screening, splitting, and washing;

. A record of everyone who has handled the sample, including time and place; and

. Records of digposd of any sample components, fractions, and splits.

This cradle to grave record for a sample condtitutes the chain of custody. Any engineer or geoscientist
evauatiing AMD test work results may need to follow the chain of custody backwards in order to
investigate unusud or unexpected results. In addition to its necessity for scientific investigation, chain of
custody has important legd ramifications. All events rdated to the collection, trandfer, andyss, and ultimate
disposa of samples should be recorded using a chain-of-custody form. This information will be recorded
on the andytical services request forms or arelated document specified in the QA/QC program that will
be tranamitted with samples on each step from the field collection through |aboratory andyss.

SELECTION OF LABORATORY AND ANALYTICAL PROCEDURES

Regulations governing prediction of hydrologic consequences specify minima testing parameters prior to
issuance of a mining permit. These can include typica basdine congtituents associated with AMD (pH,
acidity/dkainity, iron, manganese, duminum, sulfate, dissolved solids and/or SC) for water samples, and
ABA for the overburden. Mogt |aboratories that serve the mining industry can perform these tests.
However, more rigorous testing may be required for a specific Ste. For example, where gpplications of fly
ash or biosolids are proposed for use during reclamation, regulatory agencies may require toxicity testing
on such materids and monitoring for heavy metds. Reviewers may require additiond testing for prediction
dudies in sengtive watersheds, such as kinetic testing using humidity cdls or leaching columns. Such
procedures may require specidized equipment and technica expertise not available at dl Iaboratories, and
require more stringent QA/QC because the implementation of additiond regulatory requirementsis usudly
coupled with a higher degree of scrutiny by the regulatory agency.

The sdlection of a laboratory to perform sample testing is an integra part of generating reliable data to
predict mining consequences. It isimportant to ensure that the |aboratory can perform dl testing required
for the prediction study, and document QA/QC procedures used to maximize data confidence. Not al

laboratories are equa in terms of equipment, facilities, trained personnd, etc. Some laboratories have a
long-standing reputation for generating high-quality datawith few errors; others may be capable but may
not have yet established a proven track record; dill others may have areputation for providing fast, low-

cost analyses with questionable QC procedures. The sheer number of testing laboratories present near
some metropolitan areas may make laboratory selection a difficult task. However, the effort expended in
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designing a hydrologic monitoring program and careful fidd sample collection and handling may go for
naught if the samples are submitted to alaboratory thet is not capable of providing anaytica resultsthat are
representative of the delivered sample. Therefore, developing a working relationship with a qudified
laboratory isavery important part of generating quaity data that can be used with confidence for prediction
of AMD potentid.

Industry members that have extengive monitoring reguirements and regulatory agency personnd thet review
the hydrologic consequence portions of permit gpplications may be able to recommend religble laboratories.
At aminimum, the selected laboratory should have a comprehensive in-house QA/QC program outlined
in a QA/QC manud. The manud should be sufficiently comprehensive to apply to most |aboratory
operations, and should be subject to periodic review and update. In addition to internd QA/QC, itisaso
desirable to seek laboratories that are certified for particular types of andyticd work by outside agencies
such asthe U.S. EPA, State Hedlth Department, etc. Certification under such programs usually requires
periodic testing of unknown standard samples submitted by the certifying agency to determine the accuracy
and reproducibility of laboratory methods.

The cost of laboratory andysesis dways an important consideration when devel oping a project budget.
However, selection of an andytica laboratory should never be done solely on a cost basis. Laboratory
testing codts can vary depending on the number of samples and andyticd schedule. There may be sgnificant
differencesin pricing for analyses on a per item basis compared to package pricing for a routine suite of
condtituents.

Laboratory Sample Analysisand QA

Water and overburden samples should be andyzed for physica characteristics and chemica congtituents
using gpproved methods (e.g. Fishman and Friedman, 1989; Greenberg et d., 1992; Skousen et d., 1997;
Sobek et d., 1978; Wilde et d., 1998). One or more QA samples, including blanks, duplicates, and
gtandards for inorganic condtituents, should be analyzed as blind samples with each set of samplesto check
for contamination, accuracy, and precison of anaytica results. On average, goproximatey 10% of thetotd
samples should be QA samples. When firg garting a project and establishing initid datafor aste, a greater
percentage of samples may be QA samples, and subsequently, upon verification of acceptable results and
the availability of Ste datafor comparison with new results, a smaler percentage may be QA samples.

Blanks are used to check for contamination resulting during sample collection and analyss. Laboratory
blanks are used to check for contamination from the sample bottle or from laboratory processing of
samples, and field blanks are used to check for contamination of samples from exposure to sampling and
filtering equipment. Laboratory blank water, which can condst of deionized or digtilled water from
commercia sources, will be placed with appropriate preservatives in the type of bottle specified for the
desred andysis and will not be taken to thefidd. A fidd blank will congst of the same type of water and
sample bottle used for alaboratory blank; however, the fid blank will be processed through the sampling
and filtering equipment in the field, after routine dleansing and rinsing of the equipment following water-
sample collection.
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Duplicate samples should be used to evduate fidd and laboratory andytica precison in andyss of
overburden chemistry or concentrations of metals and anions in water samples. Samples for analys's of
dissolved condtituents should be filtered into one container and then split. Preservation and storage of the
duplicate samples must be conducted using identical procedures.

The accuracy of fidd and laboratory measurements should be evauated using sandard reference samples
from the Nationa Inditute of Standards and Technology, U.S. EPA and USGS, and/or commercid
sources, as well as matrix spiked or synthetic samples prepared using certified reagent grade chemicals.
Standards are rock or water samples that have known characteristics or concentrations of constituents of
concern. Deionized water, the same water source used for [aboratory blanks, should be used to prepare
any standards from ampouled concentrates. Standards submitted for analysis should be stored in the same
type of containers or bottles and trangported with the unknown samples for andyss.

Approved techniques for chemica measurements (e.g. Fishman and Friedman, 1989; Greenberg et d.,
1992; U.S. EPA, 1983; Wilde at d., 1998) should be used to provide uniform methods for both field and
laboratory andlysis. Accuracy and precison can be quantified by use of data from duplicate and sandard
samples as described earlier. During the project, detection limits should be verified, and accuracy and
precision of data checked in accordance with the QA/QC Plan.

Common laboratory errors include (Caow, 1991): incorrect identification of samples; contamination;
improper or ingppropriate sample preparation; inaccuracy of sample weights or volumes, improper or
ingppropriate sample dissolution/treatment; chemica and physicd interference; improper or ingppropriate
ingrumentation, or inaccurate measurement; caculation errors, and incorrect data handling/reporting. In this
ligt, dl but chemica and physicd interference have a human component. This highlights the importance of
QA/QC, which establishes standardized procedures to minimize the potentid for error, and checkpoints
to provide opportunities to detect and correct errors that do occur.

The laboratory QA/QC process typicaly begins when the laboratory delivers sample containers and
presarvatives to the fidd investigator. After the samples are collected and transported to the |aboratory,
proper procedures must be followed for chain-of-custody, sample storage and holding time, sample
preparation, use of quaity-control samples, insrument cdibration, sample andysis, |aboratory vaidation,
data reporting, and record keeping. This processis outlined below:

1) Samplesddivered to laboratory

2) Sampleslogged in, temperature and pH checked

3) Paperwork (chain-of-custody) checked

4) Samples gored in refrigerators

5) Samples checked out - sample preparation begins

6) Sample extracts and/or digests assgned to analysts

7) Sample andysis by approved methods using calibrated insgruments

8) Lab QC samples checked to ensure no contamination during storage, handling, preparation, etc.

9) Dataevduation and reporting

10) Vdidation by section head/manager (checks caculations, sgnificant figures, etc.)
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11) Data package preparation
12) Lab manager approves and sgns data package
13) Data package submitted to client

Although a detailed description of the laboratory QA/QC processis beyond the scope of this report, the
ultimate god of performing these procedures is to implement a mechanism by which the quditative and
quantitative reliability of the data can be assessed.

SPECIFIC ROUTINE PROCEDURESTO ASSESS DATA

Qudity of andyticad measurements can be evauated by examinaion of five data qudity parameters:
precision, accuracy, representativeness, completeness, and comparability. These terms are defined briefly
below.

Precision is ameasure of the degree of agreement among replicate analyses of a sample. Vaues should
demondrate the reproducibility of the measurement process. The sample sandard deviation and coefficient
of variation are commonly used as indicators of precison; smdler vaues (i.e. less variation about the mean
of al anaytica results) indicate better precison.

Accuracy is how close the andlyticd result isto atrue or reference vaue. A true vaueis one that has a
certified concentration based on many andyses, or a sample that has been spiked with a known
concentration of areference materid. Accuracy is generdly expressed as a percentage of the true vaue.

Representativeness is the degree to which data can be compared with other results of alarge sample
accuratdy represent parameter variations a a sampling point and/or environmenta condition. All testing
data should reflect, as much as possible, the exigting conditions at the time of sampling.

Compar ability is the degree of confidence with which one data set can be compared to another. The
produced datamay be compared to other available data, such as data generated by another |aboratory over
a specific time period, or data collected from literature or research by others.

Completenessis the measure of the amount of vaid data obtained from a study area compared to the
amount that was expected to be obtained under norma conditions. Completeness goal's should be defined
at the beginning of a project to ensure that sufficient deta are collected.

Precison and accuracy can ususdly be evauated by examining QA data available on request from the
laboratory, and/or submitting duplicate and spiked samples dong with the fidld samples ddlivered for testing.
Representativeness is commonly afunction of the location of a sample point within amedium (such asan
aquifer or large sream), and a determination whether characterization of that medium can be accomplished
by asingle sample point or if multiple points are required. From this standpoint, representativeness of data
islargely the responghility of the investigator and/or fidld sampler. Although water in smdl small, narrow
sreams may be wdl mixed, width- and/or depth-integrated sampling may be appropriate for representetive
samples where seepage is diffuse, discharges occur dong a stream bank, a stream channel is braided or
broad, or other scenarios where the water a the sampling Ste is poorly mixed and could vary in qudity.
Likewise, the investigator must andyze the purposes of the investigation and supplementary data available
from other studies, and ultimately be respongble for evauating comparability and completeness of data.
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When evduating water-qudity data collected for a basdine monitoring program, the investigator should
compare the data to previoudy collected deta a each monitoring point for generd trends. Andytical results
that are substantialy greeter or less than the previoudy observed vaues should be checked to determine
if the variaions are vdid. For example, a sulfate concentration of 150 mg/L a a sample point that has
exhibited concentrations between 10-15 mg/ L over the previous 6 months may indicate asmple laboratory
dilution or cdculation error. Another exampleis the case of a dramétic increase in iron content a a sample
point that has exhibited less than 1 mg/L of iron, which could result from severd possible sources Elevated
iron in conjunction with high sugpended solids and eevated flow generdly indicates turbidity due to
increased runoff during raingtorms. If the elevated iron levels are due to runoff caused by rainfdl, this
occurrence should aso be apparent from entries in the fiedld sampler’s notes, or in dte rainfdl data (if
avaladle). Elevated iron and suspended solids in absence of increased flow or evidence of runoff could
result from in-stream excavation work upstream from the sample point—if this is the cause, it should be
noted in the fidd sampler’s notes. It could aso result if the fidld sampler inadvertently disturbed bottom
sediments while collecting the sample. Elevated iron without increased flow or suspended solids may be
evidence of |aboratory error, a contaminated sample container, or contamination of the sample during the
trangportation, handling, or preparation.

Assuming no sample contamination or [aboratory errors, basdine data should be uniform or exhibit trends
that can be linked to seasona flow variaions. Sudden dramétic increases in concentrations may be
explaned by mgor precipitation events, or unique Stuations that affect the stream on a short-term basis and
should be documented in the field sampler’ s notes. If dramétic variations cannot be otherwise explained,
further evauation should be conducted to determine the probable cause. If this type of evauation is
performed soon after receipt of the data package from the laboratory, the sample, if retained, can be
retested to confirm or rule out the possibility of laboratory error. If there is no laboratory error and the
sample was contaminated during some other stage of sample handling or trangportation, it may be necessary
to resample to obtain vaid data

In addition to the evaluation of results for QA samples, QA checks can be performed on water-quaity
condtituents for unknown samples to check for internd consstency. For example, SC, sulfate, and total
dissolved solids generdly are corrdated (e.g. Hem, 1985; Fishman and Friedman, 1989). Additiondly, if
magor cations and anions are determined, then the chemica ionic balance, or charge baance, can be
computed (Fishman and Friedman, 1989). Findly, ABA and water-chemistry data collected during the
program can be plotted and/or statisticd andlyss carried out in order to determine spurious results and
confidence of data. For example, as shown in Figures 1 - 4, the pH, akdinity, acidity, and overburden
chemistry commonly will be correlated. Ouitliers from the generd trends will need to be examined to
determineif deviation from the main trend is due to sampling and/or andyticad errors. Downing and Mills
(1998) report severd examples of such plots. These include: 1) Inorganic carbonate NP vs. NP to
determine whether there is any correlation between carbonate content (carbonate NP) and total NP, 2)
Neutrdization Potentid Ratio (NPR), which is NP divided by MPA againg totd or pyritic sulfur anayss,
and 3) maximum acidity potentia (AP), determined from sulfide sulfur analyses plotted againgt total sulfur
anayses.

213



REFERENCES

Bigham, JM., U. Schwertmann, S.J. Traina, R.L. Winland, and M. Wolf, 1996, Schwertmannite and the
chemica modeling of iron in acid sulfate waters, Geochimica et Cosmochimica Acta, 60: 2111-2121.

Blowes, D.W. and C.J. Ptacek, 1994, Acid-neutrdization mechaniamsin inactive minetailings, In: Jambor,
JL. and D.W. Blowes (Eds), Environmenta geochemistry of sulfide minewastes Minerdogica
Association of Canada, Short Course Handbook, vol. 22, p. 271-292.

Brady, K.B.C., 1998, Groundwater chemistry ifrom previoudy mined areas as amine prediction toal, In:
Brady, K.B.C., Smith, M.W., and Schueck, JH.(Eds.), Coa Mine Drainage Prediction and Pollution
Prevention in Pennsylvania Harrisburg, PA DEP, 5600-BK-DEP2256, p. 8.1-8.92.

Brady, K.B.C., E.F. Perry, R.L. Beam, D.C. Bisko, M.D. Gardner, and JM. Tarantino, 1994, Eva uation
of acid-base accounting to predict the quality of drainage a surface cod minesin Pennsylvania, U.SA..
USBM SP-06A, p. 138-147.

Brady, K.B.C., A.W. Rose, JW. Hawkins, and M. R. DiMatteo, 1996, Shallow ground water flow in
unmined regions of the northern Appa achian Plateau—Part 2. Geochemical characteritics, in: Proc., 13"
Annud Meeting American Society for Surface Mining and Reclamation: Princeton, WV, American Society
for Surface Mining and Reclamation, p. 52-62.

Cdlaghan, T., G. Fleeger, S. Barnes, and A. Daberto, 1998, Groundwater flow on the Appaachian
Plateau of Pennsylvania, Chapter 2 in: Brady, K.B.C., Smith, M.W., and Schueck, JH.(Eds.), Cod Mine
Drainage Prediction and Pollution Prevention in Pennsylvania, PA DEP, Harrisburg, 39 p.

Cadow, R., 1991. Quality Control/Quality Assurance in Geochemica Laboratories. Explore, 72: 23-24.

Claasen, H.C., 1982, Guiddines and techniques for obtaining water samples that accurately represent the
water chemistry of an aquifer: USGS Open-File Report 82-1024, 49 p.

Cravotta, C.A., Ill, 1994, Secondary iron-sulfate minerds as sources of sulfate and acidity: The
geochemicd evolution of acidic ground water a a reclaimed surface cod mine in Pennsylvania, in Alpers,
C.N., and Blowes, D.W., eds,, Environmental geochemisiry of sulfide oxidation: Washington, D.C,,
American Chemical Society Symposium Series 550, p. 345-364.

Cravotta, CA., I11, 1998, Effect of sewage dudge on formation of acidic ground water at areclamed cod
mine: Ground water, 36:1: 9-19.

Cravotta, CA., I1l, K.B.C. Brady, M.W. Smith, and R.L. Bream, 1990, Effectiveness of the addition of
dkaine materids at surface cod minesin preventing or abating acid mine drainage—Part 1. Geochemica
condderations, In: Proc.of the Mining and Reclamation Conf. and Exhibition, Charleston, WV, April 23-26,
1990: Morgantown, WV, WV U, v. 1, p. 221-225.

214



Cravotta, C.A., I1l, K.B.C. Brady, A.W. Rose, and J.B. Douds, 1999, Frequency distribution of the pH
of cod-mine drainage in Pennsylvania, In: Morganwalp, D.W., and Buxton, H. (Eds.), USGS Toxic
Substances Hydrology Program—Proc. of the Technical Meeting, Charleston, SC, March 8-12, 1999:
USGS Water-Resources Investigations Report 99-4018A, p. 313-324.

Cravotta, C.A., IlI, D.L. Dugas, K.B.C. Brady, and T.E. Kovalchuk, 19944, Effects of sdective handling
of pyritic, acid-forming materias on the chemistry of pore gas and ground weter a a reclaimed surface cod
minein Clarion County, PA, USA: USBM SP-06A, p. 365-374.

Cravotta, C.A., 11, K.B.C. Brady, L.C. Gustafson-Minnich, and M.R. DiMatteo, 1994b, Geochemical
and geohydrologica characterigtics of bedrock and mine spoil from two methods of mining a areclamed
surface coad minein Clarion County, PA, USA: USBM SP-06B, p. 242-249.

Csuros, M., 1994. Environmental Sampling and Analysis for Technicians: CRC Press, Inc, p. 79-139.

Downing, B.W. and C. Mills, 1998. Qudity assurance/quality control for acid rock drainage studies at
Enviromine: http:/Amwww.enviromine.com/ard/Add-Base%20A ccounting/Quality.htm (09/23/98).

Fishman, M.J. and L.C. Friedman, eds.,, 1989, Methods for determination of inorganic substances in water
and fluvia sediments: USGS Techniques of Water-Resources Investigations, book 5, chap. A1, 545 p.

Francis, A.J. and D.J. Dodge, 1990, Anaerobic microbia remohilization of toxic metals coprecipitated with
iron oxide: Environmenta Science & Technology, 24:373-378.

Francis, A.J, D.J. Dodge, A.W. Rose, and A.J. Ramirez, 1989, Aerobic and anaerobic microbial
dissolution of toxic metads from cod wastes—mechaniam of action: Environmenta Science & Technology,
23:435-441.

Greenberg, A.E., L.S. Clesceri, A.D. Eaton, and M.A.H. Franson, eds., 1992, Standard methods for the
examination of water and wastewater (18")., American Public Hedlth Assoc., Washington, D.C.

Greenberg, A.E., J.J. Connors, D. Jenkins, and M.A.A. Franson (Eds.)1981, Standard Methods for the
Examination of Water and Wastewater (15" edition), American Public Hedlth Assoc., Washington D.C.,
1134 p.

Guo, W. and C.A. Cravotta lll, 1996, Oxygen transport and pyrite oxidation in unsaturated coa-mine
spoail, inProc. 13" Annua Mesting of the American Sodiety for Surface Mining and Redamation, Knoxville,
TN, May 19-25, 1996, p. 3-14.

Guo, W., R.R. Parizek, and A.W. Rose, 1994, The role of therma convection in resupplying O, to strip
coa-mine spoil: Soil Science, 158 47-55.

215



Hawkins, JW., 1998, Hydrologic characterigtics of surface mine spoil, Chapter 3in: Brady, K.B.C., M.W.
Smith, and JH. Schueck (Eds.), Cod Mine Drainage Prediction and Pollution Prevention in Pennsylvania
Harrisburg, PA DEP, 5600-BK-DEP2256, 11 p.

Hem, JD., 1985, Study and interpretation of the chemical characteristics of natural waters (3° ed.): USGS
Water-Supply Paper 2254, 263 p.

Hornberger, R.J., M.W. Smith, A.E. Friedrich, and H.L. Lovdl, 1990, Acid mine drainage from active and
abandoned cod mines in Pennsylvania, in Mgumdar, SK., Miller, EW., and Parizek, R.R.(Eds.), Water
Resources in Pennsylvania—Avallability, Quality, and Management: Eagton, Pa, The Pennsylvania
Academy of Science, p. 432-451.

Horowitz, A.J, 1991, A Primer on Sediment Trace Element Chemistry (2™), Lewis Publishers, Chelses,
MI, 136 p.

Houndow, A.W., 1995. Water Quality Data—Anaysis and Interpretation: CRC Press, Inc, p.71-74.

Jaynes, D.B., H.B. Pionke, and A.S. Rogowski, 1984a, Acid mine drainage from reclaimed cod strip
mines--2. Simulation results of modd: Water Resources Research, 20:2:243-250.

Jaynes, D.B., A.S. Rogowski, and H.B. Pionke, 1984b, Acid mine drainage from reclaimed cod strip
mines—-1. Model description: Water Resources Research, 20:2:233-242.

Ladwig, K.J,, P.M. Erickson, R.L.P. Kleinmann, and E.T. Poduszny, 1984, Stratification in water quality
in inundated anthracite mines, eastern Pennsylvaniaa USBM RI 8837, 35 p.

Lambert, D.C., D.A. Dzombak, and W.W. Aljoe, 1999, Evduation of Naturd Amdioration of Acidic
Deep Mine Dischargesin Western Pennsylvania, Preprint, Pittsburgh Cod Conf., 20 p.

McKibben, M.A. and H.L. Barnes, 1986, Oxidation of pyrite in low temperature acidic solutions—rate
laws and surface textures; Geochimica et Cosmochimica Acta, 50:1509-1520.

Moses, C.O. and JS. Herman, 1991, Pyrite oxidation a circumneutral pH: Geochimica et Cosmochimica
Acta, 55:471-482.

Nielsen, D.M., 1991. Practica Handbook of Ground water Monitoring: Lewis PublishersInc, p. 528-538.

Nordstrom, D.K., and C.N. Alpers, 1999, Geochemistry of acid mine waters, in Plumleg, G.S,, and
Logsdon, M.J. (Eds), The Environmental Geochemigtry of Minerd Deposts—Part A. Processes, methods,
and hedlth issues: Reviews in Economic Geology, v. 6A, p. 133-160.

Nordstrom, D.K., C.N. Alpers, C.J. Ptacek, and D.W. Blowes, 2000, Negative pH and extremely acidic
mine waters from Iron Mountain, Cdifornia. Environmental Science & Technology, 34: 254-258.

216



Olyphant, G.A., E.R. Bayless and D. Harper, 1991, Seasond and wegther-related controls on solute
concentrations and acid drainage from a pyritic cod-refuse deposit in southwestern Indiana, U.SA.: Journd
of Contaminant Hydrology, 7:219-236.

Ott, A.N., 1986, Edimating iron and duminum content of acid mine discharge from a north-centra
Pennsylvaniacod field by use of acidity titration curves. USGS Water-Resources | nvestigations Report 84-
4335, 25 p.

Ott, A.N., 1988, Dud-acidity titration curves—fingerprint, indicator of redox state, and estimator of iron
and auminum content of acid mine drainage and related waters, In: Subitzky, Seymour (Ed.), Selected
papers in the hydrologic sciences 1987: USGS Water-Supply Paper 2330, p.19-34.

Payne, D.A. and T.E. Y eates, 1970, The effects of magnesium on acidity determinations of mine drainage:
Nationa Coa Association/Bituminous Coa Research Inc., 2" Symp.on Cod Mine Drainage Research,
Pittsburgh, Pa., p. 200-226.

Pennsylvania Department of Environmenta Protection, 1998, “Working” draft Pennsylvania s nonpoint
source management program: Harrisburg, PA, PA DEP, 3940-BK-DEP2275, p. 14-23.

Pummer, L.N., D.L. Parkhurst, and M.L. Wigley, 1979, Critica review of the kinetics of cacite dissolution
and precipitation, in Jenne, E.A.(Ed.), Chemica Modeling in Aqueous Systems—

Speciation, Sorption, Solubility, and Kinetics: American Chemica Soc. Symp. Series 93, p. 537-573.

Rantz, S.E., and others, 1982a, M easurement and computation of stresmflow--1. Measurement of stage
and discharge: USGS Water-Supply Paper 2175, 284 p.

Rantz, SE., and others, 1982b, Measurement and computation of streamflow--2. Computation of
discharge: USGS Water-Supply Paper 2175, 631 p.

Rose, AW. and CA. Cravattalll, 1998, Geochemistry of cod-mine drainage, In: Brady, K.B.C., Smith,
M.W., and Schueck, JH. (Eds.), Cod Mine Drainage Prediction and Pollution Prevention in Pennsylvania
Harrisburg, Pa., PA DEP, 5600-BK-DEP2256, p. 1.1-1.22.

Skousen, J,, J. Renton, H. Brown, P. Evans, B. Leavitt, K. Brady, L. Cohen, and P. Ziemkiewicz, 1997,
Neutrdization potentid of overburden samples containing sSderite: Journd of Environmenta Qudity,
26:673-681.

Sobek, A.A., Schuller, W.A., Freeman, JR., and Smith, R.M., 1978, Field and laboratory methods
applicable to overburdens and minesoils: U.S. EPA-600/ 2-78-054, 203 p.

Stumm, W. and J.J. Morgan, 1996, Aquatic chemistry—chemical equilibriaand ratesin natural waters, 3¢
Edition: New Y ork, Wiley-Interscience, 1022 p.

217



U.S. Environmenta Protection Agency, 1983, Methods for Chemicd Andyss of Water and Wadtes, EPA-
600/4-79-020, Cincinnati, OH,

U.S. Environmental Protection Agency, 1992. Test Methods for Evaluating Solid Waste: SW846, 3¢
Edition., Washington D.C, p. 1.1-1.30.

Wilde, F.D., D.B. Radtke, J. Gibs, and R.T. Iwatsubo, 1998, Nationd field manual for the collection of
water quaity data: USGS Techniques of Water-Resources Investigations, Book 9, Handbooks for Water-

Qudity Investigations, varioudy paged.

Winters, W.R., R. C. Capo, M.A. Wolinsky, and T.J. Weaver, 1999, Geochemical and hydrogeologic
evolution of dkaline discharges from abandoned coad mines.

Wood, C.R., 1996, Water qudity of large discharges from mines in the anthracite region of eastern
Pennsylvania USGS Water-Resources Investigations Report 95-4243, 69 p.

Wood, W.W., 1976, Guiddines for collection and field analysis of ground water samples for selected
unstable congtituents: USGS Techniques of Water-Resources Investigations, book 1, chap. D2, 24p.

218



Appendix B—CHAPTER 6 CASE STUDIES

ANALYS S OF VARIANCE (ANOVA)

Lower Kittanning Coal, Pennsylvania

The ANOVA example described below isfrom areconnai ssance sampling study of Lower Kittanning Cod
samples from marine and freshwater paeoenvironments in Pennsylvania (Hornberger, 1985)* . This
preliminary sampling study was conducted to determine if three channd samples of coa and/or overlying
shde per surface mine would be sufficient to characterize any sgnificant differencesin sulfur content, pyrite
morphology, and leachate quality between paleoenvironments. Three channd samples of the exposed
Lower Kittanning cod and the firdt three feet of the immediady overlying shae were collected in four strip
minesin Armstrong, Jefferson, Lawrence, and Somerset Counties. The Lawrence and Somerset County
mines were characterized by ashde of freshwater paeoenvironment. The minesin Armstrong and Jefferson
Counties were characterized by a marine shale overlying the Lower Kittanning cod.

The channd samples were collected a widdy spaced intervas within the mine sites, and were obtained in
accordance with the sample collection procedures outlined by Schopf (1960). The samples were
subsequently crushed with a jaw crusher to a nomina quarter inch (6.35mm) size. After crushing, the
samples were riffled and split to obtain representative samples for sulfur andyses, leaching sudies, and the
preparation of polished pellets for reflected light microscopy.

Variationsin sulfur content data, framboida pyrite count data, and leachate chemidtry data were Satigticaly
examined with ANOVA techniques to determine the magnitude of and significance dtributable to varigtions
between pa ecenvironments, between mines of the same pa eoenvironment, and within mines (i.e., between
channd sample replicates plus error). The total sulfur contents of the Lower Kittanning cod samples are
shown in Fgure 6.1. The pyritic sulfur, sulfate sulfur, and organic sulfur fractions are o shown to illudtrate
variaions within and among mines and pa eoenvironments.

In the ANOVA procedure, the sum of squares (i.e. squared deviations for each source of variation) and
mean squares, which are variance estimates computed by dividing the sum of squares by the appropriate
degrees of freedom (generdly, the number of variables minus 1), are calculated. Tables 6.7a-c show
estimated percentages of the tota variance attributable to each of the component sources of variation by
the total sum of squares. The results for the sulfur forms data are shown in Table 6.7a, dong with a one-way
ANOVA for each of the sulfur variables. Congdering the organic sulfur content, for example, goproximately
58% of the variation in the data occurs at the paecenvironmentd leve (i.e,, between marine and freshwater
settings), while approximately 29% occurs between mines, and gpproximatdy 14% of the variation remains
within mines (i.e., between channd sample replicates plus error).

While division with the sums of squares provides a quick survey of the percentage of the variance

* Referencesfor Appendix B can be found at the end of Chapter 6, starting on page 165.
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Figure 6.1. Sulfur content of Lower Kittanning Cod samples from marine and freshweter
pal eoenvironments.

explained at each levd of the hierarchica experimenta design, the F-test or variance ratio test isaforma
test of ggnificance. For example, it can be used to determineif the variance atributed to paeoenvironment
issgnificantly different than the error. The vadue of the component with the greater expected mean square
(i.e., paeoenvironment) is divided by the error mean square, and the quotient may be compared to values
in areference table such asin Arkin and Colton (1963).

The F-test and sgnificance levels are shown for the sulfur datain Table 6.7a, where the F vaue of 33.351
for the organic sulfur dataiis sufficiently large that there isless than one chance in 10,000 that avaue of that
megnitude would occur purely by chance. Asaresult of ANOVA of total sulfur contents and the contents
of pyritic, sulfate, and organic forms of sulfur, it was found thet varigtionsin organic sulfur content of the cod
samples were highly sgnificant between paeoenvironments while pyritic sulfur variatiions were not. The
mean pyritic sulfur content of samples from amarine paeocenvironment is higher than that of the freshwater
pa ecenvironment, as was true for the organic sulfur content. However, in this study, the mgor portion of
the variance in the pyritic sulfur dataremains a the within-mine leve of channd sample replicates plus error.

Previous sudies have examined the association of the framboidd form of pyrite and other pyrite
morphologies with various depositiona environments (e.g., Reyes-Navarro and Davis, 1976), and the
ggnificance of framboidd pyrite in acid mine drainage production (e.g., Carruccio and Parizek, 1968;
Carruccio et d., 1977). Polished pellets made from representative splits of the Lower Kittanning coa
samples were examined by reflected light microscopy in order to test the sgnificance of variations in
framboidd pyrite occurrences in the array of cod samples. The pellet mounts of the samples were
congtructed and polished as described in Reyes-Navarro and Davis (1976, p. 52-54). The microscope was
equipped with a point-count stage and had a 10-point grid inserted in the ocular. All pyrite occurrences
within the field of view were examined during a continuous scan of a 10mm traverse; the pellet was then
moved 1mm perpendicular to the completed traverse, and this procedure was repeated until ten traverses
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of 10 mm had been scanned. Four classes were established for counting purposes. Two were for discrete
classca framboids (less than or greater than 10 micronsin diameter). The other two were for clusters of
euhedrd microcryss and intergrowths of framboids in which individud framboids could not reedily be
discerned or counted (having along dimension less than or greeter than 10 microns (Carruccio et d., 1977;
Love and Amstutz, 1966; Rickard, 1970).

TABLE 6.7a. Andydss of variance summary table of sulfur content data
Percent of Variance Estimated (from Sums of Squares) F-Test Mean
Sgnificance  Marine Freshwater

P M R&E PIE Level Mines Mines
Pyritic Sulfur 26.0 | 27.8 46.2 4.493 0.0669 2.027 1.133
Sulfate Sulfur 6.7 | 62.2 31.0 1.736 0.2242 0.162 0.218
Organic Sulfur 575 | 28.8 13.8 33.351 0.0000 1.160 0.505
Tota Sulfur 33.2 | 33.3 33.4 7.960 0.0224 3.348 1.857

Table 6.7b. Anaysis of Variance Summary Table of Framboida Pyrite Occurrence
Percent of Variance (Estimated from Sums of Squares) F-Test Mean
Sgnificance Maine Freshwater

P M R&E PIE Leve Mines  Mines
Raw Count Data
Discrete, less than
10 microns 77.3 0.1 22.6 27.331 0.0000 50.833 | 0.833
Discrete, greater
than 10 microns 23.8 121 64.1 2.970 0.1231 250 | 0.167
Cludters, greater
than 10 microns 76.4 1.7 15.9 38.404 0.0000 16.50 | 0.667
Clusters, lessthan
10 microns 94.4 2.4 3.2 234.472 0.0000 113.33 | 7.000
Tota Framboids 91.2 11 7.7 95.306 0.0000 183.17 | 8.667
Squar e Root
Transformed
Data
Discrete, less than
10 microns 89.5 11 94 76.318 0.0000 6.996 | 0.50
Discrete, greater
than 10 microns 53.2 6.8 40.0 10.629 0.0115 1.402 | 0.167
Cludters, greater
than 10 microns 86.7 5.3 8.0 86.795 0.0000 4.000 | 0.455
Clusgters, lessthan
10 microns 94.5 0.9 4.6 163.621 0.0000 10.616 | 2.381
Tota Framboids 94.4 0.4 5.2 145.932 0.0000 13.466 | 2.653
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Table 6.7c. Andyss of Variance Summary Table for Leachate Data
Percent of Variance Estimated (from Sums of Squares) F-Test Mean
Sgnificance Maine Freshwater

P M R&E PIE Leve Mines  Mines
pH 26.9 0.9 72.2 2.611 0.1502 2.559 3.003
Net Acidity 117 | 148 | 735 1.114 03262 | 3216 | 2.8%
Conductivity 5.0 30.8 64.2 0.549 0.4827 3.623 3.544
Sulfate 23.0 4.3 72.7 2.216 0.1802 3.417 2.043

P = Pdleocenvironments, M = Mines (within paleoenvironments); R & E = Replicates plus Error

Thisdatais shown in Table 6.8. The results of the ANOVA of the untransformed (raw) and transformed
data of the framboidd pyrite point counts are shown in Table 6.7b. Count data are on a discontinuous scae
(i.e., as compared to measurement data on a continuous scal€) and as such, are typically related to a
binomial, a Poisson, or another discrete frequency didtribution. A square root transformation of such data
is often appropriate (Griffiths, 1967; Krumbein and Grayhill, 1965; Tukey, 1977).

A oneway ANOVA was computed on the untransformed and sgquare-root transformed counts of
framboidd pyritein the Lower Kittanning cod samples according to the hierarchica sampling plan of marine
and freshwater pa eoenvironments, mines within paeoenvironments, and channd sample replicates within
the mines. The reaults of these anadlyses are shown in Table 6.7b in the same format as the sulfur andyses.
As mog of the variance explained occurs a the paeoenvironment levd, it is obvious that sgnificant
differences exig in the abundance of framboidd pyrite in the sampled marine and freshwater
paeoenvironmenta settings. On the bagis of the assembled data on Lower Kittanning cod samples shown
in Tables 6.7b and 6.8, there is little doubt that framboidd pyrite is preferentidly deposited in marine
pa ecenvironments and somewhat rare in freshwater paleoenvironmental settings.

The leachate chemidry data used in the ANOVA in Table 6.7¢ were obtained from smple leaching columns
that were used and described in a series of studies (Hornberger, 1985; Hornberger et d., 1981; Morrison,
1988; Rose e d., 1985; Waters, 1981; Williams et a., 1982, 1985). These test procedures include
elements of leaching column tests and humidity cell tests that are discussed in detall in Chapter 4 of this
volume. The leachate chemistry data in Hornberger et al. (1981, 1985) were expressed as either fast
drained (i.e. one-hour contact) or one-week-contact values. Thiswas based on how long the influent water
was in contact with the cod sample before the effluent was removed for chemica analyses during each of
severd weeks of testing.

Using the same procedures as described for analysis of the sulfur data, an andlys's of variance was
performed on the pH, net acidity, conductivity and sulfate data. These andlyses of the leachate data are
summarized in Table 6.7c, wherein it is evident thet alarge portion of the variation (e.g., 64 to 74%) in the
leachate data (i.e., pH, net acidity, conductivity, and sulfates) was dttributable to variations within mines
(i.e, replicates plus error). Differencesin leachate qudity between paeoenvironments were not significant.



The portion of the totd variance of the channd sample replicates plus error levd was much greeter than the
portions of the variance at the mines and paeoenvironments levels for pyritic sulfur and the leachate
chemigtry varigbles. This preliminary or reconnaissance sampling study demondtrated that the sampling
design must be modified in order to obtain more stable estimates of the means and variances for these
variables. Stated another way, thereis so much variation between the three channel samples per mine for
the variables that these samples cannot be used to detect meaningful differences between marine and
freshwater paeoenvironments, even if sgnificant differences actudly exist within these populations.

Table 6.8. Abundance of Framboida Pyrite in Lower Kittanning Coa Samples

Framboids Framboids Framboida Clusters Framboida Clusters

Lessthan  Greater than  Grester than 10 Lessthan 10 Total
Location 10 microns 10 microns ~ microns microns Framboids

Brockway No. 1 69 9 12 106 196
Brockway No. 2 50 1 10 101 162
Brockway No. 3 36 1 17 97 151
Worthington No. 1 23 1 14 101 139
Worthington No. 2 80 2 29 139 250
Worthington No. 3 47 1 17 136 201
Lambertsville No. 1 1 0 1 1 3
Lambertsville No. 2 0 0 0 4 4
Lambertsville No. 3 4 1 3 16 24
Wampum No. 1 0 0 0 2 2
Wampum No. 2 0 0 0 4 4
Wampum No. 3 0 0 0 15 15

There are saverd optionsto consider in revising the sampling design to address this type of large within-

mine variance. For example, one could collect amuch larger number of channd samples within each mine
(eg., three closdy spaced channd sample replicates at each of three widdly spaced sample Siteswithin each
mine = nine samples per mine). Alternatively, one could use the means of the three channd samplereplicates
in the example above rather than the individua measurements. One could dso make composite samples by
combining representative splits of the three channel sample replicates in the example above to reduce the
laboratory andytica costs from nine samples to three samples per mine. In discussng how to determine the
number of samples (n) to be collected, Griffiths (1967) depicts the relaionship between the standard error
of themean, o X (Wheres isthe sample gandard deviaion and X isthe sample mean), and sample Sze (n)

in smple random sampling, and Sates:
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It may be demongtrated under very generd conditions that with asmal number of specimens each
composed of afew measurements, the means of the samples show less variability than the individud
measurements (p. 21). Now let us suppose we have agood estimate of < ; we can then reduces X

by increasing n.... Increasing n from one to four reducessX to hdf itsvaue, and incressng n to 16
reduces the value of <X to a quarter of its origind vaue. This becomes an expensve way of

increasing precision in many experiments because of the rgpid increase in n..... The larger the number
of measurements, the grester the precison; or, written in another way, the numbers of samples chosen
should be proportiond to the magnitude of the variagbility. If one materia varies twice as much as
another in some property under investigation, then, for equal precison in mean vaues, there should
be four times the number of measurements in the more variable materid than in the less varidble.

Theresults of this ANOVA case study have aso been applied to evauating overburden andysis datain the
Pennsylvania DEP data base using data on the Lower Kittanning overburden geochemistry described in
Brady et d. (1998). A preliminary study with an experimental design Smilar to the above case study was
completed by DEP personnd (Rooney, 1998, persona communication), wherein three minesin each of
three paleoenvironments (i.e. marine, brackish, and freshwater) were sdlected, and the available overburden
drill holes were the sample replicates. This prdiminary study indicated that some differences in the totd
sulfur content and neutrdization potentia values of the Lower Kittanning overburden strata existed between
pa ecenvironments, but that more samples were needed (i.e., more mines and drill holes) to determine if
these inferred differences were actudly datisticaly sgnificant. A much more extensive study is planned to
commence when ongoing upgrades to the DEP overburden data base have been completed. That proposed
sudy will indude al rlevant drill holesfrom amuch larger number of mineswithin these paecenvironments.

VARIOGRAPHY AND KRIGING
New Allegheny Mine, West Virginia

The variography example described below is from a study done by Donovan and Renton (1998). To
demondirate the application of geodtatistica methodsto NP, MPA, NNP, and mineralogy in cod measures,
an experiment was performed estimating overburden characteristics from a large number of drill holes
placed a close distances in a working mine site. The samples were collected from cuttings of air-rotary
holes drilled for setting explosives to bresk up overburden in advance of mining. The data generated in this
study employed detailed sampling substantialy exceeding that commonly employed in practice. The drill
holes were spaced aminimum of 10 feet gpart over a section of highwall 300 feet long.

The New Allegheny Mine (NAM) islocated agpproximately 5 km east of Mt. Storm in Grant County, West
Virginia, just south of the Maryland-West Virginia border. Samples were collected using ar-rotary drilling,
then andyzed for carbonate and sulfur aswell as minerdogy. Andyticad methods sdected excluded dkdinity
from Sderite or potentid acidity from non-pyritic sulfur. Patterns of spatid co-variation were then andyzed
using conventional geodatigtica techniques, fitting variance models to the spatid digtribution of each
variable. Specific gods of this andyss were to andyze the relative importance of smdl-scae varidion (i.e,
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variationsin properties at distances <30m) in ABA determination, and to estimate the drill hole separation
at which variance in properties must be sampled to give sound predictive ABA estimates.

All varidbles (NP, MPA, and NNP (NP minus MPA); minera percentages for calcite, dolomite, Sderite,
pyrite, total clays, and total carbonates) were verticaly averaged for each drillhole location, weighting each
sample linearly based on the sampling intervd thickness. The dataset was thus tregted as a two-dimensiond
aray. Vaiography was performed on the verticaly-averaged results for each hole usng geodtaidtical
routines included in the VARIOWIN package (Pannatier, 1995). Pair-comparison files (separation distance
and variable vaues for each pair of locations) were prepared for each varigble. Both semivariograms
(covariance versus sample separation) and correlograms (correlaion versus sample separation) were
prepared using groupings of sample pairs classed by separation disance in 10 foot increments. The number
of parsin each interva group was 50 or higher, except for the interva group containing the most widdly
gpaced pairs (the variogram tails), which are commonly statistically weak (Isaacs and Srivastava, 1989).
Variogram models of exponential form were fit to the field data.

Parameters for each curvefit included the sl (the variance gpproached asymptoticaly a large separation;
essentidly the maximum variance) and range (the distance a which the variogram vaue of the variance is
95% of the Sll). Thefitting was weighted towards the near-fidd (<100 feet) pairs, with variance at greeter
separations atributed to large-scae non-dtationary spatid trends. No remova of spatid trends or reduction
in non-stationarity was performed prior to variogram anadys's, because the principa objective was to
determine the spatid interval over which local-scade interpolation might be feasible.

Samples were collected from three sub-areas within the mine. Block 1 (12 drill holes, each 42 feet deep,
sanpleinterva 3 feet) was located sratigrgphicdly above the Upper Kitanning cod. Block 2 (19 drill holes,
each 21 feet deep, sample interval 3 feet) sampled the interva above the lower Fregport cod. Block 3 (15
drill holes, each 21 feet deep, sample interva 3 feet) sampled the Stratigraphic interva above the Upper
Freeport coa bed. Blocks 1 and 3 were immediately adjacent to each other, while Block 2 was
goproximatdly 150 feet north of Block 1 dong the same highwall.

The sub-areas were separated by distances within which no samples were collected. As a result, the
variograms are gapped in some separation intervals. Again, the large separdtion intervas contain information
primarily on non-stationary differences (i.e., trends) between sub-areas or dratigraphic intervals. These
differences may be dgnificant at the scae of an entire mine but were not of principd interest in this
investigation. Variograms show systematic increases in covariance with separation for variables that have
gtrong large-scale spatia trends and uniform covariance with respect to separation for more stationary
variables.

Table 6.9 shows the results of core 246-023 for ABA using continuous sample splits taken at 1-foot
intervals. The NP data contain no Sderite. This entire sequence is the target of mining a& NAM. The
overburden sequence is only weskly acidic (net NNP=-1.3). Vertical averaging sample resultsyidds the
following results
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Table 6.9. ABA results for core hole 246-023 at NAM (Donovan and Renton, 1998).

NP MPA NNP
Mean 5.0 6.3 -1.3
Standard Deviation 5.6 12.0 14.7

Thus, as an entire sequence, the overburden for the NAM Pennsylvanian rocks are very dightly acidic, with
localized zones of both high sulfur and carbonate content.

Figure 6.2 shows the distribution (from top to bottom) of NP, MPA, and NNP for all NAM samples (n
=53). NP (mean = 2.9) is gpproximately normaly distributed with the exception of a pronounced mode
a very low (near detection) values. The didribution for MPA isvery smilar in gppearance, with amean of
6.7 and a pronounced mode of near-undetectable values. In both cases, the low-concentration modes are
comprised whally of Block 3 (Upper Fregport), which exhibits low vaues of both sulfur and carbonate and
was lithologicaly much siltier than the other two overburden sequences. The NNPis net acidic (mean NNP
=-3.8) and is gpproximately log-normad in form with left (acidic) skew. One cluster of samples of Upper
Freeport overburden has a near-neutra NNP; al other samples are net acidic, ranging from ~4 to ~20.

Frequency histograms for minerdogy show strongly bimoda distributions for tota carbonates clays, and

pyrite, dl consstent with the NP/IMPA results (Figure 6.3). The high modes (Blocks 2 and 3) in dl three
minerds are goproximatdy norma. Histograms for carbonate minerds are shown in Figure 6.4. Cacite was
not detected in any sample. Both dolomite (mean 0.2%) and Siderite (mean 0.6%) are smilarly bimodd,

with greater separation between low and high modes for siderite (Figure6.8). Asfor other parameters, the
modes are dratigraphically-related; Block 3 (Upper Freeport) samples are low in dolomite and had no

detectable Sderite. Sderite, but not dolomite, was removed in the NP determination process so the mgor
source of NP and NNP for these samplesis thought to be dolomite; its low concentration contributes to
the very low NP vaues.

There is strong correlation between clay-minera composition and both dolomite (R?=0.86) and siderite
(R?=0.85) (Figure 6.5). A similar, but more scattered, relationship exists between pyrite and total clays.
While highly sgnificant, dl three corrdaions and their trends are influenced by the strongly bimodal
distributions shown in Figures 6.3 and 6.4. It may be inferred that the concentrations of dl three minerds
are present in higher concentrations in shaes and in lower concentrations in sandstone/siltstone.

Figures 6.6-6.8 show sample variograms for the New Allegheny hole means, plotted as class separation
versus variance. Thetotd variancein the dataset (dl points) is shown as a dotted horizontd line. The fitted
exponentid-model varianceisthe solid curve in Figures 6.6-6.8. The observed (sample) semi-varianceis
caculated so that each pair of pointsis counted only once; for this reason, such plots are often referred to
as semi-variograms. As can be seen, the solid curve may stop increasing at a certain distance and become
dable, i.e. it reaches a plateau. This plateau represents the upper limit, or s, of the variance. The drill hole
distance corresponding to the point a which the curve flattens out represents the distance beyond which
the variance does not increase. This distance is called the range of the variable. The range is often used in
apractical senseto
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edtimate the minimum sample spacing. Drilling closer than this distance generates more deta thean is needed;
drilling beyond this spacing risks missng variation in the geochemidry.

Each variogram may be consdered as a comparison of variance a different drill hole separations, releive
to the variance for the entire dataset (the dotted horizontd ling). Drill hole spacings with lower variance than
that of the entire sample are rdaively less dispersed (and more correlated with each other) than the dataset
asawhole. If adatasat has consderable spatid corrdation and has amean that is spatidly Sationary (eg.,
has second-order sationarity), it is expected that variance will be lower a close separations and, at greater
separations, will increase to that of the dataset itsdf. For the exponentia modd, it istypicd thet the sl will
approximate the sample variance and the range will represent the decorrelation length, beyond which
correlaion between pointsis low.
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Figure 6.6 shows variograms for NP, MPA, and NNP from the NAM samples. The values of the number
of holes per separation intervd are posted on the first (NP) variogram; these show that interva Sze exceeds
70 holesfor al but the outermost 2 intervals and the intervals bracketing the sampling gap from 100-140
ft. All three variograms are fitted by a pronounced sill a 60-80% of the sample variance, extending from
very closerange (3-15 ft) to at least 100 ft. The top two variograms show thet there isa stable sl for both
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NP and MPA that extends from close separation of &t least 100 feet, and that it may extend further within
each dratigraphic interval.

Figure 6.7 shows mineralogic variograms for total carbonates (Sderite + dolomite, as no cacite was
detected), totd clays, and pyrite, dl by XRD. Similar variograms are seen for dolomite and Sderite (Figure
6.8). All except pyrite show exponentid ranges of about 60 feet; for pyrite it is much closer (10 fest),
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essentialy a pure nugget effect. The sl for days and carbonates, however, has a patid interva of quite high
variance from 60-100 feet. This type of variogram is frequently caused by non-stationarity and loca
anomdlies (Isasks and Srivagtava, 1989). This may be caused by the digtinctly bimoda digtribution of clays,
dolomite, and Sderite, Al of which are abruptly non-gationary across adjacent Blocks 1 and 3. This artifact
of the variography, while spatid, is essentidly gtratigraphic; Upper Kitanning overburden (Block 1) ismuch
higher in both carbonates, clays, and pyrite than the much sandier Upper Freeport overburden (Block 3).
The non-dationarity isless pronounced for pyrite and may be exaggerated for the XRD carbonates because
their abundance in Block 3 is close to detection limits and shows compressed variance (see the low modes
of Figures 6.3 and 6.4).
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Except for dolomite, Sderite, and dlay minerds dl variables demondrated a broad, sable sl to at least 100
feet separation, atributed to alow degree of spatid variability within overburden sections at these spacings.
Beyond 150 feet, increases in variance occurs in both NP and MPA, ascribed to a large-scae spatial
and/or dratigraphic trend. This large-scale variation would need to be understood in order to estimate
spatiay-varying moments of these variables in areasonably accurate fashion.

Significance of Results

The NAM dite was net acidic (average NNP = -3.8) with low carbonate concentrations and moderate
acidity (mean MPA=6.7). Variables tend to be bimoddly distributed within the mine, but normaly
digtributed within specific overburden intervas. There was a strong tendency for pyrite, dolomite, and
Sderite to covary with clay minera percentage, suggesting that these reactive minerds are concentrated in
ghales. The trend was strongest for siderite.

Four types of spatid covariance may be observed within an individud site, and were observed for the

NAM case study:
$ covariance between overburden intervas (stratigraphic covariance),
$ covariance from one hole to another nearby location (nugget covariance),

$ covariance over distances of 100's of feet (primary spatia trend), and
$ covariance of locdized pods of akalinity in contrast with the surrounding primary spatia trend
(anomalous covariance).

Stratigraphic covariance must be andyzed for each specific interva. Thismay be done usng hightresolution
(1 to 5 feet) vertica sampling intervas, then averaging over larger intervals (the overburden between 2
magor cods, for example). For NP, MPA, and MPA, the variance in this closest interval was very close
to that of the sill extending out to about 100 ft. This suggests that thereis little primary trend in the 100 ft
separation range and that there was, for this mine, little to be gained by small-scae (<80 ft) sampling.

A primary covariance trend was observed as a prominent sill extending out to about 100 feet, with an
increase in covariance beyond 150 ft. This suggests that separations more distant than about 150 ft may be
too widely spaced to provide accurate estimation of the spatial trend.

Anomaous covariance regions for this particular Site appear to be restricted to carbonate minerds and NP,
not pyrite and MPA. The scale of these regions will generdly be site specific and cannot be known a priori;
thusagod of any sampling scheme must be to identify any such anomdies and to determine a what spacing
they might be observed. If anomaous akaline regions are large and of sufficiently high NP, their omisson
in a sampling scheme might induce considerable error (underestimation of NP) in the ABA process.
Similarly, ther induson by random chance in a smal sample as an outlier would tend to overestimate NP.
The sze and frequency of the anomaly is thought to be the key factor in their location.

The primary spatia trend is the principa objective in sampling to estimate ABA.. Based on this sudy, the
trend would be estimated by samples from 100-200 feet in separation. The trend is gradua and continuous
for MPA and noisier for NP, aso, NP was observed to show loca anomdies of <100 feet dimension,
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which could influence ABA estimation in some cases. At a separation of 200 feet per hole, a sampling
density of one hole per acre would result. However, the number of holes would aso be dependent on the
configuration of the mine; for example, along narrow mine of one acre Sze would require more holes than
amine that was square shaped.

Panning to ded with anomaous covariance in carbonate vauesis very problematic. For anomdiesin which
the contrast with the primary trend mean is not great, additiona nested sampling may not be required.
However, additiond, more detailed sampling should be considered for localized areas of mines with large
deviations from the mean (>2 standard deviations), a a scde much smdler than that of the primary trend
and amilar (or smaller) than that of the anomalies themselves. The purpose of this sampling should be to
determine whether or not carbonate anomdies are present. If any prominent carbonate-rich anomdlies are
indicated, these regions may be explored in greater detail to determine their Sze as wdl as average
concentration. This suggedts that a sratified sampling program is required where locdized high carbonate
zones are anticipated to be present and available for neutrdization.

This case study reaffirmed the benefit of mineralogica analysis of carbonate phases. In the absence of such
information, care must be taken to exclude sderite from NP estimates. The implications of this study with
respect to mine planning in generd istha evauation of data obtained from overburden shot holes drilled
in advance of mining, by the methods used in this study or otherwise, can be useful. It permits one to
evauate overburden characteristics on aloca scae prior to mining, which should be helpful in identifying
the need for selective handling or akaline addition as mining progresses

Skyline Mine, Tennessee

This case study is based on work done by the Office of Surface Mining's Knoxville Tennessee Fed Office
in evauating the AMD potential of overburden associated with mining operations in South Centra
Tennessee (Office of Surface Mining, 1997; 1998). The Skyline Cod Company Mining Complex (Skyline
Mine) provides agood example of an active mining areawhere AMD discharges were known to exist from
past mining, and where high density sampling helped ddlineate areas where future AMD problems would
likely occur if appropriate actions were not taken to avoid or prevent them.

The Skyline Mine Complex conssts of four operations, the Glady Fork, Pine Ridge, Brush Creek #1 and
Big Brush Creek #2 mines. The Sewanee Cod seamismined at dl four Stes. Draglines, bulldozers, and
front-end loaders were utilized for the mining and reclamation operations. The gtratigragphic sequence of the
mining areaincludes the Sewanee Conglomerate, Whitwel Shde, Sewanee Cod, and Newton Sandstone.
To evauate the AMD potentid at the Skyline Cod Co. Big Brush Creek #2 mine, the applicant drilled 23
drill holes. Thisis equivaent to one drill hole per 40 acres. Drill hole data from the existing Big Brush #1
Mine was as0 evaduated since it was drilled on 500 foot centers (5.7 acres) (Office of Surface Mining,
1997). Previous sampling used a drill hole spacing on one-hdf mile centers (Office of Surface Mining,
1998). NNNP vaues were determined for each drill hole and the results were plotted on mine maps. The
resulting data were grouped into three categories, NNP> 10; < 10 NNP > 0; and NNP <O0.
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The drill hole data for Big Brush Mines #1 and #2 (Office of Surface Mining, 1997) were andyzed by
univariate frequency andysis, variogram andysis, and kriging. Three-dimensionad modeling software was
aso used, but this discussion is limited to the gatistical andysis. Universd kriging software was used to
interpolate the data a the Big Brush #1 mine and extrapolate into the adjacent (at that time proposed) Big
Brush Creek #2 mine. The Kriging program calculated a predicted NNP value for empty cells based on
cdlsthat contained drill hole data. Ninety-nine drill holes were used in the smulation.

Almog every drill hole showed some acid/toxic forming materid, primarily in the Whitwell Shde Add/toxic
materid was a0 associated with the Lantana cod seam in the western portion of the proposed permit area.
A weighted NNP value was cdculated for each hole in the Whitwell Shale zone, which contains most of
the pyritic materid (Office of Surface Mining, 1997). The NNP vaues for the drill cores appear to be
normally distributed with amean NNP for dl drill cores of 7, with avariance of 10 (Figure 6.9).

The datidtica technique of semivariogram andyss was used to evauate proper drill spacing. As described
in the introductory materid to this section and the previous case sudy (New Allegheny Mine), variogram
andysis caculates the semivariance between each pair of drill holes located so many feet apart. The

difference is squared and summed, then divided by the number of pairs squared. This produces a
semivariance for a distance h. Then another set of drill holes located a dightly larger distance apart is

andyzed. Theresultisaplot of semivariance verses drill hole distance. The line isfitted to one of severd

digtributions for a proper fit. If the plot resultsin a plateau, or s, the distance at which the semivariance
flattens out is deemed to be the optimum drill hole spacing. Drilling closer than this distance generates more
data than is needed:; drilling beyond this spacing risks missing variation in the geochemidry.

In this case sudy:

The variogram anaysis provided an impartial evauation of drill hole spacing and appeared to confirm
an optimum drill hole spacing of about 650 feet or 200 m (Figure 6.10).

The variogram and kriging exercises showed that there are areas with good and bad weighted ABA
vaues, and that high and low vaues are clustered.

Most of the acid-forming materias are confined to the southern 1/3 of the permit area.

Through intense geologic sampling and overburden andyses, this gudy identified a potentia for acid or toxic
drainage in the backfilled materid if not addressed during mining and reclamation operations. Skyline had
to design adetalled, site specific, and complex Toxic Materid Handling Plan. Four acid-producing zones
that would be disturbed were identified: 1) the shade immediately under the Sewanee cod seam, 2) cod
fines remaining in the pit after mining, 3) lenticular sandy shde zones within the Whitwell Shde, and 4) the
Lantana coa seam, which will not be recovered but will be incorporated into the backfilled spoil materid.
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FIGURE 6.9. Histogram of NNP vaues at the Skyline Mine.
VISUALIZATION AND THREE-DIMENSIONAL MODELING
Jewett Mine, Texas

This case sudy, from Behum and Joseph (1997), applied three-dimensiona modeling software to evaluate
overburden characteridtics at the Jewett Mine. earthVision can produce, among other things, three-
dimensiond models of overburden characteridtics (e.g., pH, sulfur content, etc.) and volumetric calculations
of selected overburden zones. This software is available to permit reviewers and reclamation specidigsin
Federd, State, and Triba regulatory agency offices in dl coa-producing states through the Technica
Information Processing System (TIPS) of the Office of Surface Mining. The purpose of this sudy wasto
demondirate the capabilities of earthVision in AMD prediction and mine planning, athough the results
were not actudly used to identify acid-forming zones or develop materia handling plans during mining.

The Jawett Mine is alarge surface operation in Eastern Texas. This study focused on the area to be mined
between 1994 and 1999 within Area D, the Sudy area, with emphasis on overburden handling in 1994. The
topography of the areais characterized by low hills capped by iron-cemented Carrizo Formation sands.
The L6 seam was the principle lignite seam mined in Area D; three other overlying seams were aso mined
wherever possible. A large dragline and a bucket whed excavator were used to remove most of the poorly
consolidated overburden. The Carrizo Formation sand was sdlectively handled by a pre-gtripping operation,
which stockpiled part of the materid, followed by placement of the sandy sediments directly above the mine
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Figure 6.10. Semivariogram of NNP vs. sample distance for Skyline Mine samples.
by the dragline. Figure 6.11 is a three dimensional mode of the Site.

The acidity of the overburden in this part of Texasis the principle impediment to environmental protection.
The State environmenta regulatory authority, the Texas Ralroad Commission, requires that the cover
materia have apH of more than 5 to provide a cover materid suitable for plant growth. In his study of an
areaimmediately west of the 1994-1999 permit area studied by Behum and Joseph (1997), Hasan (1995)
found that the overburden characteristics were quite variable due to primarily latera facies changes. In
contradt, the overlying Carrizo Formation sands have a more pergstent geochemidiry, typicaly aneutrd pH,
and it iseadly identified in the fidd by color.

earthVision was used to caculate volumes of materids within the sdected area Overburden
characteristics were clipped to the 1994 extraction area by a polygon. Volumetric analysisindicated that
the Carrizo Sand in the 1994 areais thin and most of it is inadequate for use as cover materid without the
addition of more suitable material. It also showed that the L6 overburden extracted in 1994 had an
overabundance of materia in excess of -5 tons CaCO4/1000 tons of materid, but that there was limited
neutralization potentia (<20 tons CaCO,/1000 tons of materid).

The overburden sample spacing for this mine should have been smdler than that actudly used. Based on
the earthVision modeing, the lateral gratigraphic variation in this areaindicates that the optimum spacing
should approach the 200 by 200-foot borehole spacing recommended by Hasan (1995). At other Sites,
the necessary sample spacing will depend on the consstency of rock unit thickness and chemidry, but if the
grid cdll spacing is coarse, earthVision may not be able to cdculate three-dimensond property volumes.
The impact of the oxidized zone should dso be evaduated. This can be done by contouring the
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Figure 6.11. Three-dimensiond acid-base account diagram for the Jewett Mine, AreaD.

elevation of the base of this zone by atwo-dimensiona grid and by modeing the strata above and below
this grid surface separately, in the property gridding.



