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When I took office in January 1995, I
called for a partnership--the most advanced
partnership in the nation--to promote and
enhance our natural resources. I called for
Pennsylvania to showcase inspired, common-
sense environmental leadership.

Pennsylvania’s coal mining industry,
Department of Environmental Protection
scientists, Penn State researchers and federal
officials answered that call by working together
to produce this volume. These chapters contain
the most current, statewide and research-based
information available on acid mine drainage,
overburden analysis and techniques to prevent
pollution from coal mining. Much of the
content of this report is being presented here for
the first time and represents data available
nowhere else.

Acid mine drainage, the single, largest water pollutant in the state, affects 2,400 miles of
Pennsylvania streams. We are leading the nation in developing creative ways to predict and
combat mine drainage. I am proud to say this environmentally innovative book, written in the
spirit of pollution prevention, contributes to Pennsylvania’s internationally recognized ‘green
technology’ efforts.

I invite you to use this book as a technical reference, but also to acknowledge that mining
and reclamation technology is still evolving. DEP will continue to work with all partners toward
full understanding of mine drainage issues as the new century approaches.

Armed with this knowledge, we can now more clearly evaluate our mining practices.
Remember, considering the environmental impact of our decisions is not only the right thing to

do, it is the smart thing to do.

Sincerely,

o ’?’\‘ZZ.‘—“

TOM RIDGE, Governor
Commonwealth of Pennsylvania
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PREFACE

A short history of mine drainage prediction and overburden analysis is appropriate. The Surface Min-
ing Conservation and Reclamation Act of 1971 required that “(n)o approval shall be granted [for a per-
mit] unless the plan provides for a practicable method of avoiding acid mine drainage. .or other stream
pollution.” This requirement implied the obvious need for the development of techniques to predict mine
water quality and an understanding of methods to prevent mine drainage pollution. As is often true, the
law was ahead of the science; as is sometimes true, the law drove the science, in this case, to develop
techniques that could fulfill the aims of mine drainage prediction and pollution prevention. New predic-
tion tools were being developed, but interpretation of their results was in its infancy.

In the early 1970s, two laboratory methodologies- simulated weathering tests and acid-base account-
ing were being investigated. Pennsylvania’s Department of Environmental Protection (DEP) felt a need
to explain to the mining community which overburden analysis methods were acceptable to the depart-
ment and the requirements for submittal of data. This explanation took the form of a three-page letter to
mine operators which accompanied permit application review letters from 1979 through 1981. As the
science of mine drainage prediction developed, the department attempted to keep pace in its guidance
documents. In 1980, the department developed an eight-page internal guidance memorandum to assist
permit reviewers. A thirty-four page draft “Overburden Manual” followed in 1984. Concurrently, during
the early 1980s, the Environmental Hearing Board upheld several permit denials based on the use of acid-
base accounting. In 1989, in response to a much better understanding of the science, a revised draft
manual was developed that was twice the length of the 1984 version. The revised manual included dis-
cussions of acid-base accounting and some other prediction techniques. The mining industry was con-
cerned that acid base accounting was becoming the dominant decision-making tool for reviewing coal
surface mine permit applications and that other techniques and pollution prevention measures were not
being given more consideration. The Pennsylvania Coal Association (PCA) filed an action in Common-
wealth Court, asserting, among other things, that the manual was either an invalid regulation or an im-
proper policy. Settlement discussion ensued and a more cooperative atmosphere prevailed. It also
became apparent, as time went by, that the 1989 manual was quickly becoming outdated because of prog-
ress in the science.

The settlement discussions provided both an impetus and a mechanism to begin what has turned out to
be a lengthy revision. The 1989 volume had two authors, the present work has more than 20. A work
with two parts has expanded to 18 chapters. The current work addresses industry concerns by the inclu-
sion of numerous topics not discussed in the earlier work, such as discussions on geology and ground-
water hydrology and simulated weathering tests. Other important additions are greatly expanded
discussions of prediction methods other than acid-base accounting and a discussion of various pollution
prevention techniques and the benefits of remining.

Throughout, both the DEP and the PCA, for similar and different reasons, saw for the need for an in-
troduction which would clarify the purpose(s) of the manual which is no longer a manual. Certainly the
book has more authors, covers more subjects, is longer and has a new title. More important, it has a new
purpose, a new focus. It is now a technical reference document: the 1997 version of the latest scientific
research and the most advanced scientific thinking about predicting mine drainage quality and preventing
mine drainage pollution. It is not a regulation. It is not a policy. It should not be used as either. Inclu-
sion of information or methodologies in the book does not guarantee applicability to a particular situation
or assure permit issuance or denial. Absence of information or a methodology from the book does not
mean that the information or methodology is inapplicable or that a site may or may not be mined.
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Even a cursory review of the current version shows that scientific research and thinking have evolved
greatly since 1977, since 1984, and since 1989. More importantly, our knowledge will continue to grow.
This version of the book is meant to spur innovation, not to freeze thinking. New tests, practices, and
ideas are sure to appear eventually, perhaps soon. The reader, whether in the department, in industry, or
in the environmental community, should be vigilant for new material relevant to a particular site or situa-
tion which has developed after publication of this book.

One final caveat: Nothing in the book is a substitute for thoughtful and thorough decision making on
each permit. Decision making should be based on site-specific information, application of any scientifi-
cally valid and appropriate methodology, and the exercise of common sense.

Martin A. Sokolow
Department of Environmental Protection
Harrisburg, PA 17105

iii



Coal Mine Drainage Prediction and
Pollution Prevention in Pennsylvania

Table of Contents

I. Chapter Summary

Chapter 1 - Geochemistry of Coal Mine Drainage..............ccoccoveveioinveeiecneeen
Chapter 2 - Groundwater Flow on the Appalachian Plateau of Pennsylvania.............
Chapter 3 - Hydrogeologic Characteristics of Surface-Mine Spoil...........................

Chapter 4 - Effects of Mine Drainage on Aquatic Life, Water Uses,

and Man-Made StIUCIUTES.............ccooiniiieiiiiiine e
Chapter 5 - Planning the Overburden Analysis ...
Chapter 6 - Laboratory Methods for Acid-Base Accounting: An Update.................
Chapter 7 - Kinetic (Leaching) Tests for the Prediction of Mine Drainage Quality....

Chapter 8 - Influence of Geology on Postmining Water Quality:

Northern Appalachian Basin........................................... .

Chapter 9 - Groundwater Chemistry from Previously Mined Areas as a

Mine Drainage Prediction Tool................ccoviiiiiiii e

Chapter 10 - Natural Groundwater Quality from Unmined Areas as a Mine

Drainage Quality Prediction Tool..............c..ccocoooiiiiiiivic e
Chapter 11 - Interpretation of Acid-Base Accounting.................................
Chapter 12 - Reclamation and Revegetation.....................cccc.ooeiiiiiiiiin e
Chapter 13 - Alkaline Addition ...................oooiiiiiii e

Chapter 14 - Special Handling Techniques in the Prevention of Acid Mine Drainage

Chapter 15 - Bactericidal Control of Acidic Drainage.............................ocooeenn.
Chapter 16 - Water Management Techniques on Surface Mining Sites.....................
Chapter 17 - ReMIMINZ .........ccooiviiiiiiiiii ittt e
Chapter 18 - Application of the Principles of Postmining Water Quality Prediction. ..

II. Chapter Outline

1.  Geochemistry of Coal Mine Drainage

Page

....... .3-1to 3-11

.... 10-1 to 10-11
...11-1to 11-18
...... 12-1t0 12-5
. 13-1t0 13-13
... 14-1to 14-22
...... 15-1to 15-6
... 16-1 to 16-11
...... 17-1t0 17-6

Arthur W. Rose and Charles A. Cravotita 111

Chemistry of Coal Mine Drainage...................ccoioiioi e,
Production of acidity ............ccccooiviiriioiiiiie e
Measurement of aCidity .................ccooooiioiiiiiee e
Factors controlling the rate of AMD generation................................

BACETIA.........viviiei it

iv



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page
Effect of pyrite surface area and crystallinity ....................coccooooviiinn, 1-10
Effect of OXygen ... 1-11
Effect of MiCroenviromments ...........c....ooceeiueiioiieeieireeriee et eeens 1-11
Formation of secondary minerals ................coooooeieriiiiioieieiee e 1-12
Neutralization of acidity and production of alkalinity .................................... 1-13
Models for AMD FOrmation. ...........c.cooveeiriiieriieeri ettt sn e se e eresenens 1-15
CONCIUSIONS. ... c.etiitieiiiie ettt ettt e e ste et e et e et aes e abests et b et seaae e easasae e 1-18
Literature CHed.............oooii e e e e 1-18
2.  Groundwater Flow on the Appalachian Plateau of Pennsylvania ..................... 2-1 to 2-39
Thomas Callaghan, Gary Fleeger, Scott Barnes and Albert Dalberto
INETOAUCHION ...ttt e et ettt et er et e s 2-1
CHMALE ..o 2-1
Groundwater FIOW ... 2-3
Hydraulic head ...............ccooiii i 2-3
Static water 1evel ... 2-4
Hydraulic condUCHIVILY............c.ocooioiiiiiiic e et 2-4
Effect of dip on groundwater flow..................ooo i 2-6
Pit floor 1eakage .........ccooooiiiiii e 2-6
FIACTUIES ..ottt e ettt e e sv e e 2e e reae e cenn s aaaessee s ans 2-7
JOIMES. ..ottt et ettt b ettt er e en e et 2-7
Stress-relief fractures ... 227
Zones of fracture CONCENLTATION ............covveeuiiireiiiiniiier e cree e 2-8
Bedding-plane partings ...............cccceeiieiiiiii e 2-8
Fault zones ................ccocooeen OO OO PO U PRSP PRUTOURIPN 2-8
GOLOZY ...t et 2-9
Aquifer “types” of the Plateau ..................ccc.ooei i 2-10
Semi-perched aqUIfers.............cccoiiiiiiiiiii e 2-12
Perched aquifers ............cccooiiiiiiii e 2-12
Confined aqUIfEIS.............ccoviviiieiieii e e 2-12
Unconsolidated aquifers..............c.cooiioiiiiiiiii e, 2-13
Groundwater FIOW SYSEEMS .........cccooiieiiiiiiiii et .2-13
Recharge and discharge areas ...................c..ooooeviiiiii e .2-13
Local (shallow) groundwater flow system................cccooeoiiiiiiiiniiieiee e 2-13
Stress-relief/weathered regolith subsystem ... 2-14
Ridge-core SUDSYStEML.........cooviiiiiiiieti e 2-15
Intermediate flow SYSEEM..................oocoi oo e 2-15
Regional flow SYStemS ..ot 2-16
DASCUSSION ... ottt et et et e et et ce bt eeb et 2-16
Identification of flOw SYStEMS .............c.ooooeiiiiiiin e, 2-16
Physical data. ... 2-16
Hydrochemical data............c..oocooviiiiiiii e e 2-17
Thermal data ..........ccoooiiiiiii e 2-17
DIHSCUSSION ......ocviiviesiiee ettt et es et et et e e seen s amessene e e 2-18
Case StUAIES. ..o e e 2-18



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page
Case Study No. 1 - 580 Pocket Mine ...........c.coooeiviiniiiiininencnn. e 2-18
Site characteristiCs ...............cc.oii oo e 2-20
Shallow flOW SYSTEIM......ccuiiiiers et ee e e e e e etn et e etebcb e e srne e e e onieeeeneeaeas 2-20
Weathered surface ZONE ..............ocooeeiiiiiiiieie e 2-21
Stress-relief fractures ... ... 2-21
RiIA@E COTES ... it 2-23
Intermediate flow SYSEEM ..ot 2-23
580 Pocket site versus conceptual model ..o 2-24
Case Study No. 2 — Kauffman Mine............c..cccocooiiiiiiiiieiie e 2-24
GEOLOZY. ... ettt e 2-25
St gIAPRY ... oo e e 2-25
SETUCTUTE oot e san e 2-25
JOMILIIIZ. . ..ot e e 2-27
Hydrogeology...........oooiiiiiae e 2-27
Groundwater MONMILOTINE .......c...ccoviirriiirieerteeeieeeeeireceicresin e eicbsiieessiiaens 2-27
Groundwater flow within the weathered zone.............................. e 2-28
Groundwater flow within the unweathered zone .................................... 2-29
SUIIMATY ... ieiee s e e aee e erbve e s eatt e e e eatbce e e s an e e e e nmaneeeaanreee s sneeeeenns 2-32
Literature CIted. .......oii et et e 2-32
Additional (uncited) LIterature ... e 2-35
3. Hydrogeologic Characteristics of Surface-Mine Spoil 3-1to 3-11
Jay W. Hawkins
INETOAUCIION ......oiiiiii et et ettt bte e e 3-1
Characteristics of Mine Spoil Groundwater Flow Systems...............c.c.oooeiiveiiinieninne 3-1
Factors Influencing Hydraulic CharacteriStics .............cccovorvvririioiiinne e 3-2
Lithologic CORtTOIS ... ... e e 3-2
Mining methods and tOpOIaphy..............ccciiiviiiriiiiiiie e 3-4
Impacts of spoil age ... 3-5
Reported Values of Hydraulic Parameters ............c..cocceoiiininnioniniiine i 3-5
Hydraulic conductivity and tranSmissivity .............ccccoeciveeniniiiiniinii 3-5
POTOSIEY .. ..ottt ettt et e 3-7
Groundwater velocity ... ... 3-8
Groundwater TEChATZE...........oiiiiiiii e 3-8
SUIMAIY . ..ottt eab et ce e en e b e sbb e s st tae e eass e e e e e 3-9
Literature Cited. ... e s 3-10
4, Effects of Mine Drainage on Aquatic Life, Water Uses, and
Man-Made Structures 4-1to 4-10
Jane Earle and Thomas Callaghan
INEEOAUCHION ...ttt ettt e ee e bbb s 4-1
Effects of Mine Drainage and Metals on Aquatic Macroinvertibrates and Fish .............. 4-1
PH 4-2
MIBLAlS .. e e e e e et e 4-3
SUIMAIY ..ottt ettt et sttt e a e et eas e ebe s cra e s 4-6
Water Uses and Man-Made StruCtures ..........cccoovviiiiiiiiiiii e 4-6



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page
Chemical impacts on potable and industrial water supplies..................ccoceevevenenn.. 4-6
Corrosion and incrustation of wells, pipes, and other metal structures..................... 4-7
Durability of concrete StruCtULES ............c.oovoiiiuieieiecie e 4-8
LAterature CIted...........cooiiiiiriiieitiiei et et ettt eae s 4-8
OVERBURDEN ANALYSIS DATA COLLECTION,
SAMPLE PREPARATION, AND ANALYTICAL METHODS
S.  Planning the Overburden Analysis 5-1to 5-9
Joseph M. Tarantino and Dennis J. Shaffer
INErOGUCEION ...ttt ettt et et 5-1
Purpose Of OBA ...t 5-1
Permitting tool ... e 5-1
OBA WAIVETS........ooiiiiiiiiieitetis et ettt ee e 5-1
Management t00l.................ccooi oo e, 5-2
Information Needed to Conductan OBA............ ... ..., 5-2
Preparing an OBA Proposal ..............c.ocooiiiiiiiioee e 5-3
Areal coverage---Number of Holes per Ac (ha) ..............c.oooovieiiciie e 5-3
Operational considerations. ... 5-4
Stratigraphic Variation ..............c..oocoiiiiiiiiii e 5-4
The problem of obtaining representative Samples ..................ccccoveeeiveeceeer e, 5-4
Sample Collection and Handling ... ... 5-5
Sample collection ..o 5-5
Air rotary: normal CItCULAtION.............o...ocviiie e 5-5
Reverse circulation rotary g ...t e, 5-5
DIamond COTES .........ccouiriiiiiiiieii ittt =0
AUGETING ..ottt ettt .5-6
Highwall sampling ... e 5-7
Sample description (1I0Z) ..........cooo o i, .5-7
Preparation Of SAMPLES.. ..o et 5-7
Field preparation ... e b 5-7
Compositing and laboratory preparation ...................ccceveviiieiiciiiviinieeeeee e 5-7
Purpose of sample Preparation ..................cccoovevieiriioiies e 5-8
CONCIUSIONS. .........oiiititiieici ettt et es e esb e eneeese e 5-8
Literature Cited.................ocoooo i e e 5-8
6. Laboratory Metheds for Acid-Base Accounting: An Update 6-110 6-9
Tim Kania
INETOQUCHION ...ttt ettt en e 6-1
Components Of ABA ...ttt e eaeans 6-1
Paste PHL . e 6-2
Percent SUUT ... e 6-2
FIZz RAUNG. ..o e er e 6-4
Neutralization Potential (NP) ............ccooiiviriiiiiitieni e e 6-6
Other Methods of Determining Carbonate Content.............................ccocoiiiiiie i, 6-7

vii



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page
CONCIISIONS. ..o oot ae ettt e e e e eessbta e e s e e s e et ae e 6-8
Bt L= 0510 s FRURUUUTUOUURT OO OO P PO UUPP PRI 6-8
7. Kinetic (Leaching) Tests for the Prediction of Mine Drainage Quality ............ 7-1to 7-54
Roger J. Hornberger and Keith B.C. Brady
TREEOAUCHION ...ttt e oottt e e e st e e e 7-1
Chronology of the Development of Kinetic Tests for Mine Drainage .................c........ 7-2
Evaluation of Physical, Chemical and Biological Factors in Kinetic Tests.................... 7-5
Size, shape, and structure of the kinetic test apparatus............co.ocoooviiinnn. 7-12
Particle size distribution and composition of rock sample............................. 7-12
Volume and placement of overburden samples in kinetic test apparatus................. 7-15
Water handling procedures .............ocooviviiiiiiie e 7-16
Leaching CYCIES .........c.ocoiiiiti i 7-19
Gas handling provisions (oxygen and carbon dioxide) ... 7-19
Biological considerations in Kinetic t€sts ... 7-22
Summary and Recommendations ...............c.ooooiiiiiiiin i 7-25
Development of Standard Kinetic Test Procedures for the Prediction
of Mine Drainage QUality ............coccooiiiiiiiiriie 7-27
Relationships Among Kinetic Tests, Static Tests, and Other Methods of
Predicting Mine Drainage Quality.................ocooiii i 7-28
Acknowledgments. ... ... 7-29
Appendix: Chronology of the Development of
Kinetic Tests for Mine Drainage: 1949-1994 ... 7-29
Farly HASEOTY .......ooooiiit et b 7-29
Regulatory induced developments...............ococoiiiiniini 7-32
The middle years — Penn State UniVersity .............ccocooiooniniii i, 7-34
The middle years — West Virginia University and related work....................... 7-34
Kinetic test development in central and western U.S. and Canada........................ 7-35
Comparison of test methods 1985-1994... ... 7-37
A plethora of variations on a theme ... 7-38
LAteratUre CHEEA. ... iioieer ettt s ettt e et 7-41
PREDICTION TECHNIQUES AND INTERPRETATIONS
8. Influence of Geology on Postmining Water Quality:
Northern Appalachain Basin........eeereeinicnnncicninncssnisensiiecsinnn 8-1to 8-92
Keith B.C. Brady, Roger J. Hornberger and Gary Fleeger
SUMUMATY . ... oeoteetieiiene ettt et s bbb ee b h L ea e e s b 8-1
IEEOAUCHION ..o ettt eb ettt 8-3
Pennsylvania during the Pennsylvanian Period ... 8-3
Pennsylvanian and Permian (?) Stratigraphy of Western Pennsylvania.......................... 8-5
POHSVILIE GIOUD ...oovvieiiieee ettt eaee s e .8-7
ALSGRENY GTOUD ... coeeei e b 8-9
Lower AlEGheny .........occooiioiiiiiiiiriiie e 8-10
Clarion coal overburden and the Vanport Limestone....................c. oo 8-10

viil



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page

Lower Kittanning to middle Kittanning interval..................................... 8-11
Middle Kittanning to Johnstown limestone interval ...................ccoovevvervnennne, 8-14
Upper Allegheny ...t 8-17
Conemaugh Group ...........cocoiiiiiiiiii e 8-18
Glenshaw Formation..................cc.oooiie oo .8-19
Casselman FOrmation................c..oocooiiiiiiioe e, 8-22
Monongahela GrOUP............ccoiviiiiie ittt 8-23
Pittsburgh FOrmation .................c...ccoooiiii e 8-23
Pittsburgh coal to Redstone coal interval ....................................co... 8-24
Blue Lick coal to Sewickley coal overburden......................................... 8-25
Pittsburgh Formation imestones ..................cccooioiiienieieeeee e, 8-25
DUnKard GIOUP ........oocviiiiiiiiii ittt 8-27
Pennsylvanian Stratigraphy of Pennsylvania’s Anthracite Region........................ 8-29
Pottsville FOrmation...............cooocoooiiiiiiiiiic e 8-30
Llewellyn FOrmation............cccoovviiiiieiiioi e 8-30
Pleistocene Sediments ..., 8-32
Geochemistry of glacial sediments.................c.c..cocoveeriiiiiieiieeeeeeeeee e 8-34
Importance of glacial sediments in mine drainage water quality ...................... 8-36
Discussion on Stratigraphy ... 8-37
Mineralogy of Mine Site Overburden........................ccocooot oo 8-37
Pyrite, other forms of sulfur, and acid production....................cc.cceeviiveniin.n 8-38
Chemical forms of sulfur (sulfur mineralogy) in overburden rock..................... 8-38
Sulfide SULUT ..o .8-38
Sulfate SUIL .......ccooooviiii e 8-38
Organic SUHUC...........ooc e .8-39
Pyrite MOTPhOIOZY ........ccooviiioiii e e .8-39
Discussion on sulfur minerals and their relation to acidic water ...................... .8-40
Formation Of PYTIte. ... e 8-40
SUlfur and irON..........oooiiiii e 8-40
Organic carbon and its relationship to sulfur......................cocooeoiiiii 8-40
Sedimentation rate and bioturbation (open vs. closed system) ....................... 8-42
Discussion on formation of pyrite ... 8-43
Alkalinity producing minerals: The carbonates.................c.cccccvvevmivceseeere e, 8-43
Carbonate mineralogy .............c.cooecivriiiiiieieiiee et 8-44
Distribution of carbonates in the Pennsylvanian of western Pennsylvania ........ 8-45
Other neutralizing minerals and processes....................c.occocoovvecnienin. U 8-45
Geologic Controls on Overburden Mineralogy in the Appalachian Basin..................... 8-47
Paleoclimatic influences on terrigenous rock mineralogy....................................... 8-49
Paleodepositional environmental influences on rock mineralogy............................ 8-51
Depositional environments of carbonate minerals ..................................... 8-52
Marine carbonates ..................cococooieioii i 8252
Freshwater carbonates ...............c.oooeoioviiiiiee e, 8-54
Depositional environments of iron sulfides .....................coocooirviiciiieereinn. 8-54
Marine, brackish and freshwater environments..............c.ccocoovivvirviviieeerans, 8.54
Vertical distribution of sulfur within a coal seam..................cc.ocoovvvceieeenenn. 8-57
Surface Weathering ..o 8-59

ix



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page
Weathering of bedrock on the Appalachian Plateau....................... 8-59
Weathering of glacial sediments in western Pennsylvania ............................ 8-61
Weathering in the Anthracite Region ... 8-63
Lithologic Factors Affecting Postmining Water Quality ... 8-64
Sandstone and postmining water quality ..............cco.ccocovoiii 8-65
Distribution of high-sulfur rocks.................c 8-68
Relationships Among Mineralogy, Stratigraphy, and Regional and Local
Variations in Postmining Water Chemistry...........c..cocooivviiiiiiiiniiei e 8-69
Importance of CATDONAES ... ....cocoo.iiiiiit oot 8-69
Stratigraphic relationships to water chemistry ... 8-70
DUNKATA GIOUD .....ooovieiieteieet ettt et 8-71
Monongahela Group ...........ccoiiiiiiii e e 8-71
Conemaugh Group ... e 8-72
AlleGRENy GIOUP ......cc.eovireieiiiiiiitit ittt 8-72
Upper AIEZHENY . .......o.oieviiiiiiiii i 8-73
Lower Allegheny ...........ccoocooiiiiiiiiii e 8-73
POLSVIIE GIOUP ..ottt 8-75
Regional and local variations in postmining water quality........................... 8-75
Water quality in the Bituminous Coal Region.................cccocooveiiniiiinn. 8-76
Anthracite region water QUalIty.............ccoovoeieriiiiniii 8-77
Local-scale variations in water quality of the Bituminous and
Anthracite REGIONS ...t 8-79
Appendix: Fossil Fauna and Paleosalinity.................oocoooiiiiiinnis 8-80
ACKNOWIEAGMENS . ........o.vviriiiti ettt 8-82
References Cited ...........coocoooiviiiiiiii s et 8-83
9. Groundwater Chemistry from Previously Mined Areas
as a Mine Drainage Prediction Tool 9-1 to 9-21
Keith B.C. Brady
TREFOQUCHION ..ottt et et tte e e st e e be e s be e e snnes 9-1
Factors 10 CONSIACT ...........ooviiiiviiit ittt e et 9-2
The proposed mining is on different coals and overburden.............................. 9-3
Mining on same seam(s) but with significant differences in
stratigraphy or in amount of area disturbed...................o 9-6
Facies relationShiPs ... .....cceoviueriororiiieiice oo 9-6
AIOUNE OF COVET ..ottt ettt 9-7
Increased area of disturbance ..................ccoooeiiiiii 9-8
Hydrologic comPHCAatiONS .............ccorviiiiii e 9-8
GIOUNAWALET ... ittt e st s n et 9-10
Climatic influences on discharge quality ...........c.cooooovieiiiiiiiii 9-10
Lateral variability in water quality within a mine site ............................... 9-12
Chemistry changes along flow path............................. 9-13
SUITACE WALET ...ttt e e sree ettt sabe e 9-15
Differences in Mining PractiCes ...........cco.covuirueviiiiiiiiiiiie i s 9-15
Surface mine vs. deep mine water quality...................c 9-16
MINIAG PTACHCES .......oiueiiiiiiiiieie ettt 9-17



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

ACKnOWIEABMENS............ocooiviiiii e v
Literature Cited..................oooiiiii e

10. Natural Groundwater Quality from Unmined Areas as a Mine

Drainage Quality Prediction Tool
Keith B.C. Brady

INtroduCtion ... ...t e,
MethOdS ..ot

Mine A: “Kauffman site,” Boggs Township, Clearfield County ...........

Mine B: Wharton Township, Fayette County.................c.ccocoveiin..,

Mine C: Lower Turkeyfoot Township, Somerset County....................
Comparison with Other Parts of the Appalachian Plateau .........................
DISCUSSION. ..ottt e,
Implications and Conclusions ...,
Acknowled@ments..................ococoiiiiiii i,
Literature CIted...........cooviviiiiiiiit et

11. Interpretation of Acid-Base Accounting
Eric F. Perry

INrOdUCHION ...ttt
Development and Application of Acid-Base Accounting...........................
Principles of Acid-Base Accounting Measurements ................................
Neutralization potential (NP).........................iiiiiiee.
Maximum potential acidity (MPA)..............c..ocoooiiiiiieeeee e,
Net neutralization potential (NNP) calculation.................................
Paste PH.........ooii e
Metals ...
Analyzing and Interpreting Acid-Base Accounting................................

Acid-Base Accounting and Coal Mine Drainage Studies in Appalachia

Pennsylvania study ..................cc.c.oooiiiii e,
West Virginia study.... ... e e e e e
Bureau of Mines Study...........c..coooviviiiiieiios oo
Other mine drainage studies......................cccoooerivieicoricieeeee e,
An Example of Acid-Base Accounting Data Interpretation ....................
Weathered ZOne...................coooiiiiiicec e
Identification of significant strata....................cc..coecooeiviiireecerreenn,
Correlation to other drill holes.......................ccccoceeviiviiicieee e,
Data reduction and interpretation....................oococooeeoeevceeeeeeeeee
Mine drainage qUality ................c.ocooooiiiiies e
CoNCIUSIONS. ..o

Xi



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page
RECLAMATION AND ACID MINE DRAINAGE
PREVENTION METHODS
12. Reclamation and Revegetation ......cceeeeverenes 12-1to 12-5
Nevin Strock
TOETOAUCHION ..ottt ettt ettt et 12-1
Revegetation of Coal Mined Land ... 12-1
Relationship of Vegetation to Mine Hydrology..................ccooooooie 12-1
Plant Species as Indicators of Mine Spoil / Overburden Chemistry .............c......... 12-2
Plant Tolerance / Adaptability to Acid and Toxic Conditions ........ ................... 12-3
Some Other Factors Affecting Establishment of Vegetation.................c....cocoe 12-3
Topsoiling of Coal Mined Land...............occoooiiiiii s 12-4
Topsoiling, Reclamation and Mine Hydrology ...............cccoooooiiiiins 12-4
CONCIUSIONS. ... oottt sttt sttt a e e 12-4
Literature CHed. ..ot e 12-4
13. Alkaline Addition . «13-1t0 13-13
Michael W. Smith and Keith Brady
TOEEOAUCHION ..ottt et et et sttt eme e e 13-1
Theory of Alkaline Addition ... 13-1
Alkaline Addition Studies............ccccooeve e TS U R UTIRUUPIPPOPPRRRORPP 13-2
Alkaline Addition PractiCes ..........c.ccooviievriinionie it 13-6
APPHCALION TALES ......evieeii ettt 13-6
Materials handling and placement ..............cc..ccooiiiiii 13-8
Alkaline materials and verification ................c.occooiiiiiii 13-9
Alkaline rediStrbULION ... .ot e 13-9
Alkaline addition as a best management practice on low cover overburden. ......... 13-10
COSE COMPAIISOIL.........ceenceentitetemiatsieteiee et saes e etes s o ese bbb 13-11
SUIMHINIALY ..ot ettt ebet et 13-12
Acknowledgments. ... 13-12
REfErences CIEA ......oooiiiiieitieeiii ettt et e e e 13-12
14. Special Handling Techniques in the Prevention of Acid Mine Drainage ...... 14-1 to 14-22
Eric F. Perry, Lysa Holland, Robert Evans, Joseph Schueck and David Maxwell
|08 CeTe L e £t )« WU OSSO OE O T OO P PRI PUURUPURURPURPPRPPIOR: 14-1
Selecting a Special Handling Strategy............ccoooviiiiiiiiiiiiiei 14-1
Geologic and Geochemical Conditions: Acid and Alkaline Materials.......................... 14-2
Hydrogeologic CONAILIONS.........ccoviiiioieiiieciiiiiiii e 14-3
Operational considerations................cocoiiiiiiiiiimii i 14-5
Special Handling TeChMGUES..............coooiiiiiiiiiiiii i 14-8
Handling acid materials using segregation and isolation (“high and
Ary”) TEChNIQUES ..........eveviiiei et e 14-8
CAPPING. ... cv ettt ettt et b e 14-11
Handling of acid materials using the submergence or “dark and
deep” tECHMIGQUE..........oveiieniieiicc e 14-12

xii



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

Page

Handling of acid and alkaline materials using blending techniques
(including alkaline redistribution).................c...ccooiiiiiiciie e, 14-14
Handling alkaline material for addition and redistribution....................c.....cco....... 14-15
Placement of alkaline material in mine backfills ..............................coocooiii 14-15
Methods for incorporating the alkaline material into the backfill ...................... 14-16

Operational constraints involving the location of the alkaline
MALETIAL ... ..ot 14-16
CONCIUSIONS........oovviiiiiiece ettt ettt et ee e et e ee e 14-17
Appendix: Industry Experience with Mine Planning and Special Handling................ 14-18
INEEOQUCHION ...ttt 14-18
Exploration and Planning...............cccooooioniiiioiiic e 14-18
GrOUNAWALET ...t et ettt ettt eee e 14-18
SUMfACE WALET ... 14-19
Overburden qUality..............coooeiiiiiiee e 14-19
Special handling implementation...................... PR URURUTUURUUTOTO 14-19
Mining MethodS. ..o 14-19
Concutrent 1eclamation ............cccoociiiiiiiiiie e 14-20
Alkaline amendment (purchased) ..................occooooiiioeieie e 14-20
Alkaline amendment (within overburden spoils) .............................................. 14-20
Alkaline rediStribUtion .............c...cco.ooiiiii e 14-20
Literature CIted............ooiiiiiiiiiee et 14-21
15. Bactericidal Control of Acidic Drainage 15-1to 15-6
Robert L.P. Kleinmann
INEPOAUCTION ... 15-1
Use of Anionic SUMfACLANES ... ........c.ooiiiiiiiiii oo 15-2
Surfactant SOIULIONS ... 15-2
Slow-release formulations................ccocoioiiiiiiiiii et 15-3
Procedural Recommendations .......................cooooooiiiiii o 15-3
Ongoing RESEAICH ... ..ottt 15-4
SUMMAIY......oii it ettt ettt ettt er s ere s seesr e eaeserens 15-5
Literature Cited.............o.ooiiiiiiioiiie et 15-5
16. Water Management Techniques on Surface Mining Sites 16-1 to 16-11
Michael Gardner

INtrodUCHION ..o e e, 16-1
Management of Surface Water ... 16-2
Erosion and sedimentation Controls ..................ccocoiiiiiiioiiiis e, 16-2
Diversion ditches ..., 16-2
Collection ditChes ..............ccooviiviieiiiiie e 16-2
Sedimentation and treatment PONdS.................cevvveereiieiiiiiii e 16-2
Control of surface water infiltration.....................ccooooiiiiiiin e, TR 16-2
Speed of reclamation .................ocoooiiiiiiii 16-3
Groundwater Management ...................ccooooiiiiiiiiieiee et 16-3
Highwall drains ..ot 16-3
Design and installation of highwall drains. ... 16-4

Xiii



Coal Mine Drainage Prediction and Pollution Prevention in Pennsylvania - Table of Contents

17.

18.

Pagc¢

The Pit flOOT .....vueiie e 16-€

Water Management Case Studies ... 16-€
Case StUAY 1 ..ovoiiiiie e 16-€

Cas SEUAY 2...oeiii et e 16-7

Case SEUAY 3 ..o 16-9

SUIINATY ... iiveeteeveereess e beet ettt et saaes e e sae s e ess s et eaae e ens s ess b e bbbt e e 16-10

LIerature CIted...........ooviioeieeeee ettt et 16-10

Remining w 17-1t0 17-6

Jay W. Hawkins

INEEOAUCHION ......oovoiee ettt et et e 17-1

Historical Impacts Of REMINING, .............ccoiiiiiiit oo 17-1

Remining TeChNiqUes ... 17-3

Impact of Discharge Flow on Contaminant Loading ... 17-3

Discharge Flow Rate Reduction ................ccoiiiiniii e 17-4

Proven Track Record and Experience-Based Rules-of-Thumb ... 17-5

RecommMEndations ..............oveeieiiieiieeienee e e 17-6

Literature CIed.......c.ooiveriiiiie e e e 17-6

SYNTHESIS

Application of the Principles of Postmining Water Quality Prediction......... 18-1to 18-12
THIE KQRG.........oooeviieiieieeeeerieireiaeetsesietasessaenss ot s sae setesae e eteseaessraeaas s anns s man e s sees e eanbse s s s abe e
TOEEOGUCHION ..ot e ettt ettt er e .18-1

Complicating FACLOTS .........coooviiiiiiiiiiiiii it 18-2

RISK ASSESSINMENL. ... ..o oiiieieeieeeeees s eeestaest e e e eemee e et toanreeneaanm e e eas e s 18-2
The BESE TOOL ..o e et e 18-3
Key Principles from Previous Chapters..............occovriiiiniii 18-3
Examples of Predictive Decisions ... 18-5

N (=38 UUTUUOU T OO OSSP U PO U OO USSP RO UOTPUIUTS PP EPPPPPRRPPR 18-6

SEEE . e e e e 18-7

0 13 JTUTUU TR U PO U S PSS E PSP T ORI TPPR PSSRSO P 18-9

St =1 ST USRS PO SOOI P UUOPT TRV PRPRTPIPPP 18-10
CONCIUSIONS. ..ottt et ee e ee et es sr e er s aa e e erb e e et e s 18-11

Acknowledgments...............cccoeeiiiiii s 18-12
Literature CIted........ooereieeeoe e e e e e 18-12

Biographical Sketches of Authors

Xiv



Chapter 1
GEOCHEMISTRY OF COAL MINE DRAINAGE

Arthur W. Rose' and Charles A. Cravotta 1T
'Department of Geosciences, Penn State Univ., University Park, PA 16802
*Water Resources Div., U.S. Geological Survey, Lemoyne, PA 17043

Summary

Coal mine drainage ranges widely in composition,
from acidic to alkaline, typically with elevated con-
centrations of sulfate (SO.), iron (Fe), mangancse
(Mn) and aluminum (Al) as well as common elements
such as calcium, sodium, potassium and magnesium.
The pH is most commonly either in the ranges 3 to
4.5 or 6 to 7, with fewer intermediate or extreme val-
ues. A key parameter is the acidity, which is the
amount of base required to neutralize the solution. In
coal minc drainage, major contributors to acidity are
from ferrous and ferric Fe, Al, and Mn, as well as
free hydrogen ions. The acidity should be determined
by a "hot acidity procedure", so that ferrous iron is
oxidized and its acidic properties properly measured.

Acidic mine drainage (AMD) is formed by the
oxidation of pyrite to release dissolved Fe**, SO,*
and H', followed by the further oxidation of the Fe**
to Fe* and the precipitation of the iron as a hydrox-
ide ("yellow boy") or similar substance, producing
more H'. Neutralization of the acidic solution by
limestone or similar materials can form neutral mine
drainage with high SO,, and possibly clevated Fe and
Mn. If appreciable Fe or Mn is present, these neutral
solutions can become acid on oxidation and precipi-
tation of the Fe and Mn.

Many factors control the rate and extent of AMD
formation in surface coal mines. More abundant py-
rite in the overburden tends to increase the acidity of
drainage, as does decreasing grain size of the pyrite.
Iron-oxidizing bacteria and low pH values speed up
the acid-forming reaction. Rates of acid formation
tend to be slower if limestone or other neutralizers are
present. Access of air containing the oxygen needed
for pyrite oxidation is commonly the limiting factor in
rate of acid generation. Both access of air and expo-
sure of pyrite surfaces are promoted by breaking the
pyrite-bearing rock. The oxygen can gain access ei-
ther by molecular diffusion through the air-filled pore

space in the spoil, or by flow of air which is driven
through the pore space by temperature or pressure gradi-
ents.

Because of the complex interactions of all these and
other factors, prediction and remediation of AMD is site
specific. An evaluation of a given site or proposed pro-
cedure can be aided by understanding the processes and
concepts discussed in this chapter.

Introduction

Coal mine drainage can be acidic or alkaline and can
seriously degrade the aquatic habitat and the quality of
water supplies because of toxicity, corrosion, incrusta-
tion and other effects from dissolved constituents.

Acidic mine drainage (AMD), in which mineral acid-
ity exceeds alkalinity, typically contains elevated con-
centrations of SO,, Fe, Mn, Al and other ions. AMD
may or may not have a low pH (high concentration of H'
ions), since the presence of dissolved Fe, Al and Mn can
generate hydrogen ions by hydrolysis. The major source
of acidity is oxidation of pyrite (FeS;) in freshly broken
rock that is exposed by mining. Pyrite oxidation can be
rapid upon exposure to humid air or aerated water, par-
ticularly above the water table.

In contrast, neutral or alkaline min¢ drainage
(NAMD) has alkalinity that equals or exceeds acidity
but can still have elevated concentrations of SO,, Fe, Mn
and other solutes. NAMD can originate as AMD that
has been neutralized by reaction with carbonate miner-
als, such as calcite and dolomite, or can form from rock
that contains little pyrite. Dissolution of carbonate min-
erals produces alkalinity, which promotes the removal of
Fe, Al and other metal ions from solution, and neutral-
izes acidity. However, neutralization of AMD does not
usually affect concentrations of SO,
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Chemistry of Coal Mine Drainage

The chemustry of water samples from unmined,
surface-mined or underground-mined areas in the
coalfields of western Pennsylvania is extremely vari-
able (Table 1.1, Figure 1.1). Rain in Pennsylvania is
generally acidic (Peters and Bonelli, 1982; Lynch et
al., 1990) but is typically much more dilute than
spring water or ground water (Table 1.1). In un-
mined areas, spring water and ground water are typi-
cally alkaline or only slightly acidic and contain
much lower concentrations of dissolved solutes than
water from mined areas. In unmined areas, spring
water commonly is only slightly more mineralized
than rainfall, and is dilute relative to nearby ground
water at depth beneath hills (Chapter 10).

Under mined conditions, ground water ranges
from alkaline to acidic. For example, samples re-
ported in Table 1.1 have pH ranging from 2.2 to 7.0.
Compilations of data show that pH values commonly
have a bimodal frequency distribution; most samples

are either distinctly acidic (pH 2.5 to 4) or near-neutral
(pH 6 to 7), with relatively few samples having pH val-
ues between 4 and 6 (Figures 1.2a, 1.3a) (Brady et al.,
1997). In contrast, the acidity (or net alkalinity, equal to
alkalinity - acidity) is unimodal, with a peak between
-100 and +100 mg/L CaCO; (Figure 1.2b). The net al-
kalinity generally decreases with decreasing pH, with
few exceptions, but in a non-linear manner (Figure 1.2¢,
1.3b). In the acidic waters, SO, is the principal anion,
and Fe, Mn and Al are major cations (Figure 1.1). In
alkaline waters, HCO; is a significant anion along with
S0, and concentrations of Ca, Mg, and Na are gener-
ally elevated relative to Fe and Al

Characteristically, the quantity and quality of discharge
from coal mines in Pennsylvania varies widely with time
(Brady et al,, 1990, 1994; Homberger et al., 1990). In the
extreme, at a single sampling site, net alkalinity can alte -
nate from alkaline to acidic at different times (Figure 1.4).
Specific factors that cause water-quality variations at surface
mines are discussed in subsequent sections.
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Production of Acidity

The geochemistry of AMD has been the subject of
numerous investigations. Some general references on
the subject include publications by Temple and Koe-
hler (1954), Singer and Stumm (1970), Kleinmann et
al. (1981), Nordstrom (1982), Williams et al. (1982),
Homberger et al. (1990), Alpers and Blowes (1994),
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Blowes and Jambor (1994), Evangelou (1995), and
Nordstrom and Alpers (1996).

AMD results from the interactions of certain sulfide
minerals with oxygen, water, and bacteria (Figure 1.5).
The iron disulfide minerals pyrite (FeS,) and, less
commonly marcasite (FeS,), are the principal sulfur-
bearing minerals in bituminous coal (Davis, 1981,
Hawkins, 1984). Pyrrhotitc (FeS), arsenopyrite
(FeAsS), chalcopyrite (CuFeS,) and other sulfide min-
erals containing Fe, Cu, As, Sb, Bi, Se and Mo also
can produce acidic solutions upon oxidation, but these
minerals are uncommon in coal beds. Hence, because
of its wide distribution in coal and overburden rocks,
especially in shales of marine and brackish water ori-
gin, pyrite is recognized as the major source of acidic
drainage in the eastern United States.

The overall stoichiometric reaction describing the
oxidation of pyrite and marcasite is commonly given
as:

FeSxs) +3.750,+35H,0=
Fe(OH)s(s) + 2 SO.> + 4 H™ + heat 1.n

In reaction 1.1, solid pyrite, oxygen (O.) and water
(H;0) are reactants, and solid ferric hydroxide
(Fe(OH)s), sulfate (SO,”), hydrogen ions (H') and heat
energy are products. The heat energy produced in this
reaction for complete conversion of one mole of pyrite
to ferric hydroxide amounts to about 1490 kilojoules at
25°C, based on enthalpies in Robie et al. (1978) and
Naumov et al. (1974).

In most samples of coal mine drainage, an abun-
dance of dissolved ferrous iron (Fe**) (Table 1.1) indi-
cates that the chemical reactions are at an intermediate
stage in the series of reactions that together represent
pyrite oxidation (reaction 1.1). The following reac-
tions characterize various stages in the complete reac-
tion (Stumm and Morgan, 1981, pp. 470):

FeS,(s)+350,+HO =

Fe” + 280, + 2H' (1.2)
Fe* +0.250,+H" =Fe” +05H,0 (1.3)
FeS,(s) + 14Fe” +8 HO =

15Fe”+280}+ 16 H (14
Fe™ + 3 HO =Fe(OH),(s) + 3H' (1.5)



Chapter | - Geochemistry of Coal Mine Drainage

200 v
. A ®
150k - =) \ = )
{ \ x a -~ \\'ﬁ'
............ -
ool 2 ]
. A
Ny AN
_ s W |
?: 50+ ‘.\l ,,/ !'K\ \“.‘ /f. ]
g VNN
] \ S v
LALKALINE 7 e / ..... N 4
E ACIDIC £ \ \‘\ { \\ /
E / x ‘\ / / ~~~~~~~ ‘/
£ sof [y N
3 / (U
. | y |
= ! 3
g -100 / Vo
/ i H
/ Vo
/ ||
s | \ /
4 \ EXPLANATION
\ @ WELLN2-1
200+ @ WELL N1
4 WELL Né-1

(2)
FeSy + 0, + H,0-—+ Fe®* + 50,2+ H*

+0, [(b) (¢)] +Fes,

«——*Fo¥*Z__, “Fe¥ oxyhydroxides”

“Fe'Fel.S0, salts”
(d", &) {d)

OVERALL: FeS, +3.75 O; + 3.5 H,0 - F&(OH)y + 250,2 + 4 H*
STEPS:
FeS, +3.50; + Hy0 - Fe?* +280,2 + 2 H*
Fo®* 4 0.25 0, + H* - Fo¥* + 0.5 H,0
FaS;+ 14 Fe'* + 8 Hy0 - 15 Fo? + 2 50,2 + 16 H*
Fo3* + 3 H,0 -5 Fe(OH), + 3 H*
2Fe% + Fe?* + 4 50,7 + 14 Hy0 — Fe'Fe,"(50,),-14H,0

3Fe® + K* +250,4% + 6 Hy0 - KFay"(S04)2{OH)s + 6 H*
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Reactions 1.2 and 1.3, which involve the oxidation
of sulfur and iron, respectively, by gaseous or dis-
solved O,, can be mediated by various species of sulfur
and iron-oxidizing bacteria, notably those of the genus
Thiobacillus. These bacteria, which require only dis-
solved CO,, O,, a reduced form of Fe or S and minor
N and P for their metabolism, produce enzymes which
catalyze the oxidation reactions, and use the energy
released to transform inorganic carbon into cellular
matter (Temple and Delchamps, 1953; Kleinmann et
al., 1981; Nordstrom, 1982; Ehrlich, 1990).

In reaction 1.4, dissolved ferric iron (Fe**) produced
by reaction 1.3 is the oxidizing agent for pyrite (Figure
1.5). Kinetic studies (Garrels and Thompson, 1960;
McKibben and Barnes, 1986; Moses ct al., 1987;
Moses and Herman, 1991; Williamson and Rimstidt,
1994) show that at acidic pH, rates of pyrite oxidation
by Fe*" are much faster than oxidation by O, (reaction
1.2; sec Figure 1.9). Therefore, in well-established
acid-generating environments, the typical sequence is
pyrite oxidation by reaction 1.4 to produce Fe**, which
is then oxidized to Fe** by bacteria via reaction 1.3; the
Fe** is then available for further pyrite oxidation. Al-
though O, is not directly consumed in the pyrite-
oxidizing step, it is necessary for the regeneration of
Fe** to continue the pyrite-oxidation cycle.

As a final step, part or all of the Fe may precipitate
as Fe(OH); or related minerals (reaction 1.5). Because
of the relative insolubility of Fe**, most dissolved Fe in
solutions with pH greater than about 3.5 occurs as
Fe?*. AMD solutions commonly have pH and Eh
(oxidation potential) plotting along or near the Fe*'-
Fe(OH); boundary on an Eh-pH diagram (Figure 1.6;
also see Figure 1.10; Langmuir and Whittemore,
1971). Near-neutral Fe-bearing solutions (pH 5-6) are
normally relatively reduced, while more acidic solu-
tions are more oxidizing. At pH less than about 3 (the
exact value depending on Fe and SO, content), major
amounts of dissolved Fe** can be present.

The oxygen isotopic composition of dissolved SO,
in mine drainage varies in relation to the source of
oxygen (8'%0 of O, in air is 23 permil, 3'°0 of H,0=
-9.5 to -11.5 permil in the sampled area) (Table 1.1),
so that the oxygen in the SO, can indicate whether re-
action 1.2 or 1.4 is dominant (Taylor et al., 1984a.b;
van Everingden and Krouse, 1985; Taylor and
Wheeler, 1994; Reedy ct al., 1991). In reaction 1.2,
where O, is the oxidant, most of the oxygen in the SO,
is derived from molecular O,; in reaction 1.4 where
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Fe* is the oxidant, all oxygen in the SO, is derived
from H,0 (Figure 1.7). Oxygen isotopic data for dis~
solved SO, and H,O of drainage from surface mines in
Pennsylvania indicate that pyrite oxidation by both
reactions 1.2 and 1.4 is important (Table 1.1, Figure
1.7).

Hydrolysis and precipitation of iron solids, denoted
as Fe(OH), in reactions 1.1 and 1.5, generally do not
take place until the water is aerated and/or the acid is
neutralized. The iron solids, which commonly form a
reddish-yellow to yellowish-brown coating on rocks
and other surfaces, can consist of a varicty of amor-
phous or poorly crystalline ferric oxides, hydroxides or
oxyhydroxysulfate minerals including ferrihydrite
(variously given as Fe;(OH),, FesHO; 4H,0, or
Fes0;(0H)y), goethite (FeOOH) and schwertmannite
(FegOs(OH)sSO,) (Chukhrov et al., 1973; Eggleton and
Fitzpatrick, 1988; Brady et al., 1986, Murad et al.,
1994; Bigham et al., 1996). Ferrihydrite and schwert-
mannite are metastable and may ultimately dehydrate
and recrystallize forming hematite (Fe,05) or goethite.
In acidic weathering environments, ferric sulfate
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compounds may form metastable intermediates prior to
or in addition to ferric oxyhydroxide compounds
(Nordstrom et al., 1979; Nordstrom, 1982). Because
the ferric sulfate minerals tend to be soluble and typi-
cally form under evaporating conditions, they can be
significant sources of acidity and sulfate when later
dissolved by runoff or recharge water at surface mines
(Nordstrom and Dagenhart, 1978; Olyphant et al.,
1991; Cravotta, 1994). Furthermore, other forms of
sulfur, such as native S and S,0:>, can be intermediate
products in the oxidation of pyrite (Nordstrom, 1982;
Goldhaber, 1983; Moses et al., 1987), but these tend to
oxidize to SO, under surface conditions.

Measurement of Acidity

The acidity or net alkalinity of a solution, not the
pH, is probably the best single indicator of the severity
of AMD. Acidity is the total base requirement for
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neutralization of a solution, and includes the base
needed to neutralize acid produced by hydrolysis of Fe,
Al and Mn (reactions 1.3, 1.5, 1.6, 1.7).

AP" +3 H;,0 = AI(OH)s(s) + 3 H'
Mn® +0.5 0, + H,0 = MnOy(s) + 2 H'

(1.6)

1.7

In this chapter, acidity refers to a hot acidity in
which hydrogen peroxide and heating are used to oxi-
dize Fe and Mn, followed by titration with base to a
pH of 8.2 or 8.3 (U. S. Environmental Protection
Agency (EPA), 1979; American Public Health Asso-
ciation (APHA), 1980; ASTM, 1994). Note that the
various methods differ slightly: the EPA, APHA and
ASTM (Method C) procedures eliminate HCO; alka-
linity prior to the titration, whereas a U.S. Geological
Survey method (Fishman and Friedman, 1989) does
not climinate HCO; and does not oxidize iron. Some
differences also exist among laboratories in reporting
negative or zero acidity for samples with alkalinity ex-
ceeding acidity.

Alone, pH can be a misleading characteristic, be-
cause water that has near-neutral pH and ¢levated con-
centrations of dissolved Fe?* can become acidic after
complete oxidation and precipitation of the iron
(reactions 1.3 and 1.5). For example, in Figure 1.3,
many samples with pH of 5 to 6 and with measurable
alkalinity actually have significant acidity (net alkalin-
ity <0).

Although Fe**, Fe**, Mn*, AI**, and H" are the
major components of acidity in coal-mine drainage
(Ott, 1986), other dissolved species that precipitate as
hydroxides or oxides or change form during the acidity
titration, including Mg**, H,CO;, or H,S, can contrib-
ute to acidity (Payne and Yeates, 1970).

Acidity is commonly expressed as milligrams of
CaCQ; per liter of solution (mg/L as CaCQs) on the
basis of the following stoichiometric relation:

2 H' +CaCO, = Ca* + CO, + HO (1.8)

In accordance with reaction 1.8, 2 moles (2.0 g) of
H" are neutralized by 1 mole (100.1 g) of CaCO;. On
this basis, acidity (and alkalinity) can also be ex-
pressed as milliequivalents per liter (meqg/L), where 1
meg/L equals 50 mg/L as CaCOs.

The acidity, in mg/L as CaCO;, of acidic coal mine
drainage can also be approximated by the following
equation:

B 3¢, +2C,,, 3C, 2C_..
Acidity =30 =325t 2608 T 5404

+10¢-#"

(19)

where C is the concentration in mg/L of the subscripted
species and the divisor is the molecular weight of the
subscripted species. On the basis of equation 1.9 and
data in Table 1.1, calculated acidities generally are
comparable with measured acidities (Figure 1.8). For
the alkaline samples, however, because of the presence
of dissolved HCOj' as free anions and complex ions,
and OH as complex ions, calculated acidities typically
exceed measured values. In acidic samples, the pres-
ence of HSO, and OH complexes of Fe may cause
discrepancies.
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Factors Controlling The Rate of AMD Generation

Many factors determine the rate of AMD generation
from pyrite oxidation, including the activity of bacte-
ria, pH, pyrite chemistry and surface area, tempera-
ture, and O, concentration. The interactions of these
factors are complex.

Bacteria - In many situations, the most important
control on rate of AMD generation is bacterial oxida-
tion of Fe?* to Fe** by reaction 1.3, The resultant Fe**
can oxidize pyrite by reaction 1.4 (Figure 1.5).

Figure 1.9 illustrates the rates of various reactions
involved in AMD generation, including oxidation of
Fe* by O, in the absence of bacteria or other catalysts.
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At pH 6 the "half-life" of Fe** in an aerated solution at
25°C is about 7 hours, but at pH 4 or less the abiotic
"half-lifc" is about 8 years (Singer and Stumm, 1970).
Although Fe*" is formed rapidly at pH>4, Fe*' is rela-
tively insoluble under these conditions and tends to
form Fe(OH); or other solids (Figures 1.4 and 1.5), so
that little Fe** remains in solution to oxidize pyrite.
The net effect is that in the absence of bacteria, Fe*" is
either not produced at a significant rate (pH<4) or is so
insoluble that its dissolved form is relatively unimpor-
tant as an oxidant of pyrite (pH>4). However, Moses
and Herman (1991) suggest that even when Fe*" is
negligible in solution, the reaction involves oxidation of
adsorbed Fe™* to Fe** at the pyrite surface, with the
adsorbed F¢** in turn oxidizing the pyrite.

| FeS2 oxid. by Fe3* FeP*oxid.

(abiotic)

Eq. 1.4 Eq. 1.3

log k ==
faay Fo-*oxid.
@ ) {microbial)
-2
‘ FeS; oxid. by O2
-4

The bacterium Thiobacillus ferrooxidans and sev-
eral similar species have the capability of catalyzing
Fe?* oxidation (reaction 1.3) under acidic, acrobic con-
ditions, and obtain the energy for their metabolism
from this reaction. In the process, these bacteria
greatly speed up the reaction, so that under optimum
conditions the "half-life" of Fe*" is decreased to about 2
hr in an aerated solution with pH about 2.0 and Fe
concentration of about 2.5 g/L (Chavaric et al., 1993).
Because the rate of pyrite oxidation by Fe®" is gener-
ally fast relative to the rate of oxidation by O; or the
rate of inorganic Fe** to Fe* oxidation, the Fe**-Fe™*
oxidation is commonly rate-controlling (Singer and
Stumm, 1970), and the bacteria are crucial in deter-
mining the rate of acid formation. In addition to oxi-
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dation of dissolved Fe**, Thiobacilli also have the
ability to oxidize pyrite directly, 1.¢., they can accom-
plish reaction 1.2 while directly attached to the pyrite
surface (Ehrlich, 1990).

Effect of pH - As indicated above, at pH values of
4 to 7 the rate of pyrite oxidation by O, is slow, and
Fe** concentration is limited by the low solubility of
Fe(OH);. In increasingly acidic systems, Fe'" is in-
creasingly soluble (Figures 1.5, 1.9). Since Fe* can
rapidly oxidize pyrite, the oxidation of pyrite can be
greatly accelerated at low pH. However, below about
pH 1.5 to 2 the effectiveness of Thiobacillus ferrooxi-
dans as a catalyst of Fe*" oxidation decreases
(Silverman and Lundgren, 1959; Schnaitman et al.,
1969). Although pH values as low as negative 1.4
have been observed for AMD, these low values seem to
require special circumstances (Nordstrom et al., 1991).

Kleinmann et al. (1981) and Nordstrom (1982)
have suggested that the generation of AMD can be un-
derstood as three sequential stages. In stage I, while
the pH is near-neutral or only slightly acidic, pyrite
oxidation by reaction 1.2 proceeds by a combination of
abiotic and bacterial mechanisms, and Fe** oxidation is
primarily abiotic. Any biotic oxidation of pyrite is
dominantly by bacteria attached to the surface of pyrite
grains. In stage I, pH is generally in the range 3 to
4.5, and Fe** oxidation is mainly by T. ferrooxidans,
because abiotic oxidation is so slow. Pyrite oxidation
in this transition stage occurs by a combination of re-
actions 1.2 and 1.4, both abiotically and bacterially. In
stage 11, at pH less than about 3, the concentration of
Fe®* becomes high enough that reaction 1.4 becomes
the main mechanism for acid production, with bacterial
reoxidation of Fe?* furnishing the Fe'. In stages I and
II, the rate of AMD generation is relatively slow, but in
stage III the rate becomes very rapid. This stage is
responsible for production of the most acidic AMD. It
should be noted that this sequence is based on proc-
esses in unsaturated systems with an adequate supply
of O, and negligible alkaline material; in environments
of limited O, and/or significant carbonate or other al-
kaline material, a different sequence of processes may
occur.

Effect of Pyrite Surface Area and Crystallinity -
Kinetic studies indicate that the rate of acid generation
depends on the surface area of pyrite exposed to solu-
tion, and on the crystallinity and chemical properties of
the pyrite surface (McKibben and Barnes, 1986). This
dependence will be most important in initial stages
while pH is greater than about 2.5. In general, rock
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with a high percentage of pyrite will produce acidity
faster than rock with a low percentage of pyrite. Also,
a given mass of pyrite in small particles with high sur-
face arca will tend to oxidize more rapidly than the
same mass composed of coarse smooth-surfaced
grains. The high surface area of framboidal pyrite at
least partly accounts for its observed high reactivity
(Caruccio, 1975; Caruccio et al., 1976).

McKibben and Bames (1986) observed that pyrite
surfaces were pitted after reaction and suggested that
the abundance of defects might be crucial in determin-
ing the reaction rate, but kinetic experiments on a vari-
ety of pyrite samples using Fe** at pH 2 show similar
rates (Wiersma and Rimstidt, 1984), so the importance
of this effect under strongly acid conditions remains to
be demonstrated. Kitakaze et al. (1990), Graham
(1991), and Mishra and Osseo-Asare (1988) have
shown that pyrite can have vacant positions in its
crystal lattice and correlated variations in atomic
spacing and physical properties, suggesting another
possible cause for different oxidation rates for different
pyrite samples. Hammack et al. (1988) also found that
sedimentary pyrites were more reactive than could be
explained by surface area alone, and suggested that the
cause was a difference in crystal structure between
sedimentary and hydrothermal pyrite. Another possi-
ble variable is the content of trace clements in the py-
rite, especially elements such as As that are clearly
related to non-stoichiometry. The importance of these
factors remains to be demonstrated, though the experi-
ments of Wiersma and Rimstidt (1984) indicate that
large effects are probably not common.

Effect of Oxygen - Atmospheric O, is required for
the direct oxidation of pyrite and for regeneration of
Fe**. Thus, if air and oxygenated or Fe**-rich waters
can be excluded from pyritic material, pyrite oxidation
can be inhibited and little or no acid will be generated.

Pure water in equilibrium with air at a total pres-
sure of 1 atmosphere contains relatively low concen-
trations of dissolved O, ranging from 7.5 mg/L at 30°C
to 12.4 mg/L at 5°C (Truesdale et al., 1955). On the
basis of reaction 1.1, the complete oxidation of pyrite
by 10 mg/L dissolved O, will produce acidic water
with pH of 3.2 (H' = 6.4 x 10* mol/L) and concentra-
tions of acidity and SO, of 32 mg/L as CaCO; and 31
mg/L, respectively. Higher concentrations of the prod-
ucts require additional O, transfer from the air, or a
more complex mechanism, such as oxidation by previ-
ously generated Fe*'.
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Because the diffusion of O, in water is a slow proc-
ess, and the solubility of O, in water is low, the effec-
tive exclusion of atmospheric O, from pyritic spoil can
be achieved by perpetual immersion of the spoil in
stagnant ground water (Watzlaf, 1992). Conversely,
most AMD is generated in unsaturated mine spoil or
other environments where air is in contact with moist
pyrite-bearing rock.

Exclusion of O, by construction of "impermeable”
or organic-rich covers has not generally been success-
ful in preventing AMD generation in unsaturated spoil
or mine workings. Covers may fail to stop or slow
AMD formation because O, transfer is difficult to
eliminate and because the rate of pyrite oxidation is
independent of O, concentrations over the range 21 to
0.5 volume percent (Hammack and Watzlaf, 1990). In
the unsaturated zone, O, can be supplied relatively
rapidly by advection of air resulting from barometric
pumping or differences in temperature and by molecu-
lar diffusion through air-filled pores (Guo, 1993; Guo
etal,, 1994ab).

Effect of Microenvironments - Within unsaturated
spoil, water typically fills small pores and occurs as
films on particle surfaces. Flow rates of the water vary
from relatively rapid movement through interconnected
large pores, fractures, and joints to slow movement or
nearly stagnant conditions in water films or small
pores. Also, the abundance and distribution of pyrite
and other minerals varies from one particle to another.
Volumes with abundant pyrite, free movement of air,
and impeded movement of water are expected to de-
velop higher acidities than equal volumes that contain
less pyrite or that are completely saturated with water.
In addition, T ferrooxidans may attach directly to py-
rite surfaces and create its own microenvironment fa-
vorable to oxidation.

Because of these factors, the chemical environment
within spoil, and consequently, water quality in unsatu-
rated and saturated spoil commonly exhibit spatial and
temporal variability (Table 1.1, Figures 1.1 to 1.4).
Because of the small dimensions of the varying chemi-
cal environments, thorough characterization of chemi-
cal conditions (pH, O,, Fe**, etc.) in unsaturated spoil
may not be possible. The resulting coal-mine drainage
generally is a mixture of fluids from a variety of dy-
namic microenvironments within the spoil, so that pre-
diction of discharge water quality is difficult and
imprecise. Evans and Rose (1995) discuss experi-
ments that indicate the importance of microenviron-
ments in coal-mine spoil.
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Effect of Temperature - In general, the rates of
reactions that form AMD increase with increasing
temperature, so that AMD is formed faster if the py-
ritic material is warm. An exception to this trend is the
rate of Fe oxidation by T. ferrooxidans above about
35°C. These bacteria thrive at optimum temperatures
of 25 to 35°C, but they become inactive or die as tem-
peratures increase to about 55°C (Cathles, 1979).
Measurements indicate that oxidizing sulfide-rich ma-
terial can warm internally to temperatures at least as
high as 60°C because of the heat released by the oxi-
dation reactions (Cathles and Apps, 1975). Some sul-
fide-rich material actually undergoes spontaneous
combustion.

Formation of Secondary Minerals

Diagrams illustrating redox and pH conditions for
the Fe-S-O-H and Fe-S-O-H-K systems for conditions
similar to many AMD-generating environments are
shown on Figures 1.6 and 1.10. Pyrite is clearly not
stable in the presence of oxygenated air or measurable
Fe**. Solutions with Fe dominantly as Fe** can exist at
pH values up to about 8 (but these solutions become
acidic on oxidation and precipitation of the Fe). At pH
values higher than about 3.5, oxidation of Fe*" pre-
cipitates Fe as an oxide or hydroxide. At pH values
below about 3.5, appreciable concentrations of dis-
solved Fe can occur in the ferric state, as long as K is
low enough that jarosite does not precipitate. Note that
FeSO,'(aq) and FeHSO,*"(aq) actually dominate over
Fe**(aq) even at the relatively low SO, concentrations
assumed for these diagrams. Plotted on Figure 1.10
are a variety of observed values of Eh and pH for
AMD.

In addition to the Fe oxides and hydroxides
(hematite, goethite, amorphous Fe(OH);), several other
solid products are possible (Nordstrom, 1982). If ap-
preciable K* or Na' is present, jarosite
(KFe;(OH)s(S0O,),) or natrojarosite
(NaFe3(OH)s(SO4),) becomes stable under relatively
acid conditions (Figures 1.6, 1.10). Also, hydronium
jarosite ((H;O)Fe;(OH)s(S0,),) of poorly defined char-
acter may occur in solid solution with K- or Na-
jarosite (Alpers et al., 1994). At the higher Fe** and
S0, activities used for these diagrams, FeSO4(aq)
dominates over Fe**. In a diagram plotting hematite
which is more stable than the Fe(OH); assumed for
Figures 1.6 and 1.10, the ferrous (FeSO,) field is lim-
ited to pH values lower than about 3.3. Nevertheless,
newly precipitated Fe is most likely to be ferrihydrite
(Langmuir and Whittemore, 1971), schwertmannite
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(Bigham et al., 1996), or some other poorly crystalline
phase, so Figures 1.6 and 1.10 are generally relevant.
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At high Fe concentrations in solution, particularly
under evaporating conditions, several secondary sulfate
phases can precipitate from solution or form on the
surface of oxidizing pyrite in near-surface rock or mine
spoil. Some of the commonly observed phases include
melanterite (FeS0,4*7H,0), rozenite (FeSO4°4H,0),
szomolnikite (FeSO,*H,0), copiapite
(Fe"Fe™,(S04)s(OH),*20H,0), and coquimbite
(Fex(S04);*9H;0) (Nordstrom, 1982; Alpers et al.,
1994; Dixon et al., 1982; Bayless and Olyphant,

1993). Evaporation of AMD or oxidation of pyrite
under humid conditions are usually the mechanisms
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that form these phases. Cravotta (1991, 1994) has
observed the above phases plus roemerite
(Fe"Fe""(S04)4* 14H,0), pickeringite (MgAl(SO4)s
+22H,0) and halotrichite (Fe"Al,(S04);°22H,0) in
coal mine spoil in Pennsylvania.

The formation of these hydrous sulfate minerals can
be significant because they represent "stored acidity”
(Alpers et al., 1994). The "stored acidity" is released
when the minerals are dissolved by recharge or runoff,
and when the Fe or Al undergoes hydrolysis. For ex-
ample, the dissolution of halotrichite

FeAl,(S0,)4°22H,0 + 0.25 O, = Fe(OH); +
2 Al(OH), + 4 SO,> + 8 H' + 13.5 H,0
or coquimbite
Fez(SO4)3.9H20 =2 FG(OH)3 +3 S042' +
6H +3H,0 (1.11)
shows this effect. The storage and release of acidity by
these mechanisms can cause considerable temporal
variability in water quality, or alternatively, can cause
acid drainage to continue even after pyrite oxidation
has been curtailed.

Neutralization of Acidity and Production of
Alkalinity

Limestone and other materials that produce alkalin-
ity can affect the generation of AMD in two ways. If
water flowing into pyritic materials is alkaline, or al-
kaline conditions can be maintained in the pyritic mate-
rial, the acid-generating reactions may be inhibited so
that little or no AMD forms (i.¢., bacterial oxidation of
Fe*' is minimal). Alternatively, once AMD has
formed, its interaction with alkaline materials may
neutralize the acidity and promote the removal of Fe,
Al and other metals. Hence, water with high SO, and
low Fc may be indicative of earliecr AMD generation.

(1.10)

The carbonate minerals calcite (CaCO;) and dolo-
mite (CaMg(COs),) are the main minerals providing
alkalinity. Siderite (FeCOs) is also a possible source,
with qualifications discussed later. The carbonate
minerals may occur as layers of limestone or dolostone
in the overburden above coal, as cement in sandstone
or shale, or as small veins cutting the rock. The initial
reaction with an acid solution (using calcite as an ex-
ample) is:

CaCO; +2 H' = Ca¥ + H,COs(aq) (1.12)

If a gas phase is present, the H,CO; may partly de-
compose and exsolve into the gas phase, i.e..

H,COs(aq) = COx(g) + H,0y (L.13)

Upon further neutralization of AMD with carbonate
to pH values greater than 6.3, the product is bicarbon-
ate (HCOy):

CaCO; + H' = Ca* + HCOy (1.149)

In contrast with oxidation reactions, which are
mainly significant under unsaturated conditions, car-
bonate dissolution and production of alkalinity are sig-
nificant under both water-saturated conditions and
unsaturated conditions.

For a dilute water encountering limestone, Figure
1.11 indicates the approximate equilibrium concentra-
tion of HCO;’ (alkalinity) in the aqueous phase as a
function of the pH and Pco,, in the presence of calcite.
Waters containing significant concentrations of other
elements (Fe, Mg, SO,) may deviate from the concen-
trations on this diagram. This diagram also indicates
the approximate maximum amounts of dissolved alka-
linity that may be carried into pyritic spoils by
groundwater that has contacted carbonates, and the
amounts of alkalinity that may be generated in systems
such as anoxic limestone drains.

If one is concerned with the amount of calcite re-
quired to neutralize AMD of a given quality, as in the
calculation of Neutralization Potential (Sobck et al.,
1978) or the addition of alkaline materials to pyritic
spoil in order to prevent AMD formation, reactions
1.12 and 1.14 are also relevant. The amount of calcite
required to neutralize a given amount of acid mine
drainage depends on the behavior of CO; during neu-
tralization and on the pH reached. If the AMD is to be
neutralized to pH 6.3 or above (i.c., HCO; is the main
carbonate species produced) and no CO; is allowed to
exsolve to the gas phase, then the reaction may be
written (Cravotta et al., 1990):

FeS, + 4 CaCO; +3.75 0;+35H,0=
Fe(OH); + 2 SO,* + 4 Ca™ + 4 HCOy (1.15)

Under these conditions, neutralization of the prod-
ucts of oxidizing 1 mole of pyrite requires 4 moles of
CaCO0s, or 400 g of CaCO; to 64 g of pyritic sulfur, or
62.5 tons of CaCO; per 1000 tons of material with 1%
S as pyrite.

In contrast, if all CO2 escapes to the gas phase
and/or the AMD is only neutralized to about pH 5,
then the reaction may be written:

F382 +2 CaCO; +3.75 02 +15 H20 =

Fe(OH); +2 SO,” +2Ca™ +2 COfg) (1.16)
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Under these conditions, neutralization of AMD gen-
erated by oxidation of 1 mole of pyrite requires 2
moles of CaCOs, or 200 g of CaCOs, or 31.25 tons of
CaCOs per 1000 tons containing 1% pyritic sulfur.

Most natural situations probably fall between these
two extremes. Air within most strip mine spoil can
contain significant amounts of CO, (Lusardi and Er-
ickson, 1985; Cravotta et al., 1994a), so that some
CO; is clearly exsolving. If O, can get into the spoil to
drive the pyrite oxidation reaction, then some CO; can
escape into the open air. On the other hand, in order to
provide detectable alkalinity in the effluent, some
HCO;" must be present. Thus, the theoretical amount
of carbonate required to neutralize AMD generally
falls intermediate between the two endmember cases.

If the neutralizing material is lime composed mainly
of Ca0 or Ca(OH),, then the neutralization reaction is

Ca(OH), + 2H' = Ca® +2 H,0 (1.17)

If the standard tests for neutralization potential are
applied (Sobek et al., 1978) then AMD produced by
oxidation of 1000 tons of material with 1% S may be
neutralized by interaction with lime at a factor of 31.25
tons of CaCO; equivalent, equal to 23 tons of
Ca(OH),. However, note that Ca(OH), tends to react
with CO, from the air to form CaCOQ;, so that aged
"lime" can contain substantial CaCQ; (Rose et al.,
1995).
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Siderite (FeCOs) is common in many coal-bearing
sequences in Pennsylvania (Morrison et al., 1990).
Dissolution of pure sideritc followed by precipitation
of Fe(OH); generates no net alkalinity, even if COz is
exsolved:

FCCO; +0.25 02 +2.5 HzO =
Fe(OH); + CO4(g) + H,O (118)

However, if siderite is exposed to H' and the reac-
tion proceeds in stages, with some CO, exsolution to
the gas phase, then some neutralization may temporar-
ily take place:

FeCO; + 2 H = Fe** + CO«(g) + H;O (1.19)

Although some H' has been consumed and the pH
will increase, note that the dissolved Fe** represents
acidity equivalent to the H' consumed, so no change in
acidity has occurred. When the Fe*" oxidizes and pre-
cipitates, then H' is regenerated. If the CO, does not
exsolve, then the dissolved H,CO; requires additional
alkalinity to convert it to HCO;™ and produce a neutral
solution. Thus, although it is possible that siderite
constitutes a temporary neutralizing agent, it is not
effective overall. Unfortunately, the conventional
Neutralization Potential test (Sobek et al., 1978) meas-
ures some NP for siderite, if present, since the test al-
lows evolution of CO, and does not promote oxidation
of Fe (reaction 1.19). The testing of cffervescence
("fizz") of pulverized rock samples with dilute HCI can
indicate whether samples with measurable NP contain
siderite, since siderite does not effervesce with normal
acid strengths (see Chapter 6).

Most natural siderite is actually a solid solution
containing some Ca, Mg and Mn in addition to Fe
(Mozley, 1989; Morrison et al., 1990). Dissolution of
siderite can produce clevated concentrations of Mn in
groundwater at mines (Table 1.1, mine 1; Cravotta et
al., 1994a). To the extent that siderite contains Ca and
Mg in solid solution, its dissolution will contribute
some net alkalinity, analogous to reaction of the
CaCOj; or MgCOs component in the siderite. This al-
kalinity is validly measured by the NP test.

The dissolution of silicate minerals consumes acid-
ity by reactions like:

2 KAISi;0; (K feldspar) + 2 H' + H;0 =

2 K" + ALSi,05(0H), + 4 SiO, (1.20)
AleizOs(OH)4 (kaohmte) + 6 W =
3 AP +2Si0, + 5 H,0 (1.21)
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Mg, A,;Si05(OH).(chlorite) + 4 H + Si0, =
2 Mg* + ALLSi,0s(OH), + 2 H,0 (1.22)

Reactions of these types are responsible for most or
all of the dissolved K, Na, Al, Mg, some of the Ca, and
locally some of the Fe in AMD solutions. Although H
is consumed by these reactions, Al and Fe released by
dissolution will generate acidity upon hydrolysis.
However, the dissolution of alkali and alkaline earth
cations in such reactions reduces acidity. Nevertheless,
reactions with silicate minerals are relatively slow, so
they typically consume only a small part of the acidity
present in the solution. Crouse and Rose (1976) dem-
onstrate changes in the clay mineralogy of sediments in
acid streams because of this type of reaction.

In some situations, ion exchange can affect the
chemistry of AMD, by reactions of the type

Nao.“ALsSi‘]_;Si7.34Alo,65020(0H)4(SmCCtit€)
+0.33 Fe™*= Fey33ALSi7 34Aly 65020(OH)4 +
0.66 Na* (1.23)

The Na* and Fe** in the smectite are in exchange-
able form and can be replaced by other species in any
way that compensates the charge. This reaction re-
moves some Fe and acidity from the solution, and
stores it in the solid phase. Cravotta et al. (1994b)
report analogous Ca-Na exchange in AMD systems. In
the latter case, by removing Ca>* from solution, calcite
dissolution was more extensive, and alkalinity more
extreme than otherwise possible. Because smectites
are not generally stable in acid solutions, such reac-
tions probably are of minor importance until alkaline
conditions are reached.

In most situations, the SO, generated by pyrite dis-
solution remains in solution and is a good measure of
the amount of pyrite oxidized. However, in the pres-
ence of calcite and other Ca-bearing matcrials, gypsum
(CaS0,*2H,0) can precipitate and remove SO, from
solution. For example, Table 1.1 shows that water at
mine 1 is generally saturated with gypsum, and Evans
and Rose (1993) observed formation of gypsum in
spoil to which lime had been added. Precipitation of
Fe, Al and Mg sulfate compounds also can decrease
the concentration of SO, in AMD.

Models For AMD Formation

The rate of AMD generation and the chemical char-
acter of the AMD vary widely depending on the mine
hydrology, the relative abundance of acid-forming and
alkaline materials, and the physical characteristics of
the spoil. The intent of this section is to discuss how
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the key variables interact to define several idealized
models.

Oxygen is a key reactant in forming AMD. Because
of the low solubility of O, in water, only minor
amounts of O; can be carried into spoil dissolved in
infiltrating precipitation. Two main processes operate
in strip mine spoil to supply O, for pyrite or Fe** oxi-
dation. One process is the diffusion of O, molecules
from zones of higher O, concentration to zones of
lower O, concentration through air-filled pore space in
the spoil (Figure 1.12a). If diffusion is the dominant
process supplying O, then most oxidation tends to oc-
cur at shallow depths in the spoil, typically in the upper
1 to 8 meters (Figure 1.13). Below this depth, little O,
is present, and downward percolating solutions are
relatively reduced, containing mainly Fe®* and little
Fe’*. Erickson (1985) and Lusardi and Erickson
(1985) report O, concentrations that decrease from
21% to a few percent between the surface and 8 m
depth in coal refuse and reclaimed spoil at several
sites. Cravotta et al. (1994b) report O, concentrations
in spoil air that decrease from 21% at the surface to




Chapter 1 - Geochemistry of Coal Mine Drainage

0
SIMULATED TEMPERATUR
2
Advection
-4 &Dispersion
E k=10 m?
=
' -6
L
=)
8%
Diffusion
No Advection
-10 f (k = 0)

Vo755 33 34 35 25 27 28
TEMPERATURE (°C)

E No Advection

;:’ (k=0)

E o

L

[a)
-8 :

Advection
&Dispersion

0 (k=10°m?)

SIMULATED Po,

4t Diffusion

.

A6 8 101214 16182022
OXYGEN CONCENTRATION (vol%)

about 4% at 10 m depth in spoil at Mine 1 (Table 1.1)
in Clarion Co (Figure 1.14). High CO, concentrations
also build up at depth in spoil air at this site. The dis-
tribution of O, and CO; at these sites is consistent with
diffusional transport of the gases in spoil. Jaynes et al.
(1984a, b) discuss a computer model for this type of
O, transport. The pyrite oxidation rates at these sites
are probably controlled more by diffusion of O; than
by pyrite abundance and reactivity (Cravotta et al.,
1994b).

The second main process of O, transport is by ad-
vection or flow of air within spoil (Figure 1.12b). The
flow is driven mainly by the upward flow of air
warmed by the heat generated during pyrite oxidation.
Where advection is dominant, high concentrations of
0, can occur in deep spoil. Guo (1993) and Guo et al.
(1994a, b) describe spoil in Clearfield County (Mine 4
in Table 1.1) that has O, concentrations exceeding
18% at depths of 10 to 35 m (Figure 1.14), and
showed with computer simulations that thermally

driven convection is expected and can produce the ob-
served effects (Figure 1.13).

Jaynes et al. (1983) recorded similar high values of
0, at depth in spoil. Models and experiments by
Cathles and Apps (1975) showed that the advection
process also operates in pyrite-bearing waste dumps at
copper mines.

The advective mode of O, transport appears to pre-
dominate in spoil that contains a significant proportion
of sandstone or other strong rock that leaves apprecia-
ble open space between fragments. In contrast, the
diffusive mode of transport predominates in less per-
meable spoil composed of small fragments of weak
shale or similar rocks.

AMD generation may also be strongly influenced
by the position of alkaline materials relative to pyritic
materials. For example, in northwestern Pennsylvania,
glacial till containing small to moderate amounts of
limestone fragments overlies coal-bearing rocks. Sur-
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face mines in this region, even those with considerable
pyrite in the overburden, generally do net produce
AMD (Homberger, 1985; Williams et al., 1982;
Chapter 8). This lack of AMD generation appears to
result from the alkaline quality of water percolating
into the spoil after first passing through the carbonate-
bearing till.

The reaction of ferric oxides, hydroxides or sulfates
with pyrite is a possible means of producing AMD in
mine spoil (Figure 1.6). The ferric ions released by
dissolution of these phases could act as oxidant of py-
rite. The stoichiometry of the reaction with ferric hy-
droxide would be as follows:

FeS; + 14 Fe(OH); + 26 H' =

15 Fe”* +2 SO.* + 34 H,0 (1.249)

Note that this and similar reactions involving ferric
minerals consume considerable H' in order to occur,
but do produce additional acidity as Fe*" in solution
and are therefore only significant in acidic environ-
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ments. Temple and Koehler (1954) proposed that fer-
ric sulfate minerals could be significant sources of
acidity, sulfate and ferric ions. The subsequent oxida-
tion of pyrite by Fe** and/or hydrolysis of Fe** can
produce acidic water, even under water-saturated con-
ditions (Cravotta, 1994).

At a few surface mines, it appears that burial of
brush or other organic matter in spoil may generate
discharges with the characteristics of AMD. Although
the mechanism requires further study, organic matter
could, with microbial catalysis, reduce Fe(OH); or
other ferric compounds to produce ferrous iron in so-
Iution:

CH,0(organic matter) + 4 Fe(OH); + 8 H' =
4 Fe* + CO, + 11 H,0 (1.25)

The acidity increases by the formation of CO,;
however, if the CO, exsolves, this reaction produces no
pet additional acidity. Although the reaction produces
Fe*, it consumes considerable H" and it does not pro-
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duce SO,>. Some AMD containing low SO, but high
Fe may have formed by this mechanism.

Mine drainage containing relatively low SO, con-
centrations could be caused by dilution or by SO4-
reduction, which involves the reaction of AMD with
organic matter (Rose et al., 1996):

2 CH,0 + SO,” =H,S + 2 HCO;5 (1.26)

Evidence for sulfate reduction is the fact that H,S
or similar reduced sulfur gases can be smelled at some
localities. In addition, this reaction is known to pro-
ceed in wetlands and other natural environments where
SO,-bearing water encounters organic matter. For ex-
ample, Herlihy et al. (1987) report that about half the
SO, in an AMD-affected stream is removed by SO,
reduction in the sediments of a shallow lake in Vir-
ginia. Reduction of ferric iron by Fe*'-reducing bacte-
ria would be required before SO,-reducing bacteria
would be able to prevail over Fe-reducers (Chappelle
and Lovley, 1992). In most AMD, the H,S will react
immediately with Fe to precipitate FeS. Because most
AMD originates from oxidation of pyrite (FeS;) and
has more S than Fe, it is unlikely that SO4-reduction
will form an effluent with low SO, and high Fe. How-
ever, any unrcacted H;S can be oxidized to form
H,S0, where oxygen is available. Oxidation of or-
ganic S in coal could also form an acid SO,-bearing
solution (Harvey and Dollkopf, 1986).

Conclusions

Although in principle the formation of AMD by
pyrite oxidation is sumple, the preceding discussion
indicates that the possible processes are many and
complex. An understanding of the geochemistry is
aided by writing balanced chemical reactions using
reactants and products appropriate for the conditions.
The water quality is clearly dependent on geologic and
hydrologic conditions at a given site. Careful field ob-
servation and laboratory analysis combined with an
understanding of possible processes is necessary to
draw conclusions for a particular location.
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Introduction

Acid mine drainage (AMD) results from the oxida-
tion of sulfide minerals in the strata disturbed by min-
ing. The products of this reaction. acidity, sulfate,
and iron, (sec Chapter 1) are dissolved in and trans-
ported by groundwater. Consequently, in addition to
understanding the geochemical nature of the enveloping
strata, prediction and prevention of AMD requires an
understanding of how groundwater flows through the
mine and adjacent area. Groundwater flow in the coal
fields of the Appalachian Plateau of Pennsylvania can
be viewed from the scale of the entire groundwater
flow system down to the detailed level of flow through
aquifers and aquitards on a mine site. This flow system
can be influenced by many factors including stratigra-
phy and lithology, structural geology, tectonic stresses
and their cumulative effects on rock-mass integrity,
geomorphology, topography, and any substantial man-
made influences such as mine subsidence related frac-
turing.

An understanding of the groundwater flow regime is
essential to the design of site-specific monitoring plans
to determine the impact of mining on groundwater
quality and the hydrologic balance. The more thorough
the understanding of this system, the more efficient this
plan can be, maximizing the information which can be
obtained and minimizing the costs of monitoring. This
knowledge also gives the groundwater chemistry of the
site meaning by providing a frame of reference re-
garding a given monitoring point’s location and relative
importance within the groundwater flow system. Ab-
sent this understanding, considerable time and money
can be wasted by the poor placement of groundwater
monitoring wells and the subsequent collection of
meaningless water quality data. Although groundwater
chemistry can be used to help characterize the flow
system, it must be integrated within a broader effort
intended to define groundwater potential and hydraulic
gradient. The importance of understanding ground-
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water flow at a site is emphasized by Earl (1986) who
suggested that for groundwater investigations, 90% of
the budget should be used to define the flow system,
and the remainder for water chemistry analysis.

Many of the principal concerns in the review of
mine permit applications - prevention of adverse im-
pacts to water resources, prevention of postmining
AMD, and the prediction of impacts to water supplies,
require knowledge of premining groundwater condi-
tions and an understanding of how mining will change
these conditions. An environmentally prudent mine-
site design relies on accurate characterization of the
premining groundwater flow regime. See Chapters 15
and 16 for discussions on the management of mine-site
water.

Climate

AMD problems in the northern and central Appala-
chian coal mining region far outstrip problems in other
coal producing regions of the United States (see Chap-
ter 8). Some of the regional differences are related to
climate. The process of rock weathering is strongly
influenced by temperature and by amount and distribu-
tion of precipitation (Hem, 1992). AMD formation is
most severe in humid areas with moderate rainfall
where rapid oxidation and dissolution of exposed min-
erals can occur. Therefore, any discussion of AMD
prediction and prevention in Pennsylvania must be con-
sidered within the context of Pennsylvania’s climate.
Obscrvations and conclusions made in Pennsylvania
may not be relevant to other areas of the country due to
climatic differences. For example, the interplay be-
tween pyritic oxidation and the dissolution of carbonate
minerals may be very different in semi-arid or arid cli-
mates.

Pennsylvania has a humid climate with precipitation
distributed relatively evenly throughout the year. The
amount of rainfall and snowfall vary over Pennsylva-
nia. The most recent precipitation normals from the
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National Climatic Data Center for Pennsylvania for the

time period of 1961 to 1990 show the lowest annual
average amount to be 32 inches near Covington, Tioga
County, and the highest amount of precipitation to be
49.5 inches is near Tamaqua, Schuylkill County. Fig-
ure 2.1 shows precipitation isolines which range from
36 inches to 50 inches in Pennsylvania. Snowfall
isolines (Figure 2.2) illustrate average snowfalls of 20
to 100 inches throughout the state.

Pennsylvania’s temperatures vary greatly across the
statc during the year. The average temperature for the
most recent time period (1961-1990) is about 48° F.
The temperature fluctuations are revealed by examin-
ing the temperatures during the normally coldest month
(January) and the normally hottest month (July). Fig-

ures 2.3 and 2.4 show the mean minimum and the
mean maximum temperatures for January, while Fig-
ures 2.5 and 2.6 show the mean minimum and the
mean maximum temperatures for July. This informa-
tion is from data published by the National Climatic
Data Center and covers the time period of 1931-1960.
During a more recent time period (1961-1990) a simi-
lar pattern appears to hold.

In Pennsylvania approximately 12 to 15 inches an-
nually, or about one third of the average precipitation,
infiltrates to the groundwater system. Evaporation and
transpiration account for about 20 inches returning to
the atmosphere annually (Becher, 1978). The remain-
ing precipitation directly runs off to surface water-
ways. Of course, these are averages. The actual
amounts vary from place-to-place depending on geol-
ogy, soils, vegetation, topography, and from year-to-
year. Areas with readily permeable soils, porous bed-
rock, or closed surface depressions generally have
higher infiltration rates (Smith, 1986).
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There are several aspects of this “hydrologic
budget” which are important to consider. First, be-
cause precipitation exceeds evapotranspiration in all of
Pennsylvania, virtually all arcas, unless capped with
some impervious material, are subject to infiltration
and produce groundwater. In this respect, there is no
such thing as a completely dry mine site - one that does
not produce groundwater drainage. If 12 to 15 inches
of annual groundwater discharge were expressed as an
average flow rate, every acre of land would produce a
flow of 0.62 to 0.77 gallons per minute (alternately,
one hectare would produce 5.8 to 7.2 L/sec). Also,
groundwater recharge does not occur uniformly
throughout the year. Recharge is greatest during the
non-growing season when there is minimal uptake of
water by plants and evapotranspiration is minimal
(Smith, 1986).

Groundwater Flow

Groundwater flow is largely controlled by three
factors - the distribution and quantity of recharge to the
flow system, surface topography, and the hydraulic
conductivity of the material through which the

groundwater flows. These factors may in turn be af-
fected by a host of other elements - soils, climate,
lithology, and geologic structure. But, at a fundamen-
tal level, the groundwater flow system can be reduced
to these principal elements. Mining, both surface and
underground, can drastically alter each of these factors.
Groundwater recharge rates can be altered depending
on how the surface material is handled and how the site
is revegetated. Surface topography can be altered de-
pending on the final reclamation contours (see Chapter
12). Hydraulic conductivity of the overburden, which
must be removed and replaced at surface mines and
which can be collapsed and fractured above under-
ground mines, is dramatically and permanently altered
by the mining process. Additionally, mine spoil may
be more conductive than parent material by several
orders of magnitude. (The hydraulic properties of
mine spoil are discussed in detail in Chapter 3.)

Hydraulic Head

Groundwater flow is driven by differences in hy-
draulic head. Groundwater flows from areas with
higher hydraulic head to areas with lower hydraulic
head. In an unconfined aquifer, the elevation of the
water table surface can be used to determine distribu
tion of hydraulic head and to infer the direction of
groundwater flow. The hydraulic head at any point
can be determined by the water level in a piezometer.
Determination of the hydraulic head at a sufficient
number of locations can be used to create a potenti-
ometric map showing lines of equal potential (head).
This map can be used to determine the direction of
groundwater flow - from high potential to low poten-
tial.

Determination of the hydraulic head in an uncon-
fined system or in multiple aquifers at the same loca-
tion indicates whether the vertical component of
groundwater flow is down or up (recharge or discharge
arca). Determination of the hydraulic head at a suffi-
cient number of locations areally and vertically can be
used to obtain a three-dimensional determination of
groundwater flow. The flow directions within a local
flow system are frequently estimated by assuming they
approximate the topography, coupled with spring
{discharge area) and, possibly, well (water level) map-
ping. Static water levels in wells can be used as esti-
mates of hydraulic head in single aquifer wells. These
approximations are reasonably accurate for fairly ho-
mogeneous bedrock flow systems but may be in error
for areas with large permeability contrasts.



Chapter 2 - Groundwater Flow on the Appalachian Plateau of Pennsylvania

The hydraulic gradient and anisotropy of the trans-
mitting medium control the specific flow paths between
recharge and discharge arcas. In homogeneous, iso-
tropic media groundwater flows perpendicular to equi-
potential lines. Anisotropy can result in flow which is
oblique with respect to equipotential lines (Fetter,
1981).

Static Water Level

When a borehole is drilled, the water level will sta-
bilize at the static water level which represents the
composite hydraulic head of the open interval of the
well. Figure 2.7 illustrates the relationship between a
producing aquifer (aquifer 1), a thieving aquifer
(aquifer 2), their piezometric surfaces, and the result-
ing static water level in a recharge area well in Mercer
County. Each of the aquifers has a different hydraulic
head, represented by the potentiometric surface. The
static water level is the composite of the hydraulic
heads of the two aquifers.

In recharge areas groundwater movement has a
downward component. Therefore, as a borehole is
deepened and additional aquifers are penetrated, the
composite head decreases resulting in a drop in the
static water level. In discharge areas the reverse is
true, as deeper aquifers are penetrated the composite
head increases and the static water level rises (Bennett
and Patten, 1960; Carswell and Bennett, 1963; Poth,
1963).

An erroneous interpretation of the significance of
the static water level is that it indicates the water table.
The water table is the boundary between saturated and
unsaturated media under atmospheric pressure. The
depth of the water table cannot be determined by the
static water level unless the borehole is shallow and is
just deep enough to encounter standing water at the
bottom, generally no more than 6 feet (1.83 m) into the
zone of saturation (Saines, 1981). Because the static
water level indicates the composite head of the open
interval in the borehole, immediately upon further
deepening of a borchole, the static water level no
longer reflects the water table. Interpreting the static
water level to be the water table infers that the water
table at the locale of a flowing well is above the land
surface. The often used terms “local” and “regional”
water table should not be confused with local and re-
gional flow systems or aquifers. The “local” water
table, or perched water table, is one with unsaturated
media beneath it, It is usually associated with a
perched aquifer.

Land surface

Piezometric surface aquifer 1 : N Static Water Level

Fiezometric surface aquifer 2

Aquifer 1

Aquifer 2

Lowermost sandstone

&

Another common misconception is that the static
water level indicates the level at which water is enter-
ing the borehole. That infers that the pressure head in
the aquifer is atmospheric, which is true only at the
water table. It also infers that the level that water is
entering a flowing well is above the land surface. In
Figure 2.7, neither the static water level of the well, nor
the potentiometric surface, is at the level of either aqui-
fer.

Hydraulic Conductivity

Porous media may be characterized by their hy-
draulic conductivity (permeability), described in gen-
eral terms as either primary or secondary. Primary
permeability refers to the intergranular spaces of the
transmitting medium. It may be dominant in uncon-
solidated sediments, but is less important in consoli-
dated bedrock of the Appalachian Plateau of
Pennsylvania (Figure 2.8). A significant amount of
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permeability (and porosity) in this system is secondary
(Schubert, 1980). Bedding-plane partings, stress-relief
fractures, zones of fracture concentration, tectonic
joints, and faults serve as secondary pathways for fluid
migration. Fracture zones (high concentrations of near
vertical joints) arc especially permeable (Lattman and
Parizek, 1964). Where a coal serves as an aquifer,
permeability is usually secondary along the cleat
(Wunsch, 1993). High yielding aquifers in Pennsylva-
nia’s Appalachian Plateau tend to be mainly sand-
stones (Carswell and Bennett, 1963; Peffer, 1991),
suggesting that primary permeability is a factor. How-
ever, it may be that secondary permeability tends to be
better developed in the more brittle sandstones, than in
shales (Carswell and Bennett, 1963; Peffer, 1991).
Brown and Parizek (1971) and Wyrick and Borchers
(1981) found secondary fracture permeability to be
considerably greater than primary permeability. As a
general rule, secondary permeability decreases with
depth because fractures close due to overburden pres-
sures and routinely decrease in frequency and distribu-
tion. Because the secondary permeability features are
less pronounced in deeper regional flow systems, their
overall transmissivity is significantly lower than in
shallow aquifers in the local flow systems.

A general decrease in hydraulic conductivity and
storativity with depth has been documented many

Secondary porosity
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times. Bruhn (1985) found that the average hydraulic
conductivity within 150 feet (46 m) of the surface at a
West Virginia mine site was 10” m/sec, decreasing to
10” m/sec for depths greater than 300 feet (90 m).
Specific storativities for sandstone aquifers also de-
creased from 107 to 107'%/ft. Stoner (1983), working in
Greene County, PA, found the hydraulic conductivity
reduced by onc order of magnitude per 100 feet (30.48
m) of depth to a depth of 500 feet (152.4 m).

Brown and Parizek (1971) documented consider-
able differences between values of permeability deter-
mined from core analysis and those determined from
pumping test data in Clearficld County, Pennsylvania.
Values of permeability obtained from cores were
markedly lower than those obtained from the pumping
tests. This was attributed to the fact that the core
analyses measured only the primary or intergranular
permeability, whereas the field pumping test data com-
bined the effects of both intergranular and fracture
permeability.

Abandoned underground coal mine voids and caves,
mainly in the Vanport Limestone, also serve as secon-
dary permeability pathways. The flow is different
from intergranular and fracture flow, especially if the
conduits are not full. Shuster and White (1971) have
described this flow in caves of carbonate terrain as
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conduit flow. This term is also appropriate on the Ap-
palachian Plateau. It is an extreme form of anisotropy
in the transmitting medium. Conduit flow effectively
reduces recharge to deeper aquifers and flow systems.
Dispersion of groundwater via intergranular, and to a
lesser extent, fracture flow, is virtually eliminated in
conduit flow. As a result, contaminants are more likely
to move as a slug for long distances through discrete
conduits rather than being dispersed over a larger arca
(Freeze and Cherry, 1987).

Over large areas of the Appalachian Plateau exten-
sive underground mining has taken place leaving, as a
remnant, substantial man-rmade aquifers (mine-void
and subsidence-fracture zones) which can have a pro-
found influence on groundwater flow. Research by
government agencies, coal producers, and major uni-
versities in the eastern coal fields has resulted in a good
understanding of subsidence-fracture profiles which
develop above underground mine excavations. The
result is that mining associated zones of collapse,
fracturing, fracture dilation, and surface disturbance
can be anticipated. Various conceptual models linking
strata deformation, hydraulic property changes, and
impacts to groundwater uses have been put forward
(Kendorski, 1994; Booth, 1986, Peng and Chiang,
1984; Hill et al.,1984; Owili-Eger, 1983; Tieman and
Rauch, 1986, to name a few). Impacts to local
groundwater resources vary depending on factors such
as proximity to mining, mining sequence, geology, coal
extraction percentage, thickness and strength of over-
burden, height of target coal, topography, and presence
of preexisting fracture sets which may extend mining
induced hydrologic impacts.

Underground mines, because of the scale of the op-
crations, may impact the hydrology of a given locale
much more profoundly than a surface mine. Under-
ground mines have the potential to impact surface and
groundwater systems on a relatively large scale. Inter-
basin transfer of groundwater is a common occurrence
associated with underground mines. During mining the
underground excavation acts as a large sink which
draws in groundwater. Upon closure and flooding, it
becomes a highly permeable aquifer which can perma-
nently alter the premining flow regime both physically
and chemically. Due to the open nature of the mine-
void aquifer, there is a postmining transfer of the re-
sulting mine-pool potential throughout the intercon-
nected mine workings, This is an important factor
regarding the potential for mine pool breakout since
areas within and adjacent to the downdip portions of

the mine workings can often realize abnormally high
postmining heads comparative to premining values.

Effect of Dip on Groundwater Flow

A common misconception is that groundwater al-
ways flows downdip. Groundwater flows from re-
charge to discharge areas. If the discharge area is in
the updip direction (from B to C on Figure 2.9),
groundwater will move counter to the control of dip.
Flow is governed by the relative distribution of head
and not necessarily attitude of the beds.

A B C

Recharge Area
surface water divide

ppiy

The effect that dip has on groundwater flow is that
it can shift the groundwater divide updip from the sur-
face water divide (Figure 2.9) (Earl, 1986; Shuster,
1979). Excavations, such as surface and underground
mines, can serve to magnify the shifting of the ground-
water divide due to their abilities to disturb hydraulic
gradients and convey groundwater.

Also, bedding can have an important cffcct on
postmining groundwater flow at surface mines. Due to
the large permeability contrast between the poorly-
permeable pit floor and the readily-permeable mine
spoil, groundwater will flow laterally through the spoil,
parallel to the pit floor, to a point of discharge at the
spoil toe. Where the pit floor is inclined away from the
spoil outslope, groundwater commonly impounds in the
spoil to the elevation necessary to discharge either lat-
erally or at the up-dip spoil outslope.

Pit Floor Leakage

On many surface mines, downward Icakage of
groundwater thorough the pit floor exceeds the rate of
recharge. Where this occurs, there may be no observ-
able discharges from the surface mine spoil, or dis-
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charges may only occur during wet seasons when re-
charge is greater. Instead, water migrates vertically
through the pit floor material at a rate sufficient to
drain the overlying spoil This water ultimately reports
to lower groundwater discharge zones, commonly as-
sociated with underlying coal seams.

Surface mine spoils with no apparent groundwater
discharge are often erroneously thought to represent
“dry sites” which do not produce drainage. But in
Pennsylvania and other humid states with precipitation
exceeding evapotranspiration, short of capping the site
with an impermeable barrier, it is virtually impossible
to prevent infiltration into the groundwater system.
Instead, an apparently dry site is indicative of a leaking
pit floor which transmits groundwater to underlying
horizons. Leakage through the pit floor may result
from the intrinsic permeability of the pit floor material,
jointing or faults in the pet floor material, mine subsi-
dent fracturing, or drill hole penetration.

Fractures

Fractures and bedding-plane partings are commonly
the main groundwater flow paths on the Appalachian
Plateau. Near-vertical fractures (joints and faults) may
cause flow to be oblique, instead of perpendicular, to
the hydraulic gradient (Fetter, 1981). However, hy-
draulic head must decrease along the flow path. The
hydraulic gradient, not the fractures, exerts the domi-
nant control on the direction of groundwater flow.
Fractures can have a direct influence on groundwater
flow rate due to the generally lower frictional resis-
tance to groundwater flow within fractures versus in-
tergranular pores and to the fractures’ role in lessening
flow system tortuosity.

The following is a list of secondary permeability
features which can impart significant local and/or re-
gional controls on the flow system of the northern Ap-
palachian coal measures:

Joints - A joint is a rock fracture along which dis-
placement has not occurred. The joint pattern is cu-
mulative and represents a record of all stress events
sufficient to induce fractures. On the Appalachian
Plateau there are two ubiquitous, orthogonal joint sets
which form the fundamental joint system. The joint
sets are the systematic joints (planar joints in shales
and sandstones, face cleats in coal) and the nonsystem-
atic joints (curved joints in shales and sandstones, butt
cleats in coal). Systematic joints are the dominate set
and continue across other joints; are generally perpen-
dicular to upper and lower rock unit boundaries; are

commonly perpendicular to bedding; and are not con-
fined to rock type but can pass downward or upward
into adjacent units. Nonsystematic joints are nonpla-
nar; do not generally cross other joints; and commonly
terminate against bedding planes (Nickelsen and
Hough, 1967).

Joints from different sets and/or different lithologies
have different properties. Spacing (distance between
joints) and width (distance across a joint) are generally
greatest in coarser, more resistant lithologies. System-
atic joints may continue into adjacent beds or litholo-
gies, whereas nonsystematic joints generally terminate
against systematic joints, bedding planes, and lithologic
contacts. Joints (cleats) in coal do not usually pass
into adjacent lithologies. Joints in sandstones are par-
allel and of similar planeness as shale joints but are
more widely spaced (sandstones show spacing of many
meters; shales show spacing of several centimeters to
many meters; coals show spacing of fractions of a mil-
limeter to several centimeters) (Nickelsen and Hough,
1967).

Joint characteristics affect groundwater flow.
Spacing suggests the number of joints available for
groundwater pathways. The width indicates the ability
of the joints to transmit water. Systematic joints are
often continuous and can transmit water longer dis-
tances, more rapidly, than non-continuous, non-
systematic joints. Joint permeability is particularly
significant, if not dominant, in shallow rock strata of
western Pennsylvania (50-500 feet) (15-150 m) and
may increase permeability values by ten to a thousand
times when compared to intergranular permeability
values taken alone (Parizek, 1971).

Stress-relief fractures - Stress-relief fractures are a
fracture network unrelated in age and orientation to
tectonic stresses. They are often the most transmissive
part of an aquifer (Wyrick and Borchers, 1981). They
were first documented during abutment characteriza-
tion prior to the construction of dams throughout Penn-
sylvania, Ohio, Kentucky, New York, West Virginia,
and other areas worldwide where similar flat-lying
sedimentary rocks were drilled or excavated during
foundation work (Burwell and Moneymaker, 1950;
Ferguson, 1967, 1974; Ferguson et al., 1981). Stress-
relief fractures include vertical fractures parallel to
valley walls, caused by the release of stress as lateral
rock support is removed during erosional downcutting.
Slumping along the fractures on both sides of a valley
cause compression in the center of the valley, resulting
in thrust faults, bedding-plane partings, arching, and
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vertical extension fractures above arches (sce Figure
2.16). Studies by Wyrick and Borchers (1981), Kipp
and Dinger (1987), and Davis (1987) describe a highly
permeable, valley-related, shallow flow system which
consists of interconnected valley-wall and valley-floor

fracture sets. Sections of the valley-floor portion of the

subsystem can become artesian due to the presence of

alluvial clay which generally occurs mid-valley and can

serve as a confining layer. Sames and Moebs (1991)
describe the character and extent of valley-wall, stress-
relief fractures as follows:

“...Stress-relief joints occur in the shallow over-
burden where surface slopes are steep, with the
greatest frequency and degree of weathering in
mine roof within 200 feet laterally of coalbed
outcrop. They are usually discontinuous along
strike, and decrease in frequency and degree of
weathering to about 700 feet from the outcrop
and under 300 feet or more of overburden, as the
effects of stress relief gradually disappear.”

Zones of fracture concentration - Fracture zones
(see Figure 2.10 and 2.11) are relatively restricted ar-
eas where numerous fractures dissect the rock mass.
The degree of interconnectedness varies as depicted on
Figure 2.12. Fracture zone widths of 7 to 12 meters
are common in the central Appalachian region (Gold,

1980). Depths range into the hundreds of meters. The

hydrologic impacts of a fracture zone can be profound.
An entire discipline has evolved around locating frac-

turc zones by mapping their surface expressions
(fracture traces and lineaments) and exploiting their
relatively high permeabilities for the development of
water supply wells. Fracture zones are often valley
related phenomena where they can become integrated
with valley stress-relief fracture systems. These fea-
tures can, and do, serve as major conduits for ground-
water. In zones of relatively intense fracturing,
hydraulic conductivities are often several orders of
magnitude higher than in unfractured rocks, resulting
in fracture-dominated flow (Schubert, 1980).

Bedding-plane partings - Inherent weaknesses in
rock arising from thin bedding (laminations), fissility
and/or lithologic contacts often are zones which will
provide avenues for groundwater migration. Schubert
(1980) discusses the following observation from a
drilling project in West Virginia, ... “The only large
quantities of water encountered during drilling origi-
nated from fractures or from contacts between forma-
tions. Shales often supplied more water than did the
coarse but well-cemented sandstones, apparently be-
cause of slight fracturing which permitted good lateral
movement of water”

Fault zones - A fault is a fracture or fracture set
along which there has been displacement. Faults can
be important conveyers of groundwater relative to the
surrounding unbroken rock mass and are common in
some of the more eastern portions of the Platcau, ncar
the Allegheny Front, where stresses were maximized
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due to bending of rock units. Studies in Virginia re-
garding coal bed methane have documented highly
permeable zones related to faults. Low-angle, imbri-
cate thrust faults and broken rock were encountered in
an Upper Freeport underground mine in western Penn-
sylvania, also yielding large quantities of gas and water
when intersected (Elder et al.,1974; and McCulloch et
al., 1975)

Geology

Pennsylvania’s Appalachian Plateau physiographic
province (Figure 2.13) extends from the western state
border to the Allegheny Front. The Front is a promi-
nent southeast-facing escarpment of approximately
1000 feet (305 m) of relief (Fenneman, 1938). The

bituminous coal ficlds of Pennsylvania are almost en-
tirely contained within this province. The effects of
glaciers (extent shown on figure 2.13) on the northwest
section of the plateau has served to scour and erode
preglacial topography, fill topographic lows with gla-
cial deposits thereby reducing relief, and in general
praoduce characteristic glacial landforms such as drum-
lins and morainal features (Homberger et al., 1981).

The rocks of the Appalachian Plateau are almost
entirely sedimentary. Rock types consist of shale,
sandstone, conglomerate, limestone, underclay, clay-
stone, coal, and siltstone. The strata are relatively flat
lying with northeast-southwest trending folds. Struc-
tural relief decreases north-westward in a step-like
fashion from the well-defined folds of the southeastern
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side of the Plateau where anticlines rise 800 to 2500
feet (244 to 1067 m) above adjacent synclines (Gwinn,
1964). The prominent structural forms of the coal
bearing rocks of the Plateau, especially the anticlines
of the Allegheny Mountain Section, may be reflected in
the configuration of the present topographic surface
except where deposition of the recent sediments, as in
the Glaciated Section, has masked the underlying geo-
logic structure (Hornberger et al., 1981).

Fracturs
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Trace
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Ah-?arall!l Fractures
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Numerous factors combined to define the nature
and extent of the cyclic deposits of sediments
(cyclothems) which resulted in the repetitive coal
measures of the basin. The result is a complex, some-
what cyclical, relatively flat-lying mix of sedimentary
rocks with the prevailing characteristics being numer-
ous lateral facies changes and interfingering lithologies.

Although referred to as cyclical, the sequence is
generally not regular especially when considered in
three dimensions. Marine zones, coals, and underclays
are the most persistent units, with interfingering,
pinching out, and local replacement by sandstone
channels occurring commonly (Bieniawski and Mack,
1986). These thin, flat-lying, layered strata of con-

trasting permeability impart a layered heterogeneity,
with a preferred horizontal flow component, upon the
groundwater flow system. (See Chapter 8 for addi-
tional details regarding the region’s geology.)

Aquifer “Types” of the Plateau

Since the rock matrix serves as a flow medium for
groundwater, its origin and physical properties are
controlling factors regarding the character of the flow
system. Physical properties such as grain size, grain
shape, degree of sorting, type and extent of cementa-
tion, degree of induration, and amount of compaction
can affect the hydrologic properties of the rock mass.
Sedimentary processes, which include weathering,
transportation, deposition, and lithification, ultimately
affect the resultant groundwater flow system by con-
trolling certain of these physical properties. Shale,
coal, siltstone, underclay, massive limestone, and
tightly cemented sandstone generally display poor pri-
mary permeabilities (intergranular permeabilities)
(Williams et al., 1982). Post-depositional processes
can profoundly alter a unit’s hydraulic conductivity
through the development of secondary permeability
features. On the Plateau, these secondary features
govern the flow system’s character.

Topographic relief affects head differences between
areas of groundwater recharge and discharge, thereby
influencing the depth of local groundwater circulation.
In hilly terrain, such as is found in the northern Appa-
lachian coal measures, the incised topography produces
numerous subsystems within the major flow system.
Water will often discharge to the nearest topographic
low in this type of setting or it may continue to a more
regional discharge area in the bottom of a major valley.
Natural discharge occurs mainly as cropline springs
and seeps, and base flow into streams and lakes. 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 routinely within the ridges due to the numerous
low permeability units.

Most porosity and permeability in the Appalachian
Plateau is secondary. For example, bedrock aquifers
usually include bedding-plane partings and near-
vertical fractures, both secondary permeability fea-
tures. Without such secondary features, the bedrock
would likely not be a significant aquifer (Heath, 1984).
However, the characteristics of the fractures (width,
spacing, frequency, etc.) differ between, but may be
consistent within, various stratigraphic units. There-
fore, it is convenient to consider the stratigraphic units
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as the aquifers. The “typical” vertical profile on the
Plateau consists of a shallow, unconfined (possibly
including seasonally perched or semi-perched zones)
system grading to a semi-confined system at intermexdi-
ate depth.

Secondary openings such as joints, fractures, bed-
ding-plane partings, zones of fracture concentration,
fault zones, and slaty cleavage may greatly increase the
water movement and storage within the coal measures
(Parizek, 1979). Joint development within coals and
associated strata add significantly to the vertical per-
meability of both aquifers and confining beds (Parizek,
Sgambat, and Clar, 1979). Solution enlargement of
secondary openings within marine and fresh-water
limestones can transform these units of poor perme-
ability into major aquifers (Parizek, White, and Lang-
muir, 1971). These features commonly counteract the
previously outlined layered heterogeneity of the coal
measures by augmenting vertical hydraulic conductivi-
ties allowing for significant vertical communication

within the system. Additionally, rock types with rela-
tively low primary permeabilities can become signifi-
cant watcr producers due to interconnected fractures.
Because of the importance of secondary permeability
features to groundwater flow in this setting, the classic
use of terms such as aquifer, aquitard, and confining
layer can become obscured even on a local scale. A
single lithologic unit, such as a shale, can be charac-
terized as either an aquifer or an aquitard over a rela-
tively short lateral distance depending on conditions
such as proximity to the shallow weathered zone,
proximity to stream valleys, and magnitude of open
joints (generally decreasing with depth).

Equipotential lines are roughly parallel to bedding
in low permeability zones and nearly perpendicular to
bedding in high permeability zones. As a result, water
flows laterally through high permeability units and
vertically through low permeability units (Carswell and
Bennett, 1963). Shales and other units with low per-
meability, still may transmit large amounts of water,
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but transmit it vertically. A study in eastern Ohio es-
timated that 85% of the discharge from the local flow
system was due to leakage through aquitards to deeper
levels (Weiss and Razem, 1984). This contrasts with
the findings that most groundwater in the stress-
relieffweathered regolith subsystem never reaches the
deeper flow systems. Weiss and Razem’s study was in
a low relief area, probably dominated by intermediate
and/or regional flow systems. Nevertheless, their study
suggests that low permeability units can transmit large
amounts of water vertically. Most of the vertical
change in head occurs across low permeability units
(Carswell and Bennett, 1963; Peffer, 1991). The Ap-
palachian Plateau contains substantial ranges of per-
meability. Permeability in sandstones may be hundreds
of times greater than in shales (Brown and Parizek,
1971). Hawkins et al. (1996) also found permeability
differences of over 100 times between the stress-
relief/weathered regolith subsystem and the ridge-core
subsystem. Schubert (1980), using laboratory-
determined air permeabilities, showed the average ratio
of horizontal to vertical hydraulic conductivities varied
with lithology, ranging from 2.6 in sandstone to 14.9 in
siltstone in rock samples from the coal fields of Penn-
sylvania.

Semi-perched aquifers occur when a relatively im-
permeable layer impedes the downward vertical flow of
groundwater, but not to the extent that an unsaturated
zone occurs uniformly beneath this flow-restricting
zone. This type of aquifer is common on the Appala-
chian Plateau. They result where enhanced vertical
hydraulic conductivity along the rind of a hill leads to
step-like offsets in the water table near croplines. Un-
der semi-perched conditions, the hill core remains satu-
rated with perching occurring along the margins of the
hill where the increased vertical permeability climinatcs
the “confining™ properties of aquitard units resulting in
free draining. The groundwater then migrates down-
ward to a point where a sufficient permeability contrast
exists to direct flow to a hillside spring (Figure 2.14).

Perched aquifers, where an unsaturated zone con-
sistently exists beneath a poorly permeable zone, ap-
pear to be the exception rather than the rule on the
Plateau. Their existence depends on consistent vertical
permeability contrasts within the layered coal measures
which is rare due to numerous and often abrupt lateral
facies changes and extensive fracturing. By definition,
a perched aquifer has unsaturated conditions both
above and below (Figure 2.14). As a general rule on
the Plateau, aquitard units within hills allow consider-

able leakage, thereby precluding the development of
classic perched aquifers. Where they do exist, perched
conditions are often temporary, dissipating with time
due to downward leakage, sporadic recharge, and
evaporation from the surface. Water chemistry data
from the cores of hills versus cropline springs routinely
indicate that the springs are fed by shallow dilute
groundwater as opposed to water moving laterally from
the middle of the hill. The chemistry data generally
supports the semi-perched model where significant
downward leakage occurs through aquitards in the
cores of hills with only minor amounts of water moving
laterally from hill cores to emanate as cropline springs.

SEMI - PERCHED WATER CONDITIONS
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Confined aquifers are common at depth on the
Appalachian Plateau. The majority of what are often
termed confined aquifers, particularly those at interme-
diate depths, are better designated as semi-confined or
“leaky” aquifers in that the associated aquitards have
only marginal confining capabilities, i.e., arc capable
of transmitting significant quantities of water. Con-
fining layers bounding aquifers need to be properly
characterized particularly in cases where mine inflow
may depend on the hydrologic properties of a nearby
confining layer.
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Many flowing wells in Pennsylvania are from con-
fined aquifers that are recharged at their outcrops
along the crests or flanks of anticlines (T. McElroy,
personal communication, 1995). Of course flowing
wells need not be from confined aquifers. In ground-
water discharge areas, hydraulic head increases with
depth and may eventually exceed the elevation of the
land surface. A well in that type of setting, if cased to
the appropriate depth, would flow. In Figure 2.10, a
well drilled within the valley would flow at the surface,
even though it is not tapping a confined aquifer.

Unconsolidated aquifers occur on the Appalachian
Plateau in major alluvial valleys and terraces, and in
glacial sands and gravels. Tills are usually capable of
storing significant quantities of groundwater, but can-
not transmit large amounts. In contrast to consolidated
bedrock, primary porosity dominates in unconsolidated
sediments. In certain areas such as the Allegheny-Ohio
River valley of western Pennsylvania, alluvial deposits
can be the most productive water-bearing formations.
Alluvial valley aquifers receive most of their recharge
from discharge from the underlying bedrock, and dis-
charge into the rivers.

Groundwater Flow Systems
Recharge and Discharge Areas

Groundwater flow systems are commonly defined
by their recharge and discharge areas. Groundwater
routinely moves from recharge areas, generally topo-
graphic highs, to topographic lows. Recharge and dis-
charge zones have unique “potential” signatures
regardless of the flow system. In a recharge area hy-
draulic head decreases with depth causing downward
flow; in a discharge area hydraulic head increases with
depth causing upward flow (Saines, 1981). Flow sys-
tems can be classified as local, intermediate, or re-
gional to characterize the areal extent of the flow
system, the time required for groundwater to travel
from the recharge to discharge areas, and the proximity
of the discharge area to the most distant recharge area.

The relative size of the recharge versus discharge
zones varies. However, for most topographic settings
the hinge line is much closer to valley bottoms than to
topographic highs. The “hinge line” is an imaginary
line separating recharge areas from the discharge area.
Discharge areas commonly constitute only 5-30% of
the surface area of a watershed (Freeze and Cherry,
1987). Experience gained through locating and mis-
locating discharge zone piezometer clusters on the
Plateau has indicated that upward gradients associated

with stream valleys will be detected routinely only
where the piezometers are in proximity to the stream,
i.e. - the discharge area is very small compared to the
recharge and lateral flow zones. Harlow and LeCain
(1991), working in a similar setting in Virginia, con-
firm that upward gradients were detected only in
proximity to streams.

Regions such as the Appalachian coal measures
with their small basins, marked relief, and humid cli-
mate generally develop a groundwater flow system
which can be readily broken into distinct parts - local,
intermediate, and regional (Toth, 1963) (Figure 2.15).
Superimposed on these systems (particularly on the
shallow system) are additional distinct flow zones
(subsystems) defined by the density, interconnected-
ness, and aperture of rock fractures. Although the
ideal is to characterize the flow systems by defining the
density, orientation, and transmissivity of fractures for
each rock type and each distinct flow zone, Brown and
Parizek, (1971) have demonstrated that useful ground-
water flow models can be constructed with limited data
by assuming uniform fracture distribution.

Local (Shallow) Groundwater Flow System

The shallow flow system underlies hills, discharges
to local streams, and, to some extent, leaks downward
into the deeper, intermediate system, which discharge
to higher order streams at lower elevations (Duigon,
1987). In some areas, local systems include water
which is “perched” above beds of lower permeability.
This groundwater may then flow laterally due to per--
meability contrasts and discharge as springs above
stream level.

Poth (1963) describes shallow groundwater in the
Mercer, PA 15-minute quadrangle as circulating in a
series of “hydrologic islands” (Figure 2.9). The dis-
sected nature of the bedrock surface has resulted in
hills, largely surrounded by valleys containing peren-
nial streams. These hills constitute the hydrologic is-
lands. This description can be extended over most of
the Appalachian Plateau. A shallow, local groundwa-
ter flow system operates within each hydrologic island
and is hydrologically segregated from the local
groundwater flow systems in adjacent islands. The
base of the local flow system (particularly for islands
adjacent to first and second order streams) is a distance
below the level of the stream valleys bordering the is-
land, defined by the maximum depth at which ground-
water originating within the hydrologic island will flow
upward to discharge in the adjacent stream valley (see
Figure 2.9).
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Recharge to the local system is completely from
within the hydrologic island. Discharge from the local
system is into the adjacent stream valleys and via leak-
age into deeper intermediate and regional groundwater
flow systems. In areas adjacent to larger streams and
rivers, local groundwater which leaks downward may
commingle with intermediate or even regional flow
which is rising to discharge within the valley.

This shallow flow system is the area of the most
active groundwater circulation. It is the zone which
contributes water to the vast majority of domestic
wells. Because hydraulic conductivity routinely de-
creases with increasing depth (studies have indicated
an order of magnitude dechine for every 100 feet (30
meters)), it is estimated that as much as 99.5% of total
groundwater circulation occurs within the shallow
(within 175 feet (53 m) of the surface) zone (Stoner et
al., 1987).

The local flow system can often be divided into
subsystems (Kipp and Dinger, 1987). Subsystems in-
clude the stress-relief fracture (Ferguson, 1967, 1974)
and weathered regolith zone and the ridge-core sub-
system which is controlled by lithology and tectonic
fractures (joints and faults).

Stress-relief/weathered regolith subsystem - The
stress-relief/weathered regolith subsystem exhibits dis-
tinctive groundwater flow and chemical characteristics,
relative to the ridge~core subsystem and deeper flow

systems. This is due to the non-reactive (weathered)
nature of the transmitting medium and the short resi-
dence time of groundwater in this system.

The weathered regolith is a highly transmissive
zone consisting of soil, unconsolidated sediment
(colluvial, glacial, alluvial, etc.), and weathered, highly
fractured rock. It has been documented to a depth of
approximately 10-20 meters (Hawkins et al., 1996;
Gburek and Urban, 1990; Merin, 1992). Weathering
has removed most soluble minerals, and groundwater
flowing through this material picks up little mineral
matter. Because of the open nature of the fractures
within this zone, the groundwater “flow-through” time
is short and this subsystem allows a significant portion
of the recharge to short-cut to local discharge points.
Various hydrologic tests have shown hydraulic con-
ductivities within this zone to be one to two orders of
magnitude greater than in zones which are only mar-
ginally deeper (Schubert, 1980).

Water chemistry within the stress-relief/weathered
regolith subsystem should not be used to characterize
groundwater under deeper cover which flows through
unweathered rock. For example, rock units closer to
the ridge center may contain groundwater with signifi-
cant alkalinity due to circulation through unweathered
calcarcous strata. In comparison, an outcrop spring at
the same stratigraphic interval shows little or no alka-
linity because it is largely fed by groundwater which
traveled an abbreviated path through leached and

LR = Local Flow Sysiam Racharge Area

LD = Lacsl Flow Syssem Discharge Area

IR = Intermnediste Flow System Recharge Area
ID = Intermexdiate Flow System Discharge Area
RD =Reglonal Flow System Discharge Area
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weathered rock along the “rind” of the hill. (Refer to
Chapter 9 for information regarding premining water
chemistry )

Recharge to the stress-relief/weathered regolith sub-
system is through ridge-top and valley-wall fractures.
Groundwater flows through the interconnected bed-
ding-plane partings and fractures to springs flanking
the hill sides (frequently located on coal outcrops) and
into stream channels where the fractures are exposed.
Much of the water that enters this shallow subsystem
never penetrates to the nearby ridge-core subsystem,
nor to deeper flow systems. Residence time is as short
as days to a week (Hawkins et al., 1996). Water levels
in wells in the stress-relief zone respond quickly to pre-
cipitation events (Kipp and Dinger, 1987; Hawkins, et
al., 1996). Wyrick and Borchers (1981) determined
that stress-relief fractures significantly affect the sur-
face water hydrology in Appalachian Plateau valleys.
Their study in the Black Fork valley in West Virginia
showed that stream flow per square mile of drainage
area increased 6 to 11 times downstream from the out-
crop of stress-relief and bedding-plane fractures in the
stream bed.

' Compressional Stress
@ Resultant Stress

/-—- Land Surface
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Ridge-core subsystem - Flow within the ridge-core
subsystem is controlied by lithology and regional joint
sets. The ridge-core subsystem receives recharge
through the stress-relief/weathered regolith subsystem.
Groundwater flow is through tectonie fractures, bed-
ding-plane partings, and to a much lesser degree,
through intergranular porosity. Low permeability units
(such as claystones and shales) exert more control
within the ridge cores due to the lack of stress-relief
joints and weathering which controls groundwater

movement along the margins of the hills. Because the
integrity of these low permeability layers has not been
compromised fully in the ridge cores, as may be the
case along the hillsides, groundwater can mound on
these layers and either flow laterally to mix with
groundwater within the stress-relief/weathered regolith
subsystem and discharge to the local stream valley; or
can leak downward to an intermediate or even regional
flow system.

Residence times and response times to precipitation
cvents within the ridge cores are intermediate between
those for the stress-relief/weathered regolith subsystem
and deeper systems. The ridge-core subsystem is part
of the local flow system because it is part of the hy-
drologic island which discharges into the valley adja-
cent to the local recharge area.

Intermediate Flow Systems

Intermediate groundwater flow systems are those
below the local shallow flow system but above the re-
gional system (Richards, 1985). The intermediate
system has some distinctive features which allow it to
be separated out as a distinct zone. Although this zone
may very well contain some components of the local
and/or regional systems, the primary controls on
groundwater flow are regional joint sets, bedding-plane
partings, lithology, and zones of fracture concentration.
At least one local flow system occurs between its sur-
face recharge area and its discharge area. Recharge to
intermediate systems is from leakage from overlying
local systems, shallower intermediate systems, and at
the basin divide of the defining recharge arca. The
flow passes beneath two or more hydrologic islands,
similar to regional systems, but discharges in valleys
above the lowest level of the drainage basin. Flow
rates and residence times are generally between those
of local and regional groundwater flow systems,
probably varying from years to decades, depending on
the level of the intermediate system and the length of
the flow path. Vertically, at any given point, there is a
single local flow system and a single regional flow
system. However, there may be multiple intermediate
flow systems at different levels, defined by multiple
discharge areas, between the local and the regional
flow systems (A in Figure 2.15).

Also, in intermediate flow systems regional struc-
ture tends to play a more important role in groundwater
movement than with local flow systems. The impor-
tant controls on the shallow system, such as incised
topography with its associated undulating water table,
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weathering, and fracture enhanced permeability, are
less important at these depths.

Regional Flow Systems

A deep, regional groundwater flow system, which
lies beneath the level of the low order stream valleys
bordering the hydrologic islands and intermediate flow
systems, operates independently of the shallower sys-
tems. The base of the regional system is the fresh wa-
ter/saline water contact. The vast majority of
groundwater circulation is primarily at shallow to
moderate depths (< 300 feet (90 m)). Recharge to the
regional system is from major drainage basin divides
and leakage from multiple shallower (local and inter-
mediate) systems. Regional groundwater does not flow
to the surface to discharge in the stream valleys bor-
dering the hydrologic islands (unless they are master
streams), but continues beneath adjacent hydrologic
islands and intermediate flow system discharge points
to larger, deeper, regional discharge areas. These dis-
charge areas are usually in larger, master stream val-
leys. These master stream valleys are commonly a
major stream valley at the lowest level of the drainage
basin (Richards, 1985). Within these regional
groundwater systems flow rates are very slow and resi-
dence time is probably measured in decades or centu-
ries.

Discussion

Local flow systems dominate in areas of high relief,
while regional flow systems dominate in areas of low
relief (Toth, 1963; Freeze and Cherry, 1987). Most
surface mines are confined to a single hydrologic is-
land. The majority of groundwater flow is probably in
the local system, and most of that is probably within
the stress-relief/weathered regolith subsystem (Harlow
and LeCain, 1991). However, because substantial re-
charge to regional and intermediate flow systems con-
sists of leakage from shallow (local) flow systems
within the hydrologic islands, surface mines can poten-
tially affect the deeper groundwater flow systems.
Consideration of groundwater flow at a mine site re-
quires recognition of at least the local and the first un-
derlying groundwater flow systems because they are
the most directly impacted by mining. Generally, little
information exists for deeper intermediate and regional
flow systems. Because a single hydrologic island com-
prises such a small part of the total recharge area for
deeper flow systems, the effects of a single local flow
system are probably insignificant to most of these deep
systems.
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There is little age dating of water on the Plateau.
Waunsch (1993) used tritium (H) concentrations in
nested piezometers on an unmined hill in the Eastern
Kentucky coal field to obtain relative dates on the
groundwater. Tritium dating is possible because high
levels of tritium were introduced into the hydrologic
cycle by large-scale atmospheric testing of nuclear
weapons from 1953 through the 1960’s. Pre-bomb
tritium in precipitation was 5 to 20 tritium units (1
tritium unit = 1 tritium atom in 10'® H atoms). Post-
bomb tritium levels were as high as thousands of trit-
ium units. Tritium has a half-life of 12.3 years, so
water with less than 2-4 tritium units is generally older
than 1953 (Freeze and Cherry, 1979). The deepest
piezometer installed by Wunsch was at the top of a hill
and was open at a depth of 416 feet (126.8 m); ap-
proximately the same elevation as the adjacent second-
order stream valley. The water at this depth, measured
in 1991, had < 1 tritium unit. This suggests that this
water is minimally decades, and possibly centuries,
old. Water in the same nest at a depth of 195 feet (64
m) had a value of 2 tritium units, thus probably at least
four decades old. Shallower water (168 feet (51.2 m)
or less) in the hill core had values of 13 tritium units or
higher, thus was conceivably younger than 1953. This
tritium data provides some insight into groundwater
ages for at least this area of the Plateau in Kentucky.
The 416-foot (126.8-m) piezometer is probably in the
intermediate flow system (possibly the deep ridge-core
subsystem) and is decades or centuries old. Water in
the shallow flow system (down to a depth of 168 feet
(51.2 m) in the hill core) is probably several decades
old or younger. The US Geological Survey has just
begun to date Plateau water using chlorofluorocarbons,
however this work has not yet been fully analyzed and
has not been published.

Identification of Flow Systems

It is crucial to identify the various flow systems at a
mine site. Several types of data will provide clues to
delineating groundwater flow systems at a given loca-
tion. These include physical, hydrochemical, and
thermal data, discussed below, and the previously dis-
cussed age dating.

Physical data - Some physical data useful in ob-
taining a first estimate of the flow systems can be ob-
tained from topographic maps. Hydrologic islands can
be discerned on topographic maps to determine the ap-
proximate extent of the local flow system(s). Deeper
flow systems can by estimated based on the location of
probable discharge areas (large streams and rivers).
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Boundaries between vertically adjacent flow sys-
tems (¢.g., between the local and the first underlying
system) may be determined from piezometer data, if
available. The piezometric surfaces for aquifers 2 (in
the local flow system) and 3 (in the first underlying
flow system) on Figure 2.10 show how there can be
abrupt head changes when passing from one flow sys-
tem into another. Sufficient piezometer data to show
flow direction might indicate flow in different direc-
tions in adjacent flow systems. Flow directions may
diverge by 180° at flow system boundaries.

Discharge and water level fluctuation provides
clues to the flow system contributing water to springs
and wells. Shallow groundwater flow responds more
quickly to precipitation. As a result, spring discharge
and well water levels from the stress-relief/weathered
regolith subsystem of the local flow system are often
quite variable relative to springs and wells from the
ridge-core subsystem or from decper flow systems
{Hawkins et al., 1996).

Hydrochemical data - Because of differences in
rock mineralogy, residence time, and influence of the
brine underlying the composite flow system, the chem-
istry of groundwater in different flow systems and sub-
systems varies.

Poth (1963} and Rose and Dresel (1990) identify
three stages of “flushing” that roughly correspond with
the three levels of the previously outlined flow systems.
The deepest zone, directly affected by concentrated
brines which exist at depth throughout all areas west of
the Allegheny Front, is a NaCl-rich diluted brine zone.
This zone is diluted with surface water, that has leaked
from shallower flow systems, but retains appreciable
amounts of both Na and Cl. This chemical signature is
indicative of the more regional flow systems described
above.

A shallower system (intermediate zone) exists in
which Cl has been removed by flushing with surface
waters, but considerable Na remains adsorbed to clays
and similar materials, leading to the Na-HCO; waters
that are commonly found at intermediate depths. The
elevated Na is a result of cation exchange, with Na
released from the exchange sites in response to re-
placement by Ca, Mg, and possibly Fe (especially with
mine waters). Piper (1933) outlined this process as
follows, “...Many of the water-bearing beds - whether
they are sandstone, shale, or limestone - contain soft
sodium bicarbonate water where they lie at intermedi-
ate depths. This soft water is believed by the writer to
represent calcium bicarbonate water that has ex-

2-17

changed its calcium and magnesium for sodium by re-
action with base-exchange silicates in the rock as it has
percolated downward along the dip of the water-
bearing bed. The hardness due to the bicarbonate of
calcium and magnesium is removed in proportion to
the completeness of the exchange reaction, and the
water finally passes into the sodium bicarbonate

type...”

In the upper-most zone Na is completely flushed
leaving a Ca-HCO; water typical of shallow ground-
water. The shallow flow system is further divided
{Brady et al., 1996) into a low dissolved-solids zone
associated with the stress-relief/weathered regolith sub-
system, and a zone with higher dissolved solids associ-
ated with unweathered rock (ridge cores). (This is
discussed in greater detail in Chapter 9).

Because stream valleys function as sumps for the
discharge of both fresh and saline groundwater, the
contact between the fresh and saline groundwater
probably “cones up” beneath the streams and lies at
successively greater depths away from the streams.
Mining activity and practices for controlling water
quality or quantity may alter the depth to saline water
and the amount of discharge of saline water to the
streams (Hobba, 1987).

Wunsch (1993) developed a conceptual
“hydrochemical-facics” model (Figure 2.17) for an
unmined ridge based on site-specific data from eastern
Kentucky. According to Wunsch (1993, p. 72),

..“The model shows four zones where the major
cations and anions comprising the water type for a
particular water sample could be predicted with a high
degree of probability. The model shows a depressed
salt-water interface below the ridge due to downward
movement and accumulation of fresh water. The hy-
drostatic pressure imparted on the salt water is trans-
mitted in the salt-water zone, causing it to rise at
locations where fractures breech confining layers
(valley bottoms)...”

Data collected at numerous mining sites in south-
western Pennsylvania (including the 580 Pocket site
which 1s incorporated as Case Study No. 1 at the end
of this chapter) support Wunsch’s hydrochemical
model for shallow groundwater flow on the dissected
Appalachian Plateau of Pennsylvania.

Thermal Data - Groundwater temperature, relative
to annual mean air temperature, and annual fluctua-
tions of groundwater temperature can provide clues to
help delineate the flow systems. Groundwater flow
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serves to redistribute terrestrial heat. “In the upper 10
m or so, diurnal and seasonal variations in air tem-
perature create a zone that is thermally tran-
sient.”(Freeze and Cherry, 1987). Within the local
flow system and especially within the stress-
relief/weathered regolith subsystem, there is usually an
annual groundwater temperature fluctuation of up to
10° C. The mean annual groundwater temperature
within shallow groundwater (at the base of the zone of
groundwater temperature fluctuation) is generally 1° to
2° C higher than the mean annual air temperature at
that site (Heath, 1989). Beneath the zone of ground-
water temperature fluctuation, the temperature in-
creases with depth at a rate dependent on the
geothermal gradient. Van Orstrand (1918), working in
Washington County, PA, measured groundwater tem-
peratures at a gas well site to a depth of 7000 feet
(2296.6 m). Between depths of 100 to 2000 feet (32.8
to 656.2 m) he found temperature increasing at a rate
of 1°F for each 110 feet (36 m) of depth). According
to Piper (1933), the average groundwater temperatures
observed in wells in southwestern Pennsylvania were;
for wells less than 100 feet (32.8 m), 51.8°F: for wells
between 100-200 feet (32.8-65.6 m), 52.1°F; and for
wells between 200-450 feet (65.6-147.6 m), 52.5°F.

Discussion - The above data types will often be
helpful in determining whether a particular groundwa-
ter sample is from the stress-relief/weathered regolith
subsystem, the ridge-core subsystem, or from a deeper
flow system. Generally, the shallowest flow will be
low in dissolved solids, variable in flow and tempera-
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ture, and discharge along the flank of a hydrologic is-
land. Springs in intermediate and regional discharge
areas may show characteristics of local groundwater
flow (B and C on Figure 2.16), such as the example in
Table 2.1 for a proposed mine in the Yellow Creek
valley in Indiana County. Springs SG-10 and SG-15
are higher in pH, specific conductance, and alkalinity
than other springs, and are similar in those parameters
to water from nearby wells. These springs probably
produce water from an intermediate flow system dis-
charging into the Yellow Creek valley. Other springs
produce water that originated as recharge on the adja-
cent uplands, and are discharges of the local flow sys-
tem. (Another example of springs representing both
local and intermediate flow systems is discussed in
Chapter 9.)

Table 2.1
Mean
Median | Specific Mean
sample pt. pH Conduct. | alk.(mg/l)
springs 10 and 15 7.59 428 105
wells 7.56 595 170
other springs 6.5 144 9

Case Studies
Case Study No. 1 - S80 Pocket Mine

This underground coal mine complex is located in
Greene and Susquehanna Townships, Indiana County,
PA. The mine is located on the Appalachian Plateau in
an area of broad, rolling uplands that is drained by in-
cised, dendritic stream valleys typically 200 to 500 feet
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(60 to 150 m) deep. The geologic structure is essen-
tially flat-lying sedimentary rocks which have been
folded such that the folds generally dip at two to six
percent to the west toward the Brush Valley syncline.
Rock types consist of shale, sandstone, siltstone, clay-
stone, limestone, coal, and underclay. The overburden
sequence includes the upper portion of the Freeport
Formation (Allegheny Group) and the lower two-thirds
of the Glenshaw Formation (Conemaugh Group) (see
Figure 2.18).

The 580 Pocket is part of a large underground mine
complex consisting of the approximately 3500-acre
{1420-hectare) North Mine and the approximately
4550-acre (1840-hectare) South Mine which includes
the 580 Pocket (see Figure 2.19). The North and
South Mines are physically separated by a 250-foot
(76-meter) wide unmined zone. The mine complex,
particularly the South Mine and 580 Pocket, has been
studied and evaluated over the past decade due to
mining-induced dewatering episodes at domestic wells
and superjacent streams. Additional mining related
problems developed after the cessation of mining in
1992 when the pumps were turned off and the mine
began to flood.

The mine pool eventually emerged as seeps in the
valleys above and adjacent to the 580 Pocket section of
the South Mine.

Mining of the complex began in the Lower Freeport
seam in 1969 and progressed down dip toward the
Brush Valley synclinal axis (see Figure 2.19). Long-
wall, room and pillar, and room and pillar with retreat
mining were all conducted within the complex. Typical
cover ranged between 250 and 450 feet (76 to 137 m).
Mining height was typically four to six feet (1.22 to
1.83 m).
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Mining in the South Mine started at a drift opening
(see Figure 2.19). Inconsistent seam thickness caused
the mining company to leave a section south of the
South Mine unmined. However, mineable coal was
present farther to the south and a series of entries was
driven through the low coal zone to access the 580
Pocket.

Due to the stream dewatering problems which ac-
companied the mining (1985 through 1994) and the
subsequent postmining pool breakout in 1994, the
South Mine has been and remains one of the most
scrutinized and best instrumented underground mine
sites in Pennsylvania. More than 50 piezometer points
(many including continuous recorders) have been de-
veloped over the past decade at the site. Extensive sur-
face and groundwater quality sampling has been
conducted by various consultants and by Pennsylvania
DEP staff. Additional site work has included: geo-
physical logging, bedrock coring, aquatic surveys, slug
tests, pumping tests, whole-rock geochemical testing,
and petrographic analysis. '
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Site Characteristics - Beginning in 1985, reports of
stream diminution were being received by the Pennsyl-
vania Fish Commission for sections of the South
Branch of Two Lick Creek above the South Mine
workings. High extraction mining, including a series
of longwall panels, was conducted throughout the
South Branch of Two Lick Creek basin during the
1980’s and early 1990’s. Dewatering episodes in the
upper portions of the stream precipitated a number of
hydrologic studies which were conducted within the
basin beginning in 1988. Weirs and piezometer nests
were installed in 1988 within the 580 Pocket area to
characterize stream and groundwater flow and assess
mining impacts. Impacts from mining in terms of
groundwater level declines and stream base flow re-
ductions were documented. Subsequent approvals for
additional mining within the 580 Pocket section of the
South Mine were conditioned to limit mining below and
adjacent to the South Branch of Two Lick Creek and
Repine Run watersheds. Mining was restricted to
“first mining only”, an extraction rate of approximately
55%, beneath stream valleys. This was an attempt to
protect the perennial nature of the South Branch’s
lower sections and reduce impacts to Repine Run by
minimizing the likelihood of subsidence fractures
which may capture stream flow. This limited mining
continued within the 580 Pocket until March of 1992
when mining ceased in the South Mine and the work-
ings began to flood.

During 1992 and 1993, as the mine flooded and
groundwater levels recovered, an ongoing hydro-
geologic evaluation was conducted to document condi-
tions during mine closure. The evaluation included
stream gauging, mine pool level monitoring, and water
quality sampling. Due to the dewatering which ac-
companied the mining there were concerns regarding
development of postmining seeps along the impacted
stream valleys below the final pool elevation. In Feb-
ruary of 1994, contemporaneous with the mine pool
potential reaching the stream bottom elevation, mine
pool breakouts occurred to the South Branch of Two
Lick Creek and Repine Run at several locations near
their confluence. The seeps bore the standard high sul-
fate, high specific conductance signature of mine wa-
ter. Additionally the seeps exhibited a high sodium
signature which is often indicative of the intermediate
flow system on the Plateau where considerable sodium
remains adsorbed to clays due to cation exchange as
outlined earlier in this chapter. This sodium signature
is therefore an indicator of water from a deeper part of
the flow regime as opposed to the usual Ca-HCO; sig-
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nature water which is common for the shallow flow
system. The mine pool also exhibited this sodium
marker.

Immediately following the discovery of the seeps a
more comprehensive hydrogeologic site characteriza-
tion was conducted. Eight additional piezometer nests
were installed, rock coring from the surface to the
Lower Freeport seam was conducted, and geophysical
logging was performed at all drill sites. Chemical
sampling of the mine pool and the surface seeps was
initiated and included major anions and cations. Adja-
cent mine discharges were inventoried and sampled.
Weirs were constructed at seeps with measurable
flows. Additional aquatic surveys were conducted to
evaluate the impacts of the discharges on the aquatic
community and related stream uses. Additional testing
included slug tests, pumping tests, and petrographic
analysis.

Figure 2.20 (located in the pocket at the rear of this
book) is a flow net depicting conditions at the down-
structure end of the mine. The flow net is based on
measured piezometric head values (after mine pool sta-
bilization) at the site. This flow net is a semi-
qualitative, conceptual model of groundwater flow at
the site. The ridges between the valleys act as
groundwater recharge areas. Water entering the ridge
tops discharges locally to nearby streams, exits at
contact springs, or continues downward to recharge
deeper portions of the flow system. As can be seen, the
arrangement of equipotential and flow lines has been
predictably altered at depth due to the presence of the
mine-void aquifer. The mine-void aquifer is highly
transmissive and has essentially uniform head across
the mined area. This is an important factor since areas
within and adjacent to the down-structure portions of
the mine workings will realize abnormally high post-
mining heads relative to their premining head poten-
tials. Where the mine void meets virgin coal, the head
will reestablish the necessary gradient to drive water
down structure through the intact coal aquifer. How-
ever, in stream valleys at the margins of the mine
workings a large reservoir of mine water exists with
head potential exceeding the surface elevation.

As pointed out previously in this chapter, stream
valleys are typically locations containing a dispropor-
tionate number of secondary permeability features.
This combination of conditions (head potential at depth
exceeding the surface elevation; a large reservoir of
highly ionized mine water; and fractured, transmissive
overburden within the valley settings along the margins
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of the mine workings) resulted in the postmining mine
pool discharges to the South Branch of Two Lick
Creek and Repine Run.

When considered against the backdrop of the previ-
ously outlined conceptual groundwater flow model for
the northern Appalachian Plateau, the mine water
emerged at the most logical location. The following is
a listing of site-specific data and findings and their re-
lationship to significant, ubiquitous features of the
conceptual groundwater flow model outlined previ-
ously in this chapter. Information gathered during the
hydrogeologic studies conducted at the 580 Pocket
mine site is in accord with, and reinforces, the estab-
lished groundwater flow model for the Appalachian
Plateau of Pennsylvania.

Shallow flow system

Weathered surface zone - Data collected during the
580 Pocket site characterization confirmed the pres-
ence of a shallow, weathered, highly tranmissive zone
devoid of significant, readily leachable or oxidizable
minerals. Representative water quality data from
shallow piezometers (in zones not affected by upwel-
ling mine water) and from hillside springs are compiled
in Table 2.2.

Water data (Table 2.2) are consistent with what
would be expected within the shallow flow zone along
the rind of the hill,

Site drill logs typically show weathered, fractured,
and broken maternial down to a depth of about 15 me-
ters (40-50 feet). This shallow zone routinely bottoms
out at about 18-20 meters (55-65 feet) as documented
by extensive on-site drilling.

Stress-relief fractures - At the 580 Pocket site the
postmining scepage was valley associated. The valleys
above and adjacent to the mine workings served as
natural pressure release zones where the mine pool
could migrate to the surface along valley-related frac-
ture sets (valley stress-relief fractures and zones of
fracture concentration). In addition to valleys being
proximal to the discharges, other evidence indicates the
presence of valley stress-relief fractures and valley-
related fracture sets at this site, including: (1) valley
corings showing a consistent fracture profile; (2) pic-
zometer pumping tests demonstrating vertical commu-
nication; (3) mining-associated dewatering events
indicating direct hydrologic communication between
the shallow flow system and the mine; (4) the similar
groundwater chemical signature throughout the vertical
section between the mine level and the stream valley
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floor; (5) fracture trace analyses indicating that certain
straight strcam segments are fracture related; and (6)
on-site research which found that fracture densities and
orientations were statistically relevant factors to con-
sider when evaluating conditions contributory to unsta-
ble mine roof. Each piece of evidence is addressed
below:

(1) rock corings from valleys:

Broken and fractured rock is indicated in core logs
to a depth of 150-200 feet (46-61 m) in valley settings
at the 580 Pocket site. Core 95-08 included a rock
quality designation (RQD) run contemporanesus with
drilling. The RQD data indicate a steady progression
from poor to excellent quality rock at a depth of ap-
proximately 140 feet (42 m). The RQD data for Core
95-06 shows a similar pattem - i.e., rock quality im-
proving with depth to approximately 190 feet (52 m).
RQD is based on the ratio of recovered core length to
the total length of the core run, or to a defined section
of the core. Only recovered core pieces four inches or
longer are counted. In consolidated rock, it can be a
good indicator of the degree of fracturing within the
rock mass. A high RQD points to infrequent fractur-
ing and a low RQD points to more frequent fracturing
of the rock mass.

(2) pumping exercises at piezometer clusters:

A five-day pumping test was conducted at pie-
zometer cluster 95-04 in late September-early October,
1995 as part of the site evaluation. The 95-04 pic-
zometer cluster is open to six different horizons. These
monitoring zones are spaced over the 266-foot (81.08-
meter) distance between the mine level and the surface
(see Figure 2.21). The 198-foot (60.35-meter) pie-
zometer was pumped while monitoring was conducted
(with pressure transducers) at the other five intervals.
All monitored intervals showed water level declines
and recoveries concurrent with the pumping event.

A similar pumping test was conducted on piezometer
95-07. Figure 2.22 shows reactions within the verti-
cally segregated monitoring zones of piezometer cluster
95-07.

(3) dewatering events during mining;

As pointed out earlier in this chapter, dewatering of
surface streams above the Greenwich mine workings
was occurring for approximately seven years (1985 to
1992) prior to mine closure. A study conducted in
1988 and 1989 by a Greenwich Collieries consulting
hydrogeologist documented mining-induced dewatering
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Table 2.2 Typical shallow (weathered) zone groundwater chemistry (mg/L)

sp.cond.
sam, pt depth date alk. SO, Ca Mg Na (umhos/cm)

piez. 9506 35 ft. 10/5/95 38 36 38 7 13 88

" " 10/24/95 12 21 4 1 6 62

" " 12/13/95 12 19 5 2 4 62

" " 2/27/96 6 45 6 2 4 72
DM-3 spring 3/6/96 12 11 —— — 3 136
TS-8 spring 3/6/96 7 17§ e 2 62
T8-7 spring 3/6/96 2 20 — J— 2 56
TS-6 spring 3/6/96: 2 19 ——- ———- 2 58
T8-5 spring 3/6/96 5 17 — —_— 2 61
TS4 spring 3/6/96 4 19 — J— 2 60
ST-101 spring 3/6/96 2 17 —— o 2 54
ST-102 spring 3/6/96 2 15 —— — 2 50
RPD3/6-1 spring 3/6/96 5 14 N — 3 [3)
ST-123 spring 3/13/96 9 24 —_— J— 2 74
RPD3/6-2 spring 3/6/96 12 15 —_— — 2 75
RPD3/6-3 spring 3/6/96 1 16 — —— 2 86
RPD3/6-4 spring 3/6/96 7 14 . - 3 84
RPD3/6-5 spring 3/6/96 2 14 R —_— 2 58
RPD3/6-6 spring 3/6/96 2 18 — — 2 62
RPD3/6-7 spring 3/6/96 2 19 — — 2 65
RPD3/6-8 spring 3/6/96 2 19 — e 3 63
RPD3/6-9 spring 3/6/96 2 17 — — 2 64

in the form of reduced base flow to Repine Run. The
study relied on stream flow measurements upstream
and downstream of mining, groundwater level moni-
toring, and groundwater and surface water “control”
points outside the influence of the mining to define
baseline conditions.

(4) groundwater chemical signatures:

95-07 is the only piezometer cluster located along
the center line of a valley. The piezometers within the
95-07 cluster are spaced at depths of 37 feet (11.28
m), 59 feet (17.98 m), 104 feet (31.7 m), 153 feet
(46.63 m), 190 fect (57.91 m), and 235 feet (71.63
m)(coal seam). Chemical data are listed in Table 2.3.
The piezometers are located in a groundwater dis-
charge zone. The water chemistry has a similar sig-
nature along the entire vertical extent of the cluster.

(5) fracture trace analysis:

A consultant for the mine operator performed a
fracture trace analysis based on air photograph inter-
pretation. Several stream valley segments line up with
the mapped fracture traces. They include: (1) portions
of the South Branch of Two Lick Creck above the con-
fluence with Repine Run; (2) Rock Run; and (3) sev-
eral unnamed tributaries to-South Branch of Two Lick

45
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Creck. A significant shortcoming of this mapping ex-
ercise is the lack of any ensuing field verification.

M 0
o) b‘ Overburden
i -
e
B Upper Brush Creek Marine Zone (H) 7 50
gi_' Upper Brush Creek Sandstone
71 3 Lower Brush Creek Coal (Spars) (H)
E 4 100
E Lower Brush Creek Sandstone
122] =
-l
[ Mason Underclay (G)
- 1 150
é [=]  Upper Mahoning Sandstune
165 -
5} Mahoning Coal (F)
! Lower Mahoning Sandstone i 200
198 |
g  Upper Freeport Coal
B  Upper Freeport Limestone (E)
=
= 1 250
E g | ower Freepart Coal
266'
273" Total Depth of Care
= 300

Depth Below Ground Surface (Feet)
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95-07 Well 104 which are significant when assessing mine roof stabil-
A A SRR LR LR R . ity. The four statistically relevant controls were geo-
X : : . : ! . logic structure, fracture trace orientation, fracture trace
..... S A S P density, and density of clay veins. This work points
‘ : : . out the significance of naturally occurring fracture sets
Lo : : Co ] at mine depth.

TTT I

IT]] B S
' : . ‘ . . . Table 2.3 Water chemistry for piezometer cluster 95-07
o -f ... .. R T (mg/L)

Feet

. . : ' X ' ¢ spec. con.

. . . ; . piez. | date alk { (umhos/cm)| Na Ca | Mg | SO,
T T I S Ay - 37 f.| 2722196 504 1550 252 | 137 | 18 | 471

59 f.{10/25/95} 601 2050 570 | 63 13 | 561

1407 N SOTL| 2/22/96] 560 1700 370 | 95 | 14 | 459

66000 sunoo 70000 72000 74000 7600C 78000 8000 104 ft. 2/22/96] 607 2000 420 | 76 15 | 564

M inutes
153 #.110/10/95] 616 2100 625 56 14 | 646

95-07 Well 153 153 ft.| 10/25/95] 610 2050 660 | 35 | 8 | 550

153 ft.| 2/22/96] 611 2050 470 | 51 10 | 575

190 f.| 2/22/96] 560 1800 420 | 46 11 | 453

235 f.|10/25/95) 23 1220 3| 3 0.3 | 440

235 ft.| 2/22/96| 142 1240 250 2 0.1 | 450

Ridge cores - Groundwater samples pulled from
piezometers located in ridge cores between stream val-
leys show a markedly different chemical signature than
nearby spring data and data from shallow, weathered-
zone piezometers. Table 2.4 lists the typical chemistry
12 41— . ' ' : : . for the ridge cores at the Greenwich Mine. These
5000 68000 70000 72000 70000 76000 70400 | aonad points are located above the final mine pool level or in

Hinutes recharge areas with a strong downward flow compo-
95-07 Well 235 nent precluding the upward migration of mine water.
k A The water is a Ca-HCO; type with low sulfate concen-

trations and low sodium concentrations.

4287 < - - - - PR,

Intermediate Flow System - Some difficulty in de-
lineating the intermediate flow system at the 580
Pocket site occurs because of chemical and hydrologic
influences from the deep mine complex. Even the so-
dium signature, which is an indicator of intermediate
zone chemistry, can be influenced indirectly by the
mining. For example, iron in the mine water may

] : X ) : . . bump sodium ions from their exchange sites thus fur-
"“'Z“M y “i — ther elevating sodium levels. Additionally, the charac-
00 70000 72000 74000 76000 78000 80000 teristic flow patterns of an intermediate flow regime,
e.g., bypassing of local discharge points, can be mim-
icked by the insertion of a highly transmissive mine-
void aquifer at depth. No piezometers were developed
below the Lower Freeport coal horizon. Therefore
) o comparisons cannot be made between the mine pool
Research conducted at the Greenwich mine in 1987 chemistry and deeper groundwater. Another limiting

14253 ~ =~ -

(6) mine roof stability research:

(Blackaner, 1987), with the SF’al of developing valiq factor is the that chemical data prior to mining and
parameters for a Roof Stability Index (used to predict flooding did not include analyses for major anions and
general mine roof stability), focused on “controls” cations (e.g., Na).
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Table 2.4 Ridge core groundwater chemistry (mg/L)

Table 2.5 Intermediate zone groundwater chemistry

apec. (mg/L)
cond. s
pec. con-
4 date Alk ('"s/ “l“)’ S0, c M N ductance | alka- sod- | cal-
cm a a
| _piez. | de 4 £ samp. pt. [ Depth date | (umhos/cm) | linity | sulfate | jum | cium |
9503 |ssf. | 821/95 146 | 435 | s5 | 70 | 12 | — T-8 BH | minepool | 9/12/95] 2200 639 | 670 { 530 | 58
9503 lssm | o13ms| 160 | 470 | 46 | 60 | 11 | 17 T-8 BH | minepool | 10/2/95] 2300 614 | 646 | 535 | &2
T-8 BH | mine pool | 10/23/95] 2250 640 | 713 [ 635 | 39
95-03 |88f. | 10/13/95] 150 | 470 | 46 | 70 14 T-8 BH | minepool | 12/12/95] 2100 | 640 | 574 | 490 | 46
95-03 |ssft | 1072305 155 | 450 | 88 | 69 | 10 | 13 580 shaft | minepool | 2/21/96] 2300 ss0 | 833 | 360 | 202
9505 lssn | 11398 g0 350 | 60 | a1 110 7 580 shaft | minepool | 2/22/96] 2200 540 | 1000 ] 430 | 176
95-08 212 | 11/21/95{ 2000 609 | 583 | — | 49
9503 |88fL | 2/28/96] 90 300 | 39 |40 9 ¢ 2 95-08 2128 | 1221395] 2100 625 | 574 | 485 | 64
95.01* |181ft. 134-199 41-75 coee | e 95-08 212 ft. 2/15/96 2050 610 { 559 | 520 | 72

* Data for piezometer 95-01 is presented as a range of
values

Regardless of mine influences, the presence of so-
dium at mine depth indicates this zone is in the inter-
mediate system. Table 2.5 lists representative mine
pool and piezometer samples of this deeper, intermedi-
ate system. In addition to high concentrations of Na,
SO, is also elevated. The SO, results from pyrite oxi-
dation which occurred as a consequence of mining.

580 Pocket Site Versus Conceptual Model - The
580 Pocket site-characterization studies are consistent
with the outlined conceptual flow model of the Appala-
chian Plateau. One important aspect of fracture flow
is that the significance of any given fracture is scale
dependent (major fractures on one scale can become
minor fractures on another scale). Therefore, even for
arcas where fracture flow is dominant, sites can be
modeled based on continuum assumptions if the frac-
tures are relatively consistently spaced, are routinely
interconnected, and the scale of the study area is large
enough to treat as porous media. The fracture con-
trolled nature of the groundwater flow system at the
580 Pocket site appears to manifest itself in the direct
connection between the mine and the stream bottom
and in the discrete, point source character of the seeps.
Regardless of the controls on the flow system
(secondary permeability features or intergranular
flow), the seeps would have in all probability mani-
fested themselves in the same location. The overriding
controls on the occurrence and location of the seeps
are: (1) the introduction of an highly transmissive,
man-made aquifer at a relatively shallow depth; and (2)
the related permeability contrast between the man-
made aquifer and the adjacent rock mass which con-
trols the mine pool elevation.
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95-06 272 fi. 10/5/95 3500 861 { 286 | 191 | 207

95-06 272 f. 10/25/95 2950 685 | 130 | 288

95-06 272 ft. 12/13/95 1300 435 |1 119 | 265 | 2

95-06 272 R 2/27/96 1260 450§ 108 | 280 | 3

95-07 235 ft. 10/25/95 1220 23 440 | 370 | 2.5

95-07 235 fi. 2/22/96 1240 142 | 449 | 250 | 2.1

95-04 266 ft. 9/12/95 4500 8 | 2850 | 945 | 246

95-04 266 fi. 10/13/95 4000 78 | 2215 | 840 | 234

95-04 266 fi. 10/24/95 3400 90 | 2040 | 840 | 191

95-04 266 f. 12/13/95 3000 75 | 1630 | 520 | 158

9504 266 fi. 2/27/96 3100 180 | 1705 | 690 | 183

95-03 374 ft. 8/21/95 1380 640 | 645 |---—-| 28

95-03 374 ft. 9/13/95 2350 652 | 615 | 665 | 27

95-03 374 ft. 10/12/95 2300 619 | 590 | 600 | 31

95-03 374 f. 10/23/95 2300 617 | 648 | 745 | 32

95-03 374 ft. 12/13/95 2300 625 ] 583 | 550 | 26

95-03 374 ft. 2/28/96 2000 690 | 538 | 500 | 24

Case Study No. 2 - Kauffman Mine

The Kauffman mine is a bituminous surface mine
located in Boggs Township, Clearfield County, Penn-
sylvania. The topographic setting is fairly typical of
the bituminous coal mining region of Pennsylvania’s
Appalachian Plateau - i.e., broad uplands dissected by
deeply incised tributaries. The permit is bounded by a
major state highway to the east (SR0153), Clearfield
Creek to the west, and two northwest-flowing tributar-
ies to Clearfield Creek, Camp Hope Run to the north
and Sanbourn Run to the south. The topographic relief
ranges from about 200 feet (60 m) near the headwaters
of these tributaries to more than 525 feet (160 m)
where the western hillside drops off to the level of
Clearfield Creek. The soils of the hilltops are thin and
sandy, reflecting the abundance of sandstone within the
coal overburden. A cover of colluvial material blan-
kets the relatively steep hillsides and clay-rich alluvium
fills the valley bottoms adjacent to the streams (see
Figure 2.23).

At the time this volume was written the Kauffman
mine was being mined as a “demonstration” surface
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mining permit. That is, the operator plans to demon-
strate, by special handling high sulfur spoil and im-
porting alkaline material, that they can mine this site
without creating AMD. It should be noted that past
mining at an adjacent mine (Thompson mine) on the
same coal seam, just east of State Route 0153, resulted
in severe AMD pollution to the surface water and
groundwater. The Thompson mine has impacted both
Sanbourn Run and Camp Hope Run to the extent that
aquatic life is no longer present. Additionally, a pollu-
tive groundwater plume of considerable lateral and
vertical extent has migrated westward from the
Thompson mine to beneath the eastern portion of the
Kauffinan permit. The complexities of this demon-
stration mining project, with respect to the site’s geol-
ogy, hydrogeology, and influences of past mining,
necessitated the collection and study of a large volume
of data. Many researchers, consultants, students, and
other investigators have examined the site. Some of
the published literature related to the Kauffman site in-
cludes Abate (1993), Evans (1994), Rose et al. (1995),
Hawkins et al. (1996), and Brady et al. (1996).

The Kauffman permit stands apart from most sur-
face mining permits in Pennsylvania by the abundance
of geologic and hydrogeologic data that have been col-
lected. During the application review period for this
project, Hamilton and their consultants constructed 44
individual piezometers, drilled and analyzed the rock
samples from 13 air rotary drill holes and six continu-
ous core holes, and collected hundreds of samples from
springs, ponds, streams, mine discharges, and others
monitoring points. From this data researchers have ar-
rived at a fairly good understanding of the local and
intermediate flow systems that underlie the Kauffman
permit (the regional flow system was not encountered).
Nevertheless, there are still some anomalous data that
have not been explained, so there is more to be learned
from this site.

Geology

Stratigraphy - The geologic strata encountered
during data collection for the Kauffman surface mine
permit range from the middle of the Kittanning forma-
tion (hilltops) to the Mercer coal group (bottom of the
deepest piezometers). Figure 2.24 is a generalized
stratigraphic section of the Lower Kittanning coal to

- the Lower Mercer coal. The coal seam targeted for
mining is the Lower Kittanning no. 3 seam, which
serves as our reference horizon. The underlying Lower
Kittanning no. 2 seam, separated from the Lower Kit-
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tanning no. 3 coal by a carbonaceous shale binder, is
not of mineable quality (although it had been extracted
over most of Phase I of the Kauffman permit). Above
the Lower Kittanning no. 3 seam, the strata are com-
monly dark shales or siltstones which coarsen upward
to the base of the Worthington sandstone. The Lower
Kittanning no. 4 seam is not present on this site. How-
ever, at or near its stratigraphic horizon, approximately
10 feet (3 m) above the Lower Kittanning no. 3 seam,
is a Lingula-bearing, dark gray to black shale of rela-
tively high sulfur content. The Lower Kittanning no. 5
coal is referred to as the Lower Kittanning rider in the
Kauffiman permit file. Where present, it is a thin seam
about 15 to 25 feet (4.5-7.5 m) above the Lower Kit-
tanning no. 3 coal, near the base of the Worthington
channel sandstone. The Worthington sandstone caps
most of the high ground on the Kauffman permit. In
places, this channel sandstone has encroached upon the
Lower Kittanning no. 3 coal seam and replaced the
coal in some areas. In the central and western portion
of the Kauffman mine, the base of the Worthington
sandstone may contain carbonate cements, calcite
coatings on open fractures, and calcite fillings in
“healed” fractures. The presence of this calcite has
imparted some natural alkalinity to the deeper ground-
water within the core of the hill.

Below the Lower Kittanning no. 2 coal are the
Clarion no. 3, no. 2, and no. 1 coals in descending
stratigraphic order. The Lower Kittanning no. 1 coal
seam is sometimes present about 10 feet (3 m) beneath
the Lower Kittanning no. 2, but that seam does not
commonly occur on the Kauffiman property. Between
the Lower Kittanning no. 2 seam and the Clarion no. 3
seam, there lies a fairly persistent sandstone body of 5
feet (1.5 m) to more than 30 feet (9 m) in thickness.
This stratum is designated the Kittanning sandstone
and serves as a target aquifer for some of the pie-
zometers. It appears that much of the strata among the
Clarion coal seams are made up of shales, but much of
the drilling below the Clarion no. 2 encountered so
much water that identification of air rotary rock chips
proved very difficult. Below the Clarion no. 1 seam
and just above the Upper Mercer coal is the Home-
wood sandstone. The top of the Homewood sandstone
served as the deepest aquifer encountered during pie-
zometer construction.

Structure - Strata at the Kauffman site have an av-
erage dip of one to two degrees to the west-northwest.
Stratigraphic and structural variations have imparted
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some minor rolls to the coal surface, so dip directions
and inclinations deviate slightly. In places the dip is
very slight, less than one degree. In other areas, the
dip exceeds eight degrees. According to Edmunds
(1968), a major tear fault exists on the Thompson
permit area just east of State Route 0153. However,
its existence is only inferred on the Kauffiman site.

2-26

This fault strikes northwest-southeast and accounts for
a stratigraphic offsct of more than 295 feet (90 m) near
the headwaters of Coal Run (about four and one half
kilometers southeast of the Kauffman permit). In the
eastern portion of the Kauffman permit, Edmunds
(1968) infers that the fault could offset the strata by
about 40 feet (12 m). However, pit-floor surveys on
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Phase I of the Kauffman permit did not reveal dis-
placement of the Lower Kittanning coal scam. Bed-
ding-plane faults, however, do occur on the Kauffman
site. These are evidenced by deformed bedding. The
faulting east of the site may have dissipated at the
Kauffiman site as bedding-plane faults.

Jointing - Nickelsen and Williams (1955) indicate
that the systematic joints in rock above the coal seams
strike between N30°W and N45°W in the Houtzdale-
Philipsburg area and that nonsystematic joints strike
between N45°E and N60°E. These directions corre-
spond to the general trend of drainage in the area of the
Kauffman mine. Site specific studies at the Kauffman
permit have not been done to confirm these joint ori-
entations.

Hawkins et al. (1996) refers to the importance of
stress-relief fractures. His discussion of Appalachian
Plateau shallow groundwater flow is based to a large
extent on observations at the Kauffman site. Bedding-
plane or horizontal fractures are supposedly more
common to the valley bottoms where rocks are under
horizontal compressional stresses. However, Hawkins
observed that horizontal fractures on the uplands of the
Kauffiman site were very common as well. Unlike tec-
tonic joints, stress-relief fractures are associated with
the surface and decrease in frequency with depth. Be-
yond the realm of the stress-relief fractures, the frac-
ture frequency drops off considerably and groundwater
movement is much more impeded.

Hydrogeology

Groundwater monitoring - Over 40 piczometers
were constructed on the proposed Kauffman mine site
as part of the mining company’s application for a sur-
face mining permit. Additionally, the operator drilled
open boreholes to determine hydrogeologic properties
of individual strata overlying the coal to be mined.
Many piezometers were developed in clusters in which
the individual wells were drilled about 6.5 to 13 feet (2
to 4 m) apart. There were nine main piezometer clus-
ters of three, four, and five piezometers each. These
piezometer clusters were identified as W1 through W38,
and W22. Other piezometer locations included P1 and
P2 for examining the pollutive groundwater plume on
the flanks of the hill in the eastern Kauffman permit
area, and SW1, SW2, and SW3 for monitoring shallow
groundwater at certain permit locations.

Piezometers were constructed using four-inch (11.4-
cm), thread-flush, Schedule 40 PVC pipe. Only the
“AS” wells (this letter identification of piezometers is
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explained in the following paragraph) were constructed
from one-inch (2.8-cm) pipe. All piezometers were in-
stalled with a 5.5-foot (1.7-m) section of slotted pipe
(screen) at the base, except for the “C” wells which
had an 11-foot (3.4-m) section of screen. The con-
struction method was to backfill the annular region
around the screen with sand to the top of the screen.
The height of the sand pack for the “E” wells varied
and sometimes extended above the screen by as much
as 10.5 feet (3.3 m). Above the sand pack, rounded
bentonite pellets were poured into the annular spacing
to a pre-swell height of about 5.5 feet (1.7 m). The
depth to the top of these construction layers was con-
stantly checked with a weight and steel tape. The
rounded bentonite pellets were used because they were
less likely to bridge between the side of the borehole
and piezometer pipe when the hole was wet or flooded.
After the rounded pellets were poured in, the rest of the
hole was completely filled with bentonite chips
(Volplug®). No drill cuttings or dirt was pushed in.
This further reduced the chance of an artificial connec-
tion developing between aquifers via the annular space.
A steel cover, set in concrete, was then placed at the
surface to protect the plastic casing. This cover is kept
locked until the sampler needs to access the piezome-
ter.

Each piezometer within a well cluster was identified
by a letter indicating the target horizon being tested.
Figure 2.24 shows the generalized stratigraphic section
and the corresponding piezometer target zones. Pie-
zometers designated as “A” wells were constructed so
as to monitor the Lower Kittanning no. 2 and no. 3
coal seam aquifer. At this sampling horizon, a 5-foot
(1.5-m) screen was installed to monitor the groundwa-
ter pressures. Inside the boreholes used to construct
the A wells, the operator installed an “AS” level pie-
zometer of smaller diameter down to the base of the
Worthington sandstone. The level of the AS screen
with respect to the “A* piczometer screen varied as the
depth of the Worthington sandstone varied. Next, the
“B” wells were installed and were usually open (5-foot
(1.5-m) screen) to the Clarion no. 2 coal horizon. One
exception was piezometer W 1B, which was finished to
the shallower Clarion no. 3 horizon. The “C” wells
were open (10-foot (3-m) screen) between 9 and 15
meters below the B level screens, either at the Clarion
no. 1 coal horizon or the top of the Homewood sand-
stone just beneath that seam. Generally speaking, pie-
zometers W1C, W2C, W3C, and W4C were screened
at about the Clarion no. 1 coal horizon, and the C-level
piezometers at well pods WSC, W6C, W7C, W8C,
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and W22C were screened just below the Clarion no. 1
within the Homewood sandstone. In most locations,
the drilling became so wet below the Clarion no. 2 ho-
rizon that logging of the strata was very difficuit. Evi-
dently, a significant aquifer(s) exists beneath the
Clarion no. 2 underclay. Finally, the wells designated
as “D” wells were intended as open boreholes, not true
piezometers, and were developed to conduct packer
pumping tests on various strata at and above the main
coal.

|

After the initial piezometers were installed, a fifth
piezometer was drilled at well pods W1, W2, W6, W7,
and W22. These “E” piezometers were completed into
the Kittanning sandstone between the Lower Kittanning
no. 2 and Clarion no. 3 coal seams. These wells were
developed to monitor the Thompson pollution plume.
They monitored an unaffected groundwater horizon
between the Lower Kittanning coal that was to be
mined under the Kauffman permit and the underlying
pollution plume. The “E” piezometers monitored for
possible downward migration of AMD through the new
Lower Kittanning pit floor. Other piezometers were
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installed to monitor the Thompson pollution plume on
the flanks of the ridge within the eastern portion of the
Kauffman site. They were designated as “PA”, “PB”,
and “PBD” wells, and were screened at the Clarion no.
2, the Homewood sandstone, and the Upper/Lower
Mercer coal interburden, respectively.

Groundwater flow within the weathered zone -
Groundwater flow on the Kauffman site is controlled
by numerous natural factors including topography, re-
lief, stratigraphy, dip, joint sets, bedding-plane separa-
tions, zones of fracture concentration, and stress-relief
fractures. Additionally, man-induced influences such
as road excavations, surface mining, underground
mining, and numerous exploratory drill holes have also
influenced the groundwater flow.

Hawkins et al. (1996) described the relatively shal-
low groundwater system at the Kauffman site as frac-
ture flow. Two distinct hydrogeologic settings through
which most groundwaters flow were described: 1) a
highly fractured weathered zone near the surface, and
2) a less fractured, non-weathered zone at depth. The
weathered zone is characterized by numerous
stress-relief fractures and bedding-plane separations
that become less abundant with increasing depth. This
abundance of stress-relief fractures provides a highly
transmissive environment for groundwater flow. Un-
derlying the weathered zone, the rock is less densely
fractured due largely to the paucity of stress-relief
fractures. Data and observations by Hawkins et al.
(1996) do not show a sharp transition from the weath-
ered zone to the unweathered zone. Rather, the fre-
quency of stress-relief fractures diminishes somewhat
gradually as the depth increases. The “effective” depth
of the densely fractured weathered zone varies with dif-
ferent topographic settings (hilltop, valley wall, and
valley bottom) and from location to location within
similar topographic settings. Hawkins et al. (1996)
estimates a general depth for the weathered zone of
about 65 feet (20 m) based upon his observations at
Kauffman and actual measurements within highwalls
of other mine sites. Kipp and Dinger (1987) noted that
the depth of the weathered zone was usually 50 feet (15
m) on the hilltops and near 80 feet (24 m) along the
valley walls.

Beneath the weathered zone, the main fractures
conveying groundwater are the near-vertical systematic
Joints and concentrated fracture zones developed from
tectonic stresses. Unlike stress-relief fractures, these
tectonic fractures are not depth related. They can ex-
tend from the surface to depths of several hundred feet.
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However, at considerable depth their ability to transmit
groundwater is usually much reduced. Due to the con-
ductivity contrast, the unweathered rock underlying the
surface and near-surface, weathered zone behaves as
an aquitard and maintains a perched water table within
the weathered fracture zone. Groundwater movement
within this near-surface “aquifer” generally follows the
topography and migrates toward the surrounding hill-
slopes and adjacent valley floor. Where a confining
layer such as a coal underclay is present, groundwater
may be diverted to the surface as contact springs along
the hillside.

Not all groundwater within the stress-relief fracture
zone is directed laterally toward the stream valleys.
The aquitard zone, which serves to perch water, only
represents a relative contrast in hydraulic conductivity
and is not an impermeable barrier. Therefore, a sig-
nificant amount of groundwater will leak vertically into
the underlying strata. Vertical fracture zones of tec-
tonic origin enhance this downward leakage in areas
adjacent to such features. Also, abandoned boreholes
that have remained open will present a means of
quickly conveying shallow groundwater into the deeper
systems.

Groundwater that emanates from a particular
stratigraphic horizon along the hillside is not necessar-
ily associated with groundwater at that same horizon
within the core of the hill. Water chemistry data of
contact springs sampled along the unmined hillslopes
of the Kauffman property were compared to water
chemistry data collected from deeper hilltop piezome-
ters. The more dilute chemistry of the hillside springs
is thought to represent groundwater of the weathered-
rock zone. In contrast, groundwater deep within the
hill comes in contact with less weathered rock and
moves much more slowly, thereby increasing the con-
tact time with the adjacent rock. Consequently, the
deeper groundwater is higher in dissolved constituents.

At the Kauffman mine, a good example of this con-
cept involves contact springs GR438 and GR439. Both
apparently emanate from the Clarion formation just
175 meters (570 ft.) northwest and downdip of well
pod W1. At well pod W1, piezometers W1B and W1C
are open at the Clarion no. 3 and Clarion no. 1 coals.
Both reveal the effects of AMD from the Thompson
pollution plume. Initially it was thought this plume
would spread north and west and reach springs GR438
and GR439. However, the springs do not exhibit char-
acteristics of AMD. Apparently, the polluted water
within the Clarion horizon at W1 “steps down” into
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deeper strata as the plume approaches the stream val-
ley. The springs represent shallow groundwater from
the weathered zone and are not necessarily representa-
tive of the “Clarion waters” within the hill core.

Groundwater flow within the unweathered zone -
As discussed above, groundwater within the weathered
zone flows laterally in accordance with the surface
contours. This is due to the gradational contact be-
tween the weathered and non-weathered strata. This
contact mirrors the topography. However, there also is
a significant component of vertical leakage into deeper
aquifer systems. As downward-flowing groundwater
reaches stratigraphic layers of low vertical hydraulic
conductivity relative to the adjacent strata, lateral flow
occurs. Of course there will always be vertical leakage
through each aquitard encountered, but the volume of
vertical groundwater recharge is gradually reduced
with increasing depth.

Initial monitoring of the Kauffman piezometers
during the permit application review period confirmed
that the general movement of groundwater is down-
ward on the Kauffman site. The shallowest piezome-
ters had the highest pressure head, the deepest
piezometers had the lowest pressure head, and the in-
termediate piezometers fell somewhere in between.
This is the textbook pattern for an upland setting that
serves as a groundwater recharge area. However, cer-
tain well pods indicated that the groundwater flow
patterns may be more complicated. Specifically, at
well pods W3 and W6, the pressure heads for the
deepest piezometers were equal to, or higher than, the
pressure heads within the shallowest piezometers,
maintaining very high water levels in the piezometer
tubes. In fact, the water levels within the W3 and W6
piezometers were about 120 feet (37 m) and 111 feet
(34 m), respectively, above the top of the screen.

Hydrographs for the W3 and W6 piezometer pods
are provided as Figures 2.25 and 2.26, respectively.
The hydrograph for the W3 pod includes several years
of weekly water level measurements at piezometers
W3AS, W3A, W3B, and W3C. For the first couple of
years, the water levels within the W3C piezometer
were elevated above the level of the W3A piezometer.
During the permit application review period, the per-
mittee’s consultants interpreted this as localized con-
fining conditions. However, subsequent data revealed
that pressures fluctuate greatly at the W3C horizon,
and for much of the time since 1994, the groundwater
flow pattern has been more typical of the “normal”
well pods. Also, the water level plots for the W3AS,
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W3A, and W3B piezometers exhibit similar seasonal
and climatic patterns. The mimicry of the lows and
highs suggests that these aquifers are hydrologically
connected. On the other hand, there appears to be no
such relationship between W3C and the other three
piezometers.

Thus far, there has been no complete aquifer testing
of the W3 piezometers. We do not yet know how each
screened zone responds to pumping and/or slug testing,
or even how rapidly the wells recharge after being
pumped dry. Nonetheless, recharge data from the well
sampler’s records provide indications of the relative
transmissivity among the water-bearing zones adjacent
to each piezometer screen. For instance at W3C, the
deepest piezometer of the W3 pod, recharge is very
slow after pumping - probably less than 0.05 liters per
minute (L/m) (0.013 gpm). On the other hand, re-
charge is relatively rapid, probably more than 3.5 L/m
(0.92 gpm), within the intermediate-level W3B pie-
zometer. The shallow W3A piezometer recharges at a
relatively moderate rate of about 1.5 L/m (0.39 gpm).

The hydrograph for the W6 well pod reveals a
much different response in the deepest piezometer,
W6C, as compared to W3C. Soon after W6C was de-
veloped, the water level climbed to just below that of
W6A, and it has mimicked very closely the hydrograph
of that piezometer ever since. In fact, piezometers
W6A, W6C, and W6E are all closely associated with
respect to water elevation and hydrographs. Further-
more, the W6B hydrograph also mimics the other three
piezometers, but does not maintain such a high water
level. This elevation difference between the water lev-
els within the W6B piezometer and the other three pie-
zometers was initially over 46 feet (14 m), but it has
been reduced recently to about 33 feet (10 m).

Interestingly, as noted on the W6 hydrograph, the
water levels in all four piezometers had dropped fol-
lowing the excavation of an open cut on the Lower
Kittanning coal seam about 900 feet (275 m) to the
west-northwest of the well pod. The floor of this min-
ing cut, in addition to being relatively far from the W6
piezometers, was about 100 feet (30 m) higher in cle-
vation than the stratigraphic horizon open to the W6C
piezometer screen, and about 62 feet (19 m) above the
horizon open to the W6B screen. Nevertheless, these
deeper aquifers still responded to the excavation of the
open mining pit.

The mimicry among the four aquifers tested at the
W6 well pod (and among three of the four piezometers
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at the W3 well pod) suggests there is a vertical hydro-
logic connection, either natural or artificial. As for an
artificial connection, the most likely explanation would
be poor piezometer construction. For example, if the
piezometer was not backfilled properly, groundwater
from the upper aquifers may drain to the screen
through the annulus. Another possibility could be a
defect in the piezometer casing, such as a crack or
separation at the joints, allowing shallower groundwa-
ter to seep into the piczometer above the screen. In ei-
ther case, bentonite seals would have been
compromised. This seems unlikely since bentonite
pellets and chips were used from the top of the screen
to the surface. Furthermore, because more than one
piezometer exhibits a mimicry, each piezometer would
have to be faulty to explain an artificial connection in
this manner.

Artificial connection of aquifers can also occur
through open and abandoned exploratory boreholes.
Although the Kauffinan property is riddled with ex-
ploratory boreholes down to the Lower Kittanning coal
seam, there are probably few, if any, old boreholes as
deep as the Homewood sandstone. Therefore, it seems
to be more likely that the connection among the various
aquifers is natural rather than artificial.

As for a natural connection, the aquifers could be
connected through tectonic fractures, zones of fracture
concentration, or fault zones. If discrete fractures or
fracture zones are present at or very near well pod W6,
vertical communication between the aquifers at that
location could be established. Such fractures or frac-
ture zones could serve as avenues for groundwater re-
charge to deeper aquifers.

As with the W3 well pod, the sampler’s records
during pumping and sampling at the W6 pod reveal
some qualitative aquifer characteristics. The deep
W6C piezometer recharged the quickest, approxi-
mately 2.8 L/m (0.74 gpm). In comparison, intermedi-
ate piezometer W6B recharges the slowest,
approximately 0.4 L/m (0.1 gpm) while piezometer
W6E recharged at a moderate rate of approximately
0.9 L/m (0.24 gpm). Although the sampler’s records
provide some qualitative information regarding the
relative transmissivities among the aquifers, quantita-
tive pumping tests, slug tests, and recovery tests should
be conducted in the future if further study is desired.

Although the majority of Kauffman piezometers re-
veal a fairly straightforward groundwater regime, well
pods W3 and W6 reveal certain aberrations that may
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be common where significant fracturing of the rock
mass is a factor. Such fractures may provide the verti-
cal avenues for interconnecting perched aquifers that
would otherwise be hydrologically isolated. The mim-
icry in hydrograph traces among separate piczometers
at various levels can hardly be ignored. The piezome-
ters at well pod Wé present an especially striking ex-
ample.

Summary - Although tectonic fracturing compli-
cates groundwater flow patterns, the general movement
of groundwater on the Kauffman site is fairly typical of
an upland setting within the Allegheny Plateau. Stress-
relief fracturing near the surface establishes a relatively
shallow watcr table aquifer that responds quickly to
precipitation events and directs groundwater flow lat-
erally toward the adjacent stream valleys. Groundwa-
ter within this weathered zone has short residence time
from infiltration to discharge and therefore contains
less concentrations of dissolved minerals than does
groundwater deep within the core of the hill. Along the
hillsides, this shallow groundwater generally does not
emerge from beneath the colluvium but provides base-
flow to wetlands and streams on the valley floor. Nev-
ertheless, a confining layer such as a thick clay stratum
may divert flow to the surface as a contact spring or
scepage face along the clay seam outcrop. Such con-
tact springs that originate from the weathered zone are
not representative of groundwater at the same horizon
within the core of the hill.

Although groundwater within the weathered zone
generally flows in accordance with topography, there is
significant vertical leakage to the underlying strata,
primarily through joints. This vertical leakage is fur-
ther enhanced by the presence of faults and major
fracture zones. Where these percolating waters reach
strata of contrasting vertical conductivities, additional
flow zones are established at depth. Flow within these
deeper aquifers is again directed laterally but is more
controlled by structural features such as dip, joints,
fracture zones, and faults. Of course, stratigraphic
variations in the aquifer or underlying aquitard will
also influence the flow. Each of these aquifers that are
established at depth will leak to the underlying strata,
but the volume of such leakage will gradually diminish
as well the occurrence of joints through which the
groundwater flows.

Most piezometers at the Kauffman site confirm this
downward movement of groundwater that is typical of
a recharge area. However, a couple of piezometer
clusters or pods suggest a vertical connection among
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the various aquifers that are monitored. These pie-
zometers do not show the normal pattern of decreasing
pressure head with each lower aquifer, and some reveal
a close mimicry among hydrograph plots. Assuming
that the piczometers are constructed properly, this in-
terconnection may be caused by the presence of a sig-
nificant tectonic fracture zone or a fault, but confined
groundwater conditions cannot be ruled out either.

Additional study is needed on the Kauffman site to
further examine the apparent anomalies in groundwater
flow patterns. Thus far, no pumping tests or slug
testing has been conducted on the two piezometer pods
where unusual water levels were recorded. Further re-
search may provide some additional insight into the be-
havior of groundwater flow within this type of setting
on the Appalachian Plateau.
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Chapter 3

HYDROGEOLOGIC CHARACTERISTICS OF SURFACE-MINE SPOIL

Jay W. Hawkins
Office of Surface Mining, Pittsburgh, PA 15220

Introduction

An understanding of the hydrology of surface mine
spoil is important in predicting mine drainage quality.
However, it is poorly understood and one of the least
analyzed aspects of mine drainage prediction. Ground-
water is a integral chemical component in acid mine
drainage (AMD) formation and it serves as the con-
taminant transport medium. Therefore, prediction of
postmining drainage quality requires the inclusion of a
surface mine spoil groundwater hydrology component
in the process.

The nature, degree, and duration of groundwater
and spoil interactions need to be factored into any
comprehensive mine drainage predictive method or
model. Recharging waters, moving through the unsatu-
rated portion of backfill, will have intermittent episodes
where discrete areas of the spoil are briefly contacted,
whereas groundwater within the saturated zone will
have a considerably more consistent and longer contact
time with that portion of the spoil. Groundwater within
the zone of water table fluctuation will contact nearly
all of that spoil zone periodically during brief episodes
when water levels rise. Groundwater will, in both the
unsaturated and saturated zones, chemically and physi-
cally react with the spoil material that it contacts.
However, mine drainage quality prediction 1s often
based on the assumption of uniform contact with 100
percent of the spoil material and does not take into
consideration that groundwater only contacts a limited
fraction of the spoil. Also, under differing hydrologic
conditions, the sections of the spoil contacted by
groundwater can change. It is important to determine
what portions of the spoil are contacted by the
groundwater and what is the nature of this contact.
Spoil excavations and aquifer testing indicate that there
are areas within backfills that, because of very low
permeability, allow very little groundwater flow
through them. These relatively "dead" areas contribute
little to the groundwater system and to the associated

mine drainage quality.

3-1

Characteristics of Mine Spoil
Groundwater Flow Systems

In the past, the groundwater flow regime in surface
mine spoil of the Appalachian coalfields has generally
received little attention and study. Most individuals
have made the assumption that ground-water flow in
ming spoil is a porous media system, similar to flow
through unconsolidated alluvium. Recent field work
and testing of surface mine spoil indicate that this as-
sumption is not completely valid.

Caruccio et al. (1984) noted that groundwater flow
in the backfill of a surface mine in central West Vir-
ginia was highly channelized and that it was not ob-
served until one of these randomly located channels
was intercepted. Based on their physical observations
during excavations in mine spoil, they referred to the
groundwater flow regime as pseudokarst, where
groundwater flows mainly through large voids and
conduits. Pseudokarst hydraulic characteristics are
similar to the characteristics observed in some karst
(carbonate underlain) terrains, however, the mechanism
of channel and void formation differs. These types of
systems are more discriptively defined by the term
double-porosity.

Hawkins and Aljoe (1990) noted that mine spoil ex-
hibits characteristics of both porous medium and dou-
ble-porosity aquifers. Under steady-state conditions
spoil behaves mainly as a porous medium aquifer. For
example, the presence of a relatively continuous water
table in the backfill and perennial consistent-flowing
mine discharges are indicative of an overall porous
media system. Hydraulic conductivity values measured
in mine spoil are substantially below values expected
for open conduit flow.

Conversely, when a spoil aquifer is stressed (for
example, during an aquifer test) or subjected to tran-
sient conditions, double-porosity characteristics be-
come more pronounced and can briefly dominate the
hydrologic regime. For example, multiple water tables
and temporary flowing artesian conditions have been
observed during substantial recharge events (Hawkins
and Aljoe, 1990). Monitoring and testing indicate that
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groundwater is stored in and flows through large voids
or conduits in spoil; however, these voids are not al-
ways well interconnected across a mine site. Therefore,
diffuse groundwater flow through the interstices of the
fine-grained material between the voids excrts signifi-
cant control on the overall site hydrology. Slug tests
performed in wells penetrating surface mine spoil em-
pirically illustrate the bimodal nature of the ground-
water flow regime. These tests yield two distinctly
different types of responses in mine spoil (Fig. 3.1(a)
and (b)). One type (Fig. 3.1(a)) of response is indica-
tive of a porous media system. The actual displacement
and the projected displacement are similar, indicating
gradual and diffuse flow from the well into the aquifer
as expected in a porous medium. The second type indi-
cates the presence of large voids and conduits of a
double-porosity system. The actual displacement is
substantially less than the projected displacement, indi-
cating large voids adjacent to the well rapidly fill with
water flowing from the well. Once the voids are filled,
there is a gradual and diffuse flow from the well into
the spoil (Hawkins, 1993). The projected displacement
in Figures 3.1(a) and 3.1(b) is determined from the
known slug volume.

These dual aquifer flow characteristics exist be-
cause mine spoil is an extremely heterogeneous and
anisotropic material. The heterogeneities are created by
the processes of mining and reclamation. During min-
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ing and subsequent reclamation, spoil becomes sorted
to some extent. When dumped by a rock truck or dra-
gline and regraded by bulldozers, the larger spoil parti-
cles tend to roll toward the base of the spoil ridges into
the valley between the ridges, while the midsized and
smaller fragments tend to stay on the sides and top of
the spoil piles (Rehm et al., 1980). Figure 3.2, a pho-
tograph of spoil at an active surface mine in central
Pennsylvania, illustrates the results of this process.
Groenewold and Bailey (1979) observed that in west-
ern North Dakota, monitoring wells completed in the
spoil valleys exhibit more variable hydraulic conduc-
tivity than wells completed in the spoil ridges. Aquifer
testing {constant-discharge tests) of spoil in northern
West Virginia and western Pennsylvania indicates that
linear zones of high hydraulic conductivity tend to par-
allel spoil ridge orientation. Hydraulic conductivity
perpendicular to the spoil ridges appears to be signifi-
cantly lower (commonly by several orders of magni-
tude) than that parallel to the ridges (Hawkins and
Aljoe, 1991).

Factors Influencing Hydraulic Characteristics
Lithelogic Controls

Lithology of the spoil can influence the hydraulic
conductivity in reclaimed mines. Parent rock
(overburden) of surface mine spoil in northern Appala-
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chia is comprised primarily of sandstone, siltstone, and cant quantitics, as may glacial sediments.
shale. In some areas, limestone may occur in signifi-

Figure 3.3 indicates that increasing percentages of
sandstone (and decreasing percentages of shales) in
mine spoil appear to yield higher median hydraulic
conductivity values and a narrower range of values
(Aljoe and Hawkins, 1994). However, the median hy-
draulic conductivity increases observed were not sta-
tistically significant. The apparent trend is explained
by the hydraulic properties of the different lithologies
and by mechanisms of mining and reclamation. Sand-
stone-rich spoil zones tend to have larger fragments
than shale-rich zones. This is because sandstones of
this region tend to be well cemented and are better able
to resist breakage and weathering. Shales tend to break
into smaller fragments during mining and more readily
weather and break down to silt- and clay-sized parti-
cles, which decreases the hydraulic conductivity (Aljoe
and Hawkins, 1994). An accumulation of clay and silt
toward the base of the spoil is often observed in moni-
toring wells that are purged (pumped or bailed) infre-
quently, confirming the breakdown.

The processes of mining and reclamation may fur-
ther facilitate spoil heterogeneity by creating zones
comprised predominantly of one lithology. During
mining, a dragline or frontend loader often will remove
the overburden in layers, spoiling strata composed
mainly of one lithology at a time. Monolithic zones are
also created by the tendency of large spoil fragments
(mainly sandstone) to roll to the base of spoil ridges,
while the medium and smaller fragments (shale and
o T T o some sandstone) tend to remain on the sides and top
2 (Fig. 3.2). This appears to account for the observation
-] of Groenewold and Bailey (1979) that spoil valleys had
a higher mean and greater range of hydraulic conduc-
tivity than the ridge areas in the northern Great Plains.
A test well drilled randomly into spoil with a lithology
of 50 percent sandstone and 50 percent shale should
have an equal chance of intersecting a shale-rich or a
sandstone-rich saturated zone. Therefore, the hydraulic
conductivity is expected to range more widely when the
sandstone content is 50 percent than when it ap-
proaches 100 percent. As the sandstone content of
spoil increases, the number of wells that will intersect
sandstone-rich zones likewise increases, thus causing

h : the median hydraulic conductivity to increase (Fig.
0-50 51-75 76-100 3.3).

Percent Sandstone Phelps (1983) observed that spoil bulk density gen-
erally decreases with depth. This appears to be caused
by the creation of a significant volume of interstitial

-Log of K
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voids when the large spoil fragments, commonly sand-
stone, roll to the bases of spoil piles.

Mining Methods and Topography

Because, surface mine spoil is a highly heterogene-
ous and anisotropic medium, groundwater flow paths
are difficult to determine. However, some general
trends have been identified and a few assumptions can
be made concerning groundwater flow through mine
spoil.

Topography influences groundwater flow in surface
mine spoil, because groundwater flows down the hy-
draulic gradient and topography directly influences the
hydraulic gradient. Although, spoil aquifers can exhibit
multiple water tables for brief periods under transient
conditions (Hawkins and Aljoe, 1990), surface mine
spoil generally exhibits a single continuous water table
with a moderate hydrologic gradient. Thus, the water
table tends to reflect the overlying topography. How-
ever, the water table is also influenced by other geo-
logic and hydrologic conditions, such as permeability
variations, local structure, and the adjacent unmined
areas.

The structural dip of the pit floor is a major influ-
ence on the direction of groundwater flow in spoil aqui-
fers. Groundwater tends to flow down dip and
perpendicular to the strike of the pit floor. Toe-of-spoil
discharges will commonly form at the structural low
point of the pit floor outcrop.

Influences from the groundwater system in adjacent
unmined areas can cause groundwater in spoil to disre-
gard structural dip and other hydrologic factors. Lo-
calized rolls or swales in the pit floor can affect the
direction of groundwater flow. When the strata dip to-
ward the final highwall, the groundwater tends to satu-
rate spoil behind the highwall. This is because the
hydraulic conductivity of the undisturbed aquifer in the
highwall is commonly at least 2 orders of magnitude
less than in the spoil and the pit floor material usually
has significantly lower permeability than the spoil
(Hawkins, 1995). Groundwater impounding at the
highwall may flow in any of several directions. De-
pending on the hydraulic gradient, groundwater may
enter the unmined strata and flow down the structural
dip, or it may flow laterally, parallel to the highwall,
and discharge where the pit floor is exposed at the sur-
face along the structural strike. The spoil may become
sufficiently saturated to permit discharges to emanate
at the topographic low point of the mine along the
original coal cropline, opposite to the dip direction

(Fig. 3.4). Depending on the permeability, significant
amounts of groundwater may leave the backfill by
downward flow through the pit floor. Depending on the
configuration and size of adjacent unmined areas, the
groundwater gradient may cause flow from the high-
wall into the spoil, regardless of the structural dip.

Direction of mining and the configuration of the
backfill can dramatically impact the direction of
groundwater flow. The highly permeable zones that

form in the valleys between spoil ridges permit sub-
stantial groundwater flow parallel to the ridges. Be-
cause groundwater tends to follow the path of least
resistance, groundwater flow perpendicular to the spoil
ridges is considerably less than flow parallel to them.
Constant-discharge testing in a reclaimed surface mine
in central West Virginia, conducted by the author, in-
dicates that the hydraulic conductivity difference be-
tween buried spoil vatleys and ridges can exceed 2
orders of magnitude. Groenewold and Winczewski
(1977) observed that the surface over these highly
transmissive spoil valleys is more susceptible to subsi-
dence from piping of fine grained spoil materials be-
cause of the substantial amount of groundwater
movement.

The location of haul roads across the backf{ill also
can influence groundwater flow (Robert S. Evans, per-
sonal communication). Spoil underlying haul roads can
become highly compacted (less transmissive) from the
traffic of vehicles and heavy equipment. The spoil on
each side of the haul road will be substantially morc
transmissive than the spoil under the haul road. The
level of spoil compaction is related to the lithology of
the spoil material and the amount of equipment traffic.
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Groundwater may flow along the road edge until a
pathway through exists or impound behind these haul
roads which may be buried and hidden in the reclaimed
backfill.

Impacts of Spoil Age

Shortly after regrading of the spoil, differential set-
tling and piping of the fincr material begin in the back-
fill (Groenewold and Bailey, 1979). These subsequent
processes contribute greatly to the heterogeneity of
spoil and are facilitated by infiltrating surface waters
and the water table re-establishment. The "uplift" pres-
sure provided by the rebounding groundwater table
may aid the shifting and repositioning of spoil frag-
ments (Sweigard, 1987). Sweigard observed signifi-
cant settling within a year after reclamation on Illinois
surface mines and noted that considerable settling may
continue at least 2 to 3 years after reclamation. Aquifer
testing by the author indicates that settling within spoil
continues, apparently at a lesser rate, even 12 years
after reclamation.

Hydraulic conductivity has been observed to change
as the age of the spoil increases. Aljoe and Hawkins
(1994) observed that reclaimed surface mine spoil that
was 30 months or less old had a significantly lower (95
percent confidence level) median hydraulic conductiv-
ity than reclaimed mine spoil that was over 30 months
old (Fig. 3.5). The manner by which hydraulic conduc-
tivity increases with time may be caused by the im-
proved interconnectedness of the voids that were
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created during backfilling. Piping and difterential com-
paction of fine-grained spoil material in response to
vertical movement of recharging waters through the
unsaturated portion and horizontal movement of
groundwater in the saturated portion of the spoil may
be the cause of increased void communication. Bulk
density also may change as the spoil settles and fine
grained materials migrate toward the base of the spoil.

Changes in hydraulic conductivity in spoil are di-
rectly related to the mechanisms and timing of the
postmining water table re-establishment. [n eastern
Ohio, water table re-establishment at three reclaimed
surface mines was observed to be nearly complete ap-
proximately 22 months after reclamation was com-
pleted, (Helgesen and Razem, 1980). Based on the
authors experience, recovery of the water table after
mining may take 24 months or longer in Pennsylvania.
The rate of water table recovery is related to several
factors including the precipitation rate, recharge and
discharge rates, porosity, topography, and geologic
structure.

Rehm et al. (1980) and Moran et al. (1979) stated
that spoil permeability decreases with age. This may be
caused by differences in physical and chemical proper-
ties of the rock units that they encountered in the coal-
fields of the northern Great Plains compared to the
units of the eastern coal fields. Overburden for the
western coal ficlds are mainly comprised of weakly
cemented units, which tend to form few large voids.
Permeability may be further decreased by swelling
clays common to overburden in the northern Great
Plains. In the northemn Great Plains, postmining hy-
draulic conductivity values are very similar to pre-
mining values (Rehm et al., 1980).

Reported Values of Hydraulic Parameters
Hydraulic conductivity and transmissivity

Performing aquifer tests to determine hydraulic
properties (hydraulic conductivity and transmissivity)
of spoil can be a difficult procedure. Assumptions must
be made as to the homogenity and isotropic nature of
the aquifer. However, testing indicates that spoil is
highly heterogeneous and anisotopic. Therefore, the
values presented below must be viewed in this context.
Hawkins (1993) detailed some of the problems in-
curred while conducting slug tests and during the sub-
sequent data analysis to determine the hydraulic
properties of surface mine spoil. Large voids within
mine spoil may permit rapid, possibly turbulent
groundwater flow during aquifer testing. If turbulence
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actually occurs, Darcian methods of data analysis can-
not be used. Additional problems are created because
the unknown surface area of the adjacent voids is
added to the known surface area of test well. This
situation can cause the hydraulic conductivity to be
overestimated. Conversely, aquifer modeling
(MINEFLO AND MODFLOW) of mine spoil indi-
cates that the effective site hydraulic conductivity may
be 1 to 2 orders of magnitude higher than the field de-
termined values at individual test wells. This was de-
termined by error reduction during model calibration.
The modifications to the hydraulic conductivity may
vary substantially under differing hydrologic conditions
because of extreme heterogeneity and anisotropy com-
mon to reclaimed mine spoil (Hawkins and Aljoc,
1990; Hawkins, 1994). Despite the problems involved
in conducting aquifer tests, aquifer testing to determine
hydraulic properties is still an integral part of the hy-
drologic characterization of mine spoil. The hydraulic
conductivity and other site-specific hydrologic data can
be used to predict the postmining water table elevation
within the spoil, which in turn is important for alkaline
addition and special handling techniques. Transmissiv-
ity, in the strictest sense, refers only to confined aqui-
fers. However, many researchers have reported
transmissivity for mine spoil which is mainly uncon-
fined. These values are included below. These hydrau-
lic parameters are important for mine drainage
prediction because they are used to determine ground-
water velocity, water table fluctuation, groundwater

storage turnover rates as well as other factors influ-
encing groundwater contact within different zones in
the spoil. Knowledge of these and other hydrologic pa-
rameters is cspecially important to special handling and
alkaline addition techniques and other aspects of mine
drainage prediction.

Hydraulic conductivity and transmissivity of sur-
face mine spoil exhibit a very broad range of values
from location to location and within a mine site. Table
3.1 illustrates the range of hydraulic conductivity and
transmissivity values in different regions of North
America. Hydraulic conductivity values generated from
testing of 103 monitoring wells from 15 surface mines
in northern West Virginia and western Pennsylvania
ranged from 4.2 x 10° to 7.6 x 107 m/s (Table 3.1).
The data exhibited a geometric mean of 2.5 x 10°, a
median of 2.8 x 10”°, and a standard deviation of 9.6 x
10 m/s. Hydraulic conductivity within a single mine
site ranged over 5 orders of magnitude (6.6 x 10%t0
9.3 x 10™*m/s). Hydraulic conductivity ranges exceed-
ing 3 orders of magnitude within a mine site were
common when more than 4 wells were tested. Aquifer
testing of the 15 mine sites exhibited a range of trans-
missivity values exceeding 8 orders of magnitude (1.2
x 10°t02.0 x 10" m’s).

Similar values have been reported by others work-
ing with surface mine spoil in the Appalachian coal-
fields. Weiss and Razem (1984) noted hydraulic
conductivity values ranging from 1.13 x 10°t0 1.89 x
10”° my/s in a surface mine located in eastern Ohio

Table 3.1 Ranges of Hydraulic Conductivity and Transmissivity in Surface Mine Spoil

Geographic Area

Hydraulic

Conductivity in m/s Transmissivity in m’/s

Western Pennsylvania
(Hawkins, unpublished data)

42x10%°t076x10% | 12x10%t02.0 x 10

Northern West Virginia (Hawkins, un-
published data)

95x10%t02.7x10* | 14x107t02.9x 10"

Eastern Ohio (Weiss and Razem, 1984;

Bonta et al., 1992) 54x10%01.9x10° No Information
Western Kentucky and Southern Illinois

(Herring, 1977; Lindorff, 1980) 24x10°t04.1x10° 2.2x10%
Western North Dakota

(Groenewold and Bailey, 1979) 2.9x10°t0 4.6 x 107 No Information
Northern Great Plains

(Rehm et al., 1980) 8.0x 107 No Information
Wyoming

Moran et al., 1979) 1.9%x10%t02.1 x 10* No Information
Edmonton, Alberta, Canada

(Moran et al., 1979) 1.5x 10° No Information
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(Table 3.1). The hydraulic conductivity of surface
mine spoil in three watersheds in eastern Ohio ranged
from 5.4 x 10® t0 6.7 x 10 m/s (Bonta and others,
1992).

Published information on spoil aguifer testing in the
Midwest is somewhat limited. Herring (1977) meas-
ured a hydraulic conductivity of 2.358 x 10° m/s and
transmissivity 2.2 x 10 m%s based on a constant-
discharge test conducted on a surface mine in western
Kentucky (Table 3.1). An average hydraulic conduc-
tivity of 4.1 x 10”° m/s was recorded for three surface
mines in [llinois (Lindorff, 1980).

Extensive testing of saturated surface mine spoil for
the western coal fields have yielded a wide variability
for hydraulic conductivity. Groenewold and Bailey
(1979) observed hydraulic conductivity values ranging
from 2.9 x 10” to 4.6 x 10° m/s for surface mine
spoils in western North Dakota (Table 3.1). Rehm and
others (1980) reported a hydraulic conductivity range
of 6 orders of magnitude with a geometric mean of 8 x
107 my/s for the northern Great Plains region (North
Dakota, Montana, Wyoming, and Alberta, Canada).
Similar hydraulic conductivity values were observed by
Moran and others (1979) in the northern Great Plains.
They recorded hydraulic conductivities of 1.9 x 10°
and 2.1 x 10 m/s from aquifer testing on a Wyoming
surface mine. Spoil aquifer testing ncar Edmonton, Al-
berta, Canada yielded a mean hydraulic conductivity of
1.5 x 10° mys,

The hydraulic conductivity of mine spoil in the Ap-
palachian coal fields is considerably greater than that
of the undisturbed rock. Hawkins (1995) analyzed data
from five Northern Appalachian surface mines and ob-
served that the hydraulic conductivity of mine spoil
(1.2x 10° to 1.4 x 10* m/s) ranged from nearly 1 to
over 2.5 orders of magnitude greater than adjacent bed-
rock (3.8 x 10® to 4.1 x 10 n/s) with a geometric
mean 2 orders of magnitude greater. In other words,
mine spoil tends to be approximately 100 times more
conductive than undisturbed bedrock. The differences
in hydraulic conductivity cause differences in water
levels between mined and unmined areas. In some
cases, perched aquifers on the unmined rock can also
account for these water level differences. Water levels
in spoil wells were 50% lower than those measured in
wells of similar elevation in adjacent unmined aquifers.
This illustrates that premining water level measure-
ments may not be indicative of postmining levels.

Herring (1977) noted that in the Illinois Basin, spoil
is more transmissive than aquifers in unmined overbur-
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den. This was based on the observation that more wa-
ter was entering the active pits from adjacent spoils
than was coming from adjacent unmined overburden.
Weiss and Razem (1984) likewise observed greater
conductivities in spoil compared to premining values at
a mined watershed in eastern Ohio.

Porosity

As with testing for hydraulic conductivity, porosity
determination in mine spoil is difficult. Therefore, the
amount of published data concerning porosity is lim-
ited and many of the empirically derived values were
determined in the laboratory. Spoil porosity is impor-
tant to mine drainage quality prediction in terms of de-
termining groundwater storage volumes and predicting
water level changes stemming from recharge or dis-
charge. These characteristics impact the nature and
scope of groundwater contact with different spoil
zones.

Wells et al. (1982) reported laboratory porosities of
25 to 36 percent for surface mine spoils from Eastern
and Western Kentucky. The spoils tested were com-
posed mainly of shale and sandstone. Laboratory-
measured values on eastern Ohio spoil samples ranged
from 41 to 48 percent with a mean of 44 percent
(Mezga, 1973). Field tests indicate that the laboratory-
generated values are significantly greater than actual
field conditions.

Cederstrom (1971) estimated that the porosity val-
ues of cast spoil ranges between 15 and 25 percent. He
stated that this range was 7 to 25 times greater than the
porosity of undisturbed strata. The magnitude of in-
creases in porosity depends greatly on the premining
aquifer porosity, which is determined mainly by lithol-
ogy and fracture density. Based on pumping tests,
storage coefficients of 17 and 23 percent were deter-
mined for spoil in Wyoming (Rahn, 1976, reported in
Moran et al., 1979). For unconfined conditions, storage
coeflicient is roughly equivalent to the effective poros-
ity. Effective porosity calculations for a reclaimed sur-
face mine in Upshur County, West Virginia,
determined by the author, ranged from 14 to 16 per-
cent. These values were determined using slug and
tracer test results, conducted more than 13 years after
the site was reclaimed.

The field-determined porosity values approximate
the percentage of backfill volume increase (swell) cre-
ated when overburden is spoiled during mining. Her-
ring (1977) stated that the swell for the Illinois Basin is
about 20 percent. Van Voast (1974) estimated that the
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swell is roughly 25 percent. He stated that the backfill
volume increase was accompanied by an increase in
porosity and vertical permeability.

Given the relatively high porosity values of mine
spoil, reclaimed surface mines are capable of storing
large volumes of groundwater. For example, a 10 ac
(4.05 ha) reclaimed surface mine with a 10 ft (3.05 m)
saturated zone and 18% porosity will have nearly 6
million gallons (.023 million m®) of groundwater in
storage. When making this type of calculation, a range
of effective porosity values is better than a single
value. Effective porosity values for reclaimed surface
mine spoil should be based on field testing or measured
swell as opposed to laboratory determinations.

The porosity values for Appalachian surface mine
spoil tend to be significantly greater than for the un-
disturbed overburden. Effective porosity values for
fractured-rock aquifers have been estimated to range
from 0.001 to 0.1% (MacKay and Cherry, 1989).
Brown and Parizek (1971) determined porosity for
coal-bearing strata in the laboratory. They observed a
primary porosity range of 0.8 to 9.4% with a mean of
3.9%. However, secondary porosity can be much
higher in the Appalachian Plateau (Chapter 2).

Groundwater Velocity

Aquifer testing indicates that the groundwater ve-
locity in surface mine spoil is substantially greater than
that of the undisturbed overburden. Average ground-
water velocities are affected by recharge rate, effective
porosity, hydraulic conductivity, and head differential,
and can vary widely depending on site-specific condi-
tions. Determination of groundwater velocity is im-
portant in mine drainage prediction because it relates
directly to groundwater contact with the spoil and
groundwater storage turnover rates.

Hawkins and Aljoe (1991) measured a groundwater
velocity range in the backfill of a reclaimed surface
mine in central West Virginia of 1.2 x 10° to 4.9 x 10”
m/s. Caruccio et al. (1984) observed similar velocities,
ranging from 1.4 x 10~ to 1.8 x 10” m/s, for another
reclaimed mine in central West Virginia. A groundwa-
ter velocity of 2.0 x 10” m/s was determined for a sur-
face mine in eastern Ohio (Mezga, 1973). Ladwig and
Campion (1985) observed a groundwater velocity of
6.1 x 10* m/s at a surface mine in Pennsylvania. A
groundwater velocity range of 2.7 x 10° to 4.3 x 10°
m/s was measured in surface mine spoil in eastern
Kentucky (Wunsch and others, 1992). Most of these
velocities are below the groundwater velocities com-
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monly measured for true karst aquifers, underground
mines, and accentuated fractured rock aquifers. How-
ever, the measured groundwater velocities were similar
to velocities in unconsolidated glacial sands and grav-
els (Hawkins and Aljoe, 1992).

Groundwater velocity measurements from the lit-
erature should be considered as a range of values and
should be applied as such. Determination of the actual
groundwater velocity for a site requires on-site testing,
which is not possible for premining prediction.

Groundwater Recharge

Initially, after reclamation, diffuse recharge from
the surface is generally well below premining levels
because of the destruction of soil structure, soil com-
paction by mining equipment, and low vegetative
growth, which tend to promote surface water runoff
rather than infiltration (Razem, 1983; Rogowski and
Pionke, 1984). Wunsch and others (1992) noted that,
during re-excavation, spoil within a few inches of the
surface was dry indicating little infiltration was occur-
ring. Decreases in recharge may also be facilitated by
increases in porosity in the unsaturated zone (Razem,
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1984). Flow-duration curves show that receiving
streams after mining have reduced base flows, which
indicate that recharge is decreased (29% less than pre-
mining levels) and surface runoff is increased (Weiss
and Razem, 1984). After this initial period, as soil
structure and vegetation re-establishes, diffuse re-
charge from the surface begins to increase. This may
coincide with the observed increases in hydraulic con-
ductivity after 30 months, as previously mentioned.
The slow recovery of the water table during this period
may be linked to the decreased recharge shortly after
reclamation and the increased effective porosity and
permeability of the spoil.

Some of the recharge from the surface during this
early period occurs through discrete openings or voids
exposed at the surface (Hawkins and Aljoe, 1991;
Waunsch et al., 1992). Figure 3.6 illustrates a surface-
exposed void that facilitates groundwater recharge at a
surface mine in central Pennsylvania that has been re-
claimed for over 15 years. Surface runoff flowing
across the mine surface enters the spoil through these
exposed voids and flows rapidly downward via con-
duits to the saturated zone. The recharging water has a
limited contact period within the unsaturated spoil
zone. In some instances, this infiltrating water will re-
appear a short distance away (e.g., 100 m) as a high-
flowing ephemeral spring, but in most cases the water
recharges the spoil aquifer and is more slowly released
at perennial discharge points. Experience indicates that
these exposed voids continue to receive significant
amounts of recharge long after final reclamation, re-
establishment of the soil structure, and successful
revegetation. Groenewold and Bailey (1979) observed
that surface water running into these swallets may en-
large them and cause considerable subsidence from
piping of the finer grained materials. However, this has
not been observed to be a significant problem in the
Appalachian coal fields.

Others contend that mining may improve the re-
charge potential from undisturbed areas (Cederstrom,
1971). Herring (1977) observed than the overall re-
charge and surface water runoff to reclaimed surface
mines in the Illinois Basin were greatly increased. He
attributes the increased recharge to the dramatic in-
crease in permeability of the cast overburden. He ob-
served a four fold increase in recharge from mining one
half of a watershed in Indiana. Those two studies did
not factor in the impact of mining on the soil horizon as
discussed by Razem (1983, 1984). Once the infiltrating
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water has passed through the soil horizon, it appears
that the recharge potential is dramatically increased.

In the Appalachian basin, surface mine spoil aqui-
fers receive a substantial amount of lateral in-flow
from adjacent areas (Wunsch and Dinger, 1994). Ad-
jacent unmined areas (low walls and highwalls) as well
as previously reclaimed areas will contribute ground-
water to the newly reclaimed site. Groundwater mod-
eling by Hawkins and Aljoe (1990) and Hawkins
(1994) indicates that groundwater flowing from adja-
cent areas may be the main source of recharge to the
spoil aquifer and that this type of recharge occurs on a
more continuous basis at a more consistent but lower
rate than the recharge through the exposed surface
voids. The surface voids will only recharge the spoil
when runoff is occurring. In contrast, lateral recharge
is controlled primarily by the hydraulic properties of
the adjacent aquifer and the hydraulic gradient.

Under certain conditions, spoil can be recharged
from groundwater flow from the underlying strata. If
artesian conditions exist beneath the stratum underly-
ing the coal (seat rock), groundwater can flow under
pressure via fractures in the intervening strata or
through boreholes drilled through the pit floor and re-
charge the spoil. Artesian-induced recharge has been
observed in a reclaimed surface mine in southern Ten-
nessee (Robert S. Evans, personal communication).

Summary

The information and data in this chapter can be
used to predict the groundwater hydrologic regime in
reclaimed surface mine spoils prior to mining. The data
presented here should be viewed as a potential range of
values. Given this information, the groundwater veloc-
ity, water table elevation, discharge rate, and volume of
water that will be stored in the spoil can be predicted.
The potential groundwater flow direction and flow
paths can also be estimated.

This hydrologic information used in conjunction
with the overburden geochemical data can be used to
improve mine drainage predictive models and methods.
Hydrologic data will give individuals involved with
mine drainage prediction a better understanding of the
spoil material that is contacted by the groundwater and
the physical, spatial, and temporal nature of this con-
tact. This information is directly applicable to the use
of special handling of acid-forming materials and
placement of alkaline materials to prevent acid mine

drainage.



Chapter 3 - Hydrogeologic Characteristics of Surface-Mine Spoil

Literature Cited

Aljoe, W.W. and J.W. Hawkins, 1994. Application of aq-
uvifer testing in surface and underground coal mines.
In: Proceedings of the 5™ International Mine Water
Congress, Nottingham (U.K.), pp. 3-21.

Bonta, J.V., C.R. Amerman, W.A. Dick, GF. Hall, T.J.
Harlukowicz, A.C. Razem, and N.E. Smeck, 1992.
Impact of surface coal mining on three Ohio water-
sheds - physical conditions and ground-water hydrol-
ogy. In: Water Resources Bulletin, v. 28, no. 3, pp.
577-593.

Brown, RL. and R.R. Parizek, 1971. Shallow ground wa-
ter flow systems beneath strip and deep coal mines at
two sites, Clearficld County, Pennsylvania. The Penn-
sylvania State University, University Park, PA. Special
Report of Research, SR-84, 207 p.

Camuccio, F T, G. Geidel and R. Williams, 1984. Induced
alkaline recharge zones to mitigate acidic seeps. In:
Proceedings of the 1984 Symposium of Surface Mining,
Hydrology, Sedimentology, and Reclamation, Lexing-
ton, KY, pp. 43-47.

Cederstrom, D.J., 1971. Hydrologic effects of strip mining
west of Appalachia. Mining Congress Journal, March,
1971, pp. 46-30.

Groenewold, G.H. and M.J. Bailey, 1979. Instability of
contoured strip mine spoils--Western North Dakota.
In: M.K. Wali (ed.), Ecology and Coal Resource De-
velopment, pp. 685-692.

Groenewold, G.H. and L. M. Winczewski, 1977. Probable
causes of surface instability in contoured strip-mine
spoils-Western North Dakota. In: Annual Proceedings
of the North Dakota Academy of Science, pp. 160-167.

Hawkins, J.W., 1993. Typical and atypical slug test re-
sponses observed in mine spoil. Society for Mining,
Metallurgy, and Exploration, Inc., Transactions
294:1810-1813.

Hawkins, J.W., 1994. Modeling of a reclaimed surface
coal mine spoil aquifer using MODFLOW. In: Pro-
ceedings of the International Land Reclamation and
Mine Drainage Conference and Third International
Conference on the Abatement of Acidic Drainage,
Pittsburgh PA, Vol. 2, pp. 265-272.

Hawkins, J W, 1995. Impacts on ground water hydrology
from surface coal mining in Northern Appalachia. In:
Proceedings of the 1995 Annual Meeting of the Ameri-
can Institute of Hydrology, Denver, CO.

Hawkins, 1. W. and W.W. Aljoe, 1990. Hydrologic char-
acterization and modeling of a heterogeneous acid-
producing surface coal mine spoil, Upshur County,
West Virginia. In: Procecdings of the National 1990
Symposium on Mining, Lexington, KY, pp. 43-51.

3-10

Hawkins, JW. and W.W. Aljoe, 1991. Hydrologic char-
acteristics of a surface mine spoil aquifer. In: Pro-
ceedings of the Second International Conference on the
Abatement of Acidic Drainage, Montreal, Quebec,
Canada, Tome 1, pp. 47-68.

Hawkins, JW.and W.W. Aljoe, 1992. Pseudokarst
groundwater hydrologic characteristics of a mine spoil
aquifer. Mine Water and the Environment, v. 11, no.
2, pp. 37-52.

Helgeson, J.O. and A.C. Razem, 1980. Preliminary obser-
vation of surface-mine impacts on ground water in two
small watersheds in eastern Ohio. In: Proceedings of
the Symposium of Surface Mining Hydrclogy, Sedi-
mentology and Reclamation, Lexington, K'Y, December
1-5, 1980, pp. 351-360.

Herring, W.C., 1977. Groundwater re-establishment in
cast overburden. In: Proceedings of the Seventh Sym-
posium on Coal Mine Drainage Research, Louisville,
KY, pp. 77-87.

Ladwig, K.J. and P. Campion, 1985. Spoil water quality
variation at two regraded surface mines in Pennsylva-
nia. In: Proceedings of the 1985 Symposium on Sur-
face Mining Hydrology, Sedimentology and
Reclamation, Lexington, KY, pp.121-130.

Lindorff, D.E., 1980. Hydrogeology of surface coal mines
in llincis. In: Proceedings of the Symposium on Sur-
face Mining Hydrology, Sedimentology and Reclama-
tion, Lexington, KY, pp. 33-40.

MacKay, D.M. and J.A. Cherry, 1989. Groundwater con-
tamination: pump-and-treat remediation. Environ-
mental Science Technology, v. 23, no. 6, pp 630-636.

Mezga, L.J,, 1973. Hydrology and water balance of a par-
tially strip-mined watershed, WSD-19 of the Little Mill
Creek Basin, Coshocton, Ohio, with emphasis on flow
through spoil material. Unpublished Master's thesis,
Kent State University, 82 p.

Moran, S.R., J.A. Cherry, B. Rehm, and G.H. Groenewold,
1979. Hydrologic impacts of surface mining of coal in
western North Dakota. In: Proceedings of the Sympo-
sium on Surface Mining Hydrology, Sedimentology and
Reclamation, Lexington, KY, pp. 57-65.

Phelps, L.B., 1983. Characterization of mine spoil prop-
erties as tool for premining planning. In: Proceedings
of the 1983 Symposium on Surface Mining Hydrology,
Sedimentology and Reclamation, Lexington, KY, pp.
47-51.

Rahn, PH.. 1976. Potential of coal strip-ming spoils as
aquifers in the Powder River Basin, Old West Regional
Commission, Billings, Montana, Project No. 10470025,
108 p.



Chapter 3 - Hydrogeologic Characteristics of Surface-Mine Spoil

Razem, A.C., 1983. Ground-water hydrology before, dur-
ing, and after coal strip mining of a small watershed in
Coshocton County, Ohio. U.S. Geological Survey,
Water-Resources Investigation Report 83-4155. Co-
lumbus, OH, p. 36.

Razem, A.C., 1984. Ground-water hydrology and quality
before and after strip mining of a small watershed in
Jefferson County, Ohio. U.S. Geological Survey, Wa-
ter-Resources Investigation Report 84-4215. Columbus,
OH, p. 39.

Rehm, B.W., G.H. Groencwold, and K.A. Morin, 1980.
Hydraulic properties of coal and related materials,
Northern Great Plains, GROUNDWATER, v. 20, p.
217-236.

Rogowski, A.S. and H.B. Pionke, 1984, Hydrology and
water quality on stripmined lands. U.S. Environmental
Protection Agency, EPA-IAG-D5-E763, Washington,
D.C., p. 183,

Sweigard, R.J., 1987, Differential settlement of reclaimed
land in Illinois. In: Proceedings of the 1987 National
Symposium on Mining, Hydrology, Sedimentology, and
Reclamation, Lexington, KY, pp. 183-188.

3-11

Van Voast, W.A., 1974. Hydrologic effects of strip coal
mining in Southeastern Montana-Emphasis: One year
of mining near Decker. Bulletin 93, Montana College
of Mineral Science and Technology, Butte, MT, 24 p.

Weiss, J.S. and A.C. Razem, 1984. Simulation of ground-
water flow in a mined watershed in Eastern Ohio.

Wells, L.G., AD. Ward, and R.E. Phillip, 1982. Infiltra-
tion characteristics of Kentucky surface mine spoil and
soils. In: Procecdings of the 1982 Symposium on
Mining, Hydrology, Sedimentology, and Reclamation,
Lexington, KY, pp. 445-456.

Wunsch, DR. and J.S. Dinger, 1994. The hydrogeology
and hydrogeochemistry of the Star Fire Site, Eastern
Kentucky. In: Proceedings of the International Land
Reclamation and Mine Drainage Conference and Third
International Conference on the Abatement of Acidic
Drainage, Pittsburgh PA, Vol. 2, pp. 188-197.

Wunsch, D.R., J.S. Dinger and P.B. Taylor, 1992. Design,
construction, and monitoring of the ground-water re-
sources of a large mine-spoil area: Star Fire Tract,
Eastern Kentucky. Report of Investigations 6 Series XI,
Kentucky Geological Survey, Lexington, KY, 16 p.



Chapter 4

IMPACTS OF MINE DRAINAGE ON AQUATIC LIFE, WATER USES, AND
MAN-MADE STRUCTURES

Jane Earle and Thomas Callaghan
Department of Environmental Protection
Harrisburg, PA 17105

Introduction

“ ..The influx of untreated acid mine drainage into
streams can severely degrade both habitat and water
quality often producing an environment devoid of most
aquatic life and unfit for desired uses. The severity
and extent of damage depends upon a variety of factors
including the frequency, volume, and chemistry of the
drainage, and the size and buffering capacity of the
receiving stream”, (Kimmel, 1983).

Drainage from underground coal mines, surface
mines, and coal refuse piles is the oldest and most
chronic industrial pollution problem in the Appalachian
Coal Region. In 1995, 2425 miles (3902 km) of
stream in Pennsylvania did not meet EPA-mandated in-
stream water quality standards due to over a century of
mineral extraction (PA DEP, 1996). The unfavorable
repercussions of coal mine drainage in the northern
Appalachian Coal Region have been documented in the
literature for over a century. It is believed that the first
reference to what we now call acid mine drainage in
North America was made by Gabriel Thomas, who in
1698 reported: “...And I have reason to belicve that
there are good coals, also, for I observed the runs of
water which have the same colour as that which
proceeds from the mines in Wales...”

Pyrite in coal and overlying strata, when exposed to
air and water, oxidizes, producing iron and sulfuric
acid (Chapter 1). Ferric iron, when discharged to
surface water, hydrolizes to produce hydrated iron
oxide and more acidity. The acid lowers the pH of the
water, making it corrosive and unable to support many
forms of aquatic life. Acid formation is most serious
in areas of moderate rainfall where rapid oxidation and
solution of exposed minerals can occur. Indeed, of the
19,308 km of United States streams reported degraded
by acid mine drainage in 1970, 16,920 km or 88
percent were located east of the Mississippi River in
the Appalachian coal fields of Pennsylvania, West
Virginia, Ohio, eastern Kentucky, Tennessee,
Maryland, and Alabama (Wamer, 1970). Various
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impacts range in severity from isolated nuisance type
problems to severe water quality impacts affecting
large volumes of groundwater and miles of
watercourse. Impacted uses include agricultural
(irrigation and livestock), industrial, and potability of
water supplies along with recreational uses, scenic
resource appreciation, and aquatic organism habitat.
The aggressive nature of mine drainage may also result
in corrosion and incrustation problems with respect to
such man-made structures as pipes, well screens,
dams, bridges, water intakes, and pumps. The
compromising of well casings (water supply or oil and
gas wells) can be extremely troublesome because it can
then allow the migration and co-mingling of water from
one aquifer with another, often leading to inter- and
intra- aquifer contamination (Merritt and Emrich,
1970). Acidic mine drainage in particular can also be
toxic to vegetation when recharging to the shallow
groundwater system and soil water zones.

Effects of Mine Drainage and Metals on
Aquatic Macroinvertebrates and Fish

Mine drainage is a complex of elements that
interact to cause a variety of effects on aquatic life that
are difficult to separate into individual components.
Toxicity is dependent on discharge volume, pH, total
acidity, and concentration of dissolved metals. pH is
the most critical component, since the lower the pH,
the more severe the potential effects of mine drainage
on aquatic life. The overall effect of mine drainage is
also dependent on the flow (dilution rate), pH, and
alkalinity or buffering capacity of the receiving stream.
The higher the concentration of bicarbonate and
carbonate ions in the receiving stream, the higher the
buffering capacity and the greater the protection of
aquatic life from adverse effects of acid mine drainage
(Kimmel, 1983). Alkaline mine drainage with low
concentrations of metals may have little discernible
effect on receiving streams. Acid mine drainage with
elevated metals concentrations discharging into
headwater streams or lightly buffered streams can have
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a devastating effect on the aquatic life. Secondary
effects such as increased carbon dioxide tensions,
oxygen reduction by the oxidation of metals, increased
osmotic pressure from high concentrations of mineral
salts, and synergistic effects of metal ions also
contribute to toxicity (Parsons, 1957). In addition to
chemical effects of mine drainage, physical effects
such as increased turbidity from soil erosion,
accumulation of coal fines, and smothering of the
stream substrate from precipitated metal compounds
may also occur (Parsons, 1968; Warner, 1971).

Benthic (bottom-dwelling) macroinvertebrates are
often used as indicators of water quality because of
their limited mobility, relatively long residence times,
and varying degrees of sensitivity to pollutants.
Unaffected streams generally have a variety of species
with representatives of all insect orders, including a
high diversity of insects classed in the taxonomic
orders of Ephemeroptera (mayflies), Plecoptera
(stoneflies), and Trichoptera (caddisflies) (EPT taxa).
Like many other potential pollutants, mine drainage
can cause a reduction in the diversity and total
numbers, or abundance, of macroinvertebrates and
changes in community structure, such as a lower
percentage of EPT taxa. Moderate pollution eliminates
the more sensitive species (Weed and Rutschky, 1971).
Severely degraded conditions are characterized by
dominance of certain taxonomic representatives of
pollution-tolerant organisms, such as earthworms
(Tubificidae), midge larvae (Chironomidae), alderfly
larvae (Sialis), fishfly larvae (Nigronia), crancfly
larvae (Tipula), caddisfly larvae (Prilostomis), and
non-benthic insects like predaceous diving beetles
(Dytiscidae) and water boatmen (Corixidae) (Nichols
and Bulow, 1973; Roback and Richardson, 1969;
Parsons, 1968). While these tolerant organisms may
also be present in unpolluted streams, they dominate in
impacted stream sections. Mayflies are generally
sensitive to acid mine drainage; however, some
stoneflies and caddisflies are tolerant of dilute acid
mine drainage.

Fish are often used as indicators of pollution;
however, they are not as useful as macroinvertebrates
because of their greater mobility. Fish may
temporarily swim through a non-lethal impacted area
or away from a discharge of intermittent duration.

pH

Most organisms have a well defined range of pH
tolerance. If the pH falls below the tolerance range,

death will occur due to respiratory or osmoregulatory
failure (Kimmel, 1983). Low pH causes a disturbance
of the balance of sodium and chloride ions in the blood
of aquatic animals. At low pH, hydrogen ions may be
taken into cells and sodium ions expelled (Morris et al.,
1989). Mayflies are one of the most sensitive groups
of aquatic insects to low pH; stoneflies and caddisflies
are generally less sensitive to low pH. Mayflics and
stoneflies that normally live in neutral water experience
a greater loss of sodium in their blood when exposed to
low pH than do acid-tolerant species of stoneflies, such
as Leuctra and Amphinemura, whose sodium uptake is
only slightly reduced by low pH (Sutcliffe and
Hildrew, 1989).

Acid waters typically have fewer species and a
lower abundance and biomass of macroinvertebrates
than near-neutral pH waters. Attempts have been
made to specifically identify limiting factors, and two
factors investigated are interruption of the food chain
and direct effects of low pH levels on aquatic life.
Macroinvertebrates are often grouped by their feeding
habits, and assemblages of invertebrates in acidified
waters appear to be related to food availability. The
fauna of low pH streams is usually composed of
shredders (organisms that eat leaves that fall into the
stream), collectors (organisms that filter or gather
particles of organic matter from the water), and
predators. Low pH tends to climinate species that feed
on algae (scrapers or grazers). Low pH may inhibit
growth of bacteria which help break down leaves to
make them more easily digestible and which also serve
as a food source. These observations led early
investigators to theorize that low pH levels reduced the
food sources for invertebrates, thereby indirectly
reducing their numbers. This is partially true;
however, more recent studies have shown that direct
effects of low pH on aquatic life are more critical than
indirect effects on food sources (Rosemond et al |
1992).

Cooper and Wagner (1973) studied the distribution
of fish in Pennsylvama strcams affected by acid mine
drainage. They found fish species were severely
impacted at pH 4.5 to 5.5; ten species showed some
tolerance to pH 5.5 or less; 38 species were found at
pH 5.6 to 6.4; and 68 species were found only at pH
greater than 6.4 (Table 4.1). They found that a pH of
4.5 and total acidity of 15 mg/L accounted for
complete loss of fish in 90% of streams studied.
Although no concentrations of metals were taken into
account, Cooper and Wagner indicated that the
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Table 4.1 Order of appearance of 44 fish species in Pennsylvania streams with increasing pH levels. Sixty-eight additional
specics collected were never found at pH below 6.5 (Cooper and Wagner, 1973).

43 3.2
Ohio lamprey Creek chub
4.6 S.5
Chain pickerel Yellow perch
Golden shiner
White sucker 5.6
Brown bullhead Bluntnose minnow
Pumpkinseed Blacknose dace
4.1 S.9
Creek chubsucker Brown trout
Largemouth bass Longnose dace
Margined madtom
5.0 Tessellated darter
Brook trout Slimy sculpin

6.0 6.1
Stoneroller Cutlips minnow
Silverjaw minnow Fallfish
River chub
Common shiner 6.2
Silver shiner Redbreast sunfish
Rosyface shiner Rainbow darter
Mimic shiner Variegate darter
Northern hogsucker Mottled sculpin
Rock bass
Smallmouth bass 6.4
Greenside darter Redside dace
Fantail darter Spotfin shiner
Johnny darter Spottail shiner
Banded darter Pearl dace
Blackside darter Green sunfish

absence of fish in acidified waters can be related to
dissolved metals at certain pH levels. They also
indicated that sulfates, a major constituent of acid mine
drainage, did not become toxic to fish until
concentrations exceeded the saturation level of several

thousand mg/L.

The primary causes of fish death 1n acid waters 1s
loss of sodium ions from the blood and loss of oxygen
in the tissues (Brown and Sadier, 1989). Acid water
also increases the permeability of fish gills to water,
adversely affecting gill function. Ionic imbalance in
fish may begin at a pH of 5.5 or higher, depending on
the tolerance of the species; severe anoxia will occur
below pH 4.2 (Potts and McWilliams, 1989). Low pH
that is not directly lethal may adversely affect fish
growth rates and reproduction (Kimmel, 1983).

Metals

Heavy metals can increase the toxicity of mine
drainage and also act as metabolic poisons. Iron,
aluminum, and manganese are the most common heavy
metals which can compound the adverse effects of
mine drainage. Heavy metals are generally less toxic
at circumncutral pH. Trace metals such as zinc,
cadmium, and copper, which may also be present in
mine drainage, are toxic at extremely low
concentrations and may act synergistically to suppress
algal growth and affect fish and benthos (Hoehn and
Sizemore, 1977). Some fish, such as brook trout, are
tolerant of low pH, but addition of metals decreases
that tolerance. In addition to dissolved metals,
precipitated iron or aluminum hydroxide may form in
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streams receiving mine discharges with elevated metals
concentrations. Ferric and aluminum hydroxides
decrease oxygen availability as they form; the
precipitate may coat gills and body surfaces, smother
eggs, and cover the stream bottom, filling in crevices in
rocks, and making thc substratc unstablc and unfit for
habitation by benthic organisms (Hochn and Sizemore,
1977). Scouring of iron flocculant increases turbidity
and suspended solids and may inhibit fish feeding.

Aluminum rarely occurs naturally in water at
concentrations greater than a few tenths of a milligram
per liter; however, higher concentrations can occur as a
result of drainage from coal mines, acid precipitation,
and breakdown of clays (Hem, 1970). The chemistry
of aluminum compounds in water is complex.
Aluminum combines with organic and inorganic ions
and can be present in several forms. Aluminum is least
soluble at a pH between 5.7 and 6.2; above and below
this range, aluminum tends to be in solution (Hem,
1970; Brown and Sadler, 1989).

Most information on the effects of low pH and
aluminum on aquatic life is based on studics of acid
precipitation, such as those summarized in Hames
(1981), Morris et al. (1989), and Mason (1990). Of
the three major metals present in mine drainage,
aluminum has the most severe adverse effects on
stream aquatic life. The addition of aluminum ions
compounds the effect of low pH by interacting with
hydrogen ions, further decreasing sodium uptake, and
increasing sodium loss in blood and tissues. High
calcium concentrations generally reduce mortality and
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sublethal effects of low pH and elevated aluminum by
reducing the rate of influx of hydrogen ions into the
blood. Streams most susceptible to degradation from
elevated aluminum, however, normally have low
concentrations of calcium.

Stream investigations by the author have indicated
that a combination of pH less than 5.5 and dissolved
aluminum concentration greater than 0.5 mg/L will
generally eliminate all fish and many
macroinvertebrates. Fishflies, alderflies, and several
genera of stoneflics, caddisflies, and true flies
(particularly within the family Chironomidae) are
tolerant of low pH and high dissolved aluminum.
Mayflies are the aquatic insects most affected by a
combination of low pH and acidic water. Some
exceptions do occur, for example, the mayflies
Ameletus and Ephemerella funeralis are tolerant of
slightly acidic water, especially at low aluminum
concentrations (less than 0.2 mg/L). Aluminum is
most toxic to fish at pH between 5.2 and 5.4 (Baker
and Schofield, 1982).

Streams with precipitated aluminum usually have
lower numbers and diversity of invertebrates than
streams with low pH and high dissolved aluminum.
Precipitated aluminum coats the stream substrate,
causing slippery surfaces and difficulty for insects to
maintain position in the current. Aluminum precipitate
can also be directly toxic to macroinvertebrates and
fish. Rosemond et al. (1992) stated that deposition of
aluminum hydroxide particles on invertebrates blocks
surfaces important for respiratory or osmoregulatory
exchange. Aluminum precipitate also eliminates most
of the filter feeders, such as Hydropsychid caddisflies,
which normally comprise a major portion of total
stream macroinvertebrates. Precipitated aluminum can
also accumulate on fish gills and interfere with their
breathing (Brown and Sadler, 1989).

Iron is a common component of mine drainage
which can have a detrimental effect on aquatic life.
Like aluminum, iron can be present in several forms
and combines with a varicty of other ions. The impact
of mine drainage containing elevated iron on aquatic
ecosystems is complex. Little animal life may be
found in streams with the lowest pH (under 3.5) and
elevated dissolved iron concentrations. Alderflies,
fishflies, dipterans, and aquatic earthworms will be
present if the pH rises slightly. With further increases
in pH, a more diverse assemblage of
macroinvertebrates may be present, although total
numbers may be lower than in nondegraded streams

(Table 4.2 and Figure 4.1). Wiederholm (1984),
Letterman and Mitsch (1978), and Moon and Lucostic
(1979) presented results of research on the effects of
mine drainage and elevated iron on aquatic life.

Iron precipitates at a pH greater than 3.5 and does
not reenter solution at higher pH. Because iron can
form precipitates at a lower pH than aluminum and can
be present in streams with pH less than 4.5, separating
the cffect of iron from the cffect of low pH is difficult.
Precipitation of ferric hydroxide may result in a
complete blanketing of the stream bottom, adversely
affecting both macroinvertebrates and fish (Hoehn and
Sizemore, 1977). The severity is dependent on stream
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pH and the thickness of the precipitate. Generally, the
effect of precipitated iron is less severe in alkaline
conditions. Many fish and macroinvertebrates are
tolerant of iron precipitate in alkaline water; however,
total numbers and diversity are usually lower than in
unaffected streams. Koryak et al. (1972) found that
ferric hydroxide greatly diminished total biomass of
benthic organisms and limited fish populations in
streams with survivable pH levels. The caddisfly
genus Hydropsyche, which is generally sensitive to low
pH, can live in alkaline streams with iron precipitate.
The Hydropsychid caddisfly Diplectrona, however, is
tolerant of iron precipitate and pH less than 5.0.
Mayflics are generally more tolerant of alkaline mine

drainage than acid mine drainage. Mayflies such as
Ephemerella, Baetis, Attenella, and Acentrella may be
found in alkaline streams with iron precipitate.
Acroneuria and Paragnetina stoneflies are tolerant of
alkaline water with iron precipitate but are intolerant of
acid (Table 4.2). Since iron precipitate particles often
cover the bodies of macroinvertebrates that otherwise
appear healthy, the iron precipitate itself appears to be
less toxic than aluminum precipitate. Smallmouth
bass, rock bass, creek chub, johnny and rainbow
darter, white sucker, common shiner, and river chub

are some fish species that can be found in alkaline
water with iron precipitate.

Table 4.2 Representatives of macroinvertebrate, fish, and algae communities in unaffected streams, streams

impacted by acid mine drainage, stream recovery zones,
precipitate,

and streams with alkaline mine drainage and iron

pH <3.5 high dissolved iron

UNAFFECTED STREAM A diversity of aquatic insect orders
UPSTREAM OF DISCHARGE Abundance of EPT taxa (mayflics, stoneflics,
caddisflies) and other orders
Variety of fish species, depending on habitat
ACID MINE DISCHARGE

STREAM pH 3.5 - 4.5
IRON PRECIPITATE

Elimination of most EPT taxa

Dominance by midges (Chironomidae)

Also present: alderfly (Sialis), fishfly (Nigronia),
diving beetles (Dytiscidae), water bugs (Corixidae)
Algae: Euglena, Ulothrix, Pinularia, Eunotia

No Fish

LIMITED RECOVERY
STREAM pH 4.5 - 5.5

More insect orders represented

Stoneflies: Leuctra, Amphinemura

Caddisflies: Diplectrona, Lepidostomis, Polycentropus,
Blackflies (Simuliidae),

Craneflies (Tipulidae)

At higher pH range: Mavfly: Ameletus;,

Fish: creck chub, white sucker, blacknose dace, brook
trout

RECOVERY ZONE
STREAM pH 5.7 - 6.0

Additional EPT taxa: Acroneuria, Stenonema,
Ephemerella funeralis, Elmid Bectles
Algae: Diatoms, Flagellates, Green algae, Oscillatoria

FURTHER RECOVERY Variety of EPT taxa: Ephemerella, Baetis, Isonychia,
STREAM pH > 6.0 Acentrella, Attenella, Hydropsyche
Variety of fish species
ALKALINE OR NEUTRALIZED MINE Variety of EPT taxa may be present;
DRAINAGE STREAM pH > 6.0 But usually low abundance
IRON PRECIPITATE Ephemerella, Baetis, Acentrella, Paragnetina,

Acroneuria, Leuctra, Cheumatopsyche, Hydropsyche,
Elmid beetles, Corydalus

Variety of fish species, reduced numbers: creck chub,
river chub, white sucker, johnny darter, rainbow darter,
rock bass, smallmouth bass, pumpkinseed

Sources: Roback and Richardson, 1969; Parsons, 1968;
investigations by author.

Warner, 1971; Kimmel, 1983; and stream
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Manganese is another metal that is widely
distributed in mine drainage. Manganese can be
present in a variety of forms and compounds and
complexes with organic compounds. Manganese is
difficult to remove from discharges because the pH
must be raised to above 10.0 before manganese will
precipitate. Manganese, therefore, is persistent and
can be carried for long distances downstream of a
source of mine drainage. Less information is available
on the effects of elevated manganese concentrations on
aquatic life than the effects of iron and aluminum.
Perhaps this is because manganese in ming drainage is
usually associated with other metals which may have a
more deleterious effect or mask the effect of the
manganese. Manganese discharge limits have
traditionally been based on the objectionable
discoloration effects of manganese at concentrations as
low as 0.2 mg/L in water supplies rather than effects
on aquatic life.

Kleinmann and Watzlaf (1988) summarized the
results of manganese toxicology tests on fish and
invertebrates. They concluded that manganese
tolerance limits for fish reported in the literature varied
widely and that the lowest toxic concentrations were
reported in watersheds with very low levels of
hardness. They reported that several researchers found
that hardness concentrations as low as 10 mg/L
protected fish from adverse effects of manganese.
Bioassay tests on invertebrates produced tolerance
rates for manganese ranging from 15 to 50 mg/L,
depending on the test organism.

The less common precipitated form of manganese
may be more toxic than the dissolved form. Werner et
al. (1982) noted the presence of precipitated
manganese hydroxide which formed a black coating
over the substrate of a Pennsylvania stream receiving
mine drainage. They reported that the precipitate along
with siltation significantly lowered macroinvertebrate
species diversity and changed the stream community
structure.

Summary

Mine drainage effects on aquatic life vary widely,
from elimination of all but the few most tolerant algae,
macroinvertebrates, and fish, to little or no effect. The
most severe effects are caused by high volume, low pH
discharges with high concentrations of dissolved metals
that drain into lightly buffered streams and produce
accumulations of precipitated iron or aluminum. Little
or no effect may occur from low volume or alkaline
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discharges with relatively low concentrations of metals
that drain into moderate or highly buffered streams.

Water Uses and Man-Made Structures

“Mine drainage can be considered to be an unstable
aqueous system undergoing continuous change. The
composition reflects not only its origin but also what it
encounters along its flow path and forms the most
important criteria for the selection and design of
control systems and/or treatment facilitics. Subject to
the location of the sample collection with respect to
point of pyrite solubilization, such a solution has; been
diluted, dissolved additional mineral components,
undergone internal reaction which may have deposited
ferric oxyhydroxides in its stream bed and possibly
been mixed with other pollution sources, domestic,
industnial, or agricultural.” (Lovell, 1976).

Chemical Impacts on Potable and Industrial Water
Supplies

The following is a quote from a 1937 report on the
detrimental aspects of mine drainage: “...the acid water
caused excessive corrosion of the federal navigation
locks and dams, ships and barges, bridges and culverts,
pipelines and plumbing. The acid, iron sulfate, and
iron oxide (red water) often destroyed all fish and
aquatic life, interfered with nature’s self-purification of
the streams sometimes perhaps favorably, in other
cases detrimentally, made water unfit for drinking or
houschold purposes, and caused unsightly reddish
brown spots on fabrics in laundries and textile factories
and scum in washbowls, sinks and tubs. The water
was destructive, scale forming, and unsuitable for use
in locomotive and power plant boilers, in
manufacturing industries, and in municipal
waterworks...” (Hodge,1937).

In areas where surface and groundwaters have been
contaminated by mine drainage, treatment of water
supplies becomes more difficult, more time consuming,
and more expensive. Listed below are constituents
which are typically elevated in mine drainage or in
groundwater recharged by mine drainage and their
properties which can render a municipal or domestic
water supply unusable without treatment, unpalatable,
or aesthetically offensive.

Iron - The taste threshold of iron in water has been
given as 0.1 and 0.2 mg/L of iron from ferrous sulfate
and ferrous chloride respectfully. It has been reported
that ferrous iron imparts a taste at 0.1 mg/L and ferric
iron at 0.2 mg/L. Staining of plumbing fixtures occurs
at 0.3 mg/L. Certain animals are sensitive to minor
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changes in iron concentration. Cows will not drink
enough water (taste threshold 0.3 mg/L) if it is high in
iron, and consequently, milk production is affected
(Dairy Reference Manual, Third Edition, 1995).

pH - The hydrogen ion concentration can affect the
taste of water. At a low pH water tastes sour. The
bactericidal effect of chlorine is weakened as pH
increases and it is advantageous to keep the pH closc to
7. Water with a pH below 7.0 is corrosive to plumbing
and can result in constituents such as copper, zinc,
cadmium, and lead being dissolved in drinking water.

Sulfate - High sulfate levels in water may have
laxative effects and cause taste and odor problems.

Total Dissolved Solids (TDS) - Excessive TDS in
drinking water is objectionable because of possible
physiological effects and unpalatable mineral tastes.
Physiological effects related to TDS include laxative
effects, effects on the cardiovascular system, and
toxemia associated with pregnancy.

Manganese - Elevated manganese causes several
specific problems when encountered in drinking water,
such as unpleasant tastes, deposits on food, laundry
staining, reduction in water main capacity, and
discoloration of porcelain fixtures. Staining may occur
at concentrations above 0.5 mg/L.

The major problem of most industrial water users is
corrosion control. As discussed previously, increased
acidity has been found to accelerate the corrosion of
industrial water-using equipment, navigational
equipment, buried transmission lines, and ordinary
metal structures such as culverts, bridges, and pumps
(Appalachian Regional Commission, 1969; and Skelly
and Loy, 1973). Scale formation {(incrustation)
produced by increased water hardness reduces the heat
exchange cfficiency of boilers (Skelly and Loy, 1973).
Elevated iron and manganese concentrations interfere
with textile dyeing and metal plating (Appalachian
Regional Commission, 1969).

Corrosion and Incrustation of Wells, Pipes, and
Other Metal Structures

Damage to plumbing done by corrosive water
represents a major expense to utilities and water users.
The following is a list of indicators of corrosive water
with respect to metal casings, screens, and other metal
fixtures and conveyance devices: (Driscoll, 1986)

1. Low pH. pH below 7.0.

2. Dissolved oxygen. If dissolved oxygen in
groundwater exceeds 2 ppm, corrosive water is
indicated. Dissolved oxygen is likely to be found in

shallow water table wells.

Hydrogen sulfide. Less than 1 ppm can cause
severe corrosion and this amount can be detected by
odor or taste. The presence of hydrogen sulfide can
be detected readily from its characteristic rotten-cgg
odor.

Total dissolved solids Above 1000 ppm, the
clectrical conductivity of the water is great enough
to cause serious electrolytic corrosion.

Carbon dioxide above 50 ppm.
Chlorides above 500 ppm.

As is evident by comparing the chemical signature
of mine drainage with the list of corrosion indicators,
the groundwater environment in areas affected by mine
drainage (Chapter 1) has the potential to be highly
corrosive. There are two recognized types of
corrosion; chemical and electrochemical.

Chemical corrosion occurs when a particular
constituent is present in water in sufficient
concentration to cause rapid removal of material over
broad areas. Chemical corrosion can cause severe
damage regardless of the amount of total dissolved
solids (Driscoll, 1986).

A second type of corrosion known as
electrochemical corrosion is more prevalent. Two
conditions are necessary for electrochemical corrosion
to proceed; a difference in electrical potential on the
surface of the metal(s), and water with enough
dissolved solids content to act as a conductor. A
difference in electrical potential can occur between two
different metals or on the surface of the same metal in
areas around joints, machine cuts, exposed threads, or
breaks in surface coatings. (Driscoll, 1986)

Incrustation is a second major problem for wells,
pumps and associated metal structures which is related
to water quality. The kind and amount of dissolved
minerals and gases in natural waters determine their
tendency to deposit mineral matter as incrustation.
The major forms of incrustation include; (1)
incrustation from precipitation of calcium and
magnesium carbonates or their sulfates; (2)
incrustation from precipitation of iron and manganese
compounds, primarily their hydroxides or hydrated
oxides; and (3) plugging caused by slime-producing
iron bacteria or other slime-forming organisms.
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(Driscoll, 1986) Chemical incrustation usually results
from the precipitation of carbonates, principally
calcium, from groundwater in the proximity of the well
screen. Other substances, such as aluminum silicates
and iron compounds, may also be entrapped in the
scalelike carbonates that cement sand grains together
around the screen. The deposit fills the voids, and the
flow of water into the well is reduced proportionally.

Iron and manganese incrustation is another common
problem in pumping wells. During pumping, velocity-
induced pressure changes can disturb the chemical
equilibrium of the groundwater and result in the
deposition of insoluble iron and manganese hydroxides.
these hydroxides have the consistency of a gel, and
may occupy relatively large volumes; over time, they
harden into scale deposits.

Indicators of incrusting groundwater are:
1. pH - pH above 7.5

. Carbonate hardness- If the carbonate hardness of
the groundwater exceeds 300 ppm, incrustation due
to deposition of calcium carbonate is likely

. Iron- If the iron content of the water exceeds 2
ppm, incrustation due to precipitation of iron is
likely.

. Manganese - If the manganese content of the water
exceeds 1 ppm, coupled with high pH, incrustation
is extremely likely if oxygen is present (Driscoll,
1975).

Another common problem with well casings,
screens, mains, and pipelines in the coal measures is
the formation of iron bacteria in openings or adjacent
areas due to elevated iron and/or manganese in the
local groundwater. Crenothrix, Gallionella, and other
iron bacteria utilize iron as a source of energy and
store it in their microbial protoplasm. Problems are
generally encountered at iron concentrations above 0.2
mg/L. These bacteria can become so numerous in the
conveyance system that clogging can occur with
resultant flow loss. Iron bacteria thrive best in the
dark and are found most frequently in water containing
little or no oxygen and a considerable amount of
carbon dioxide along with dissolved iron. These
bacteria obtain their energy by oxidizing ferrous ions
to ferric ions. Precipitation of the iron and rapid
growth of the bacteria create a voluminous material
that quickly plugs any openings.

Durability of Concrete Structures

Two of the principal aggressive factors which affect
the durability of concrete structures and arc also a
common by-product of mining in the eastern coal
measures are sulfates and acidity. Problems resulting
from acid attack to concrete are dependent on the
following variables: (1) total acidity and pH of
groundwater and (2) groundwater replenishment rate.
When in contact with portland cement concrete, acid
will attack the exposed surface and be neutralized by
the alkalinity of the concrete. A given quantity of an
acid will destroy a given mass of concrete, in
proportion to the total alkalinity of the concrete.
Without acid replenishment, the reaction stops. In
static groundwater conditions acidity is the governing
parameter, however the greater the anticipated
movement of groundwater the greater is the
replenishment rate of acid and the more important is
the role of pH.

As a guideline, a pH of 5.0 and total acidity of 25
milligram equivalents per 100 grams of soil indicates a
potentially aggressive groundwater situation. {Bealy,
1980). Such conditions would require a more
comprehensive analysis of installation characteristics
to determine if countermeasures are necessary to insure
durability.

Sulfates in soil, groundwater, or mine effluents can
be highly aggressive to portland cement concrete by
combining chemically with certain constituents of the
concrete, principally C;A, to form calcium
sulfoaluminate. This reaction is accompanied by
expansion and eventual disruption of the concrete. If
the concrete mass is dense, the action is superficial,
such as rust on the surface of metal. If the concrete is
porous, the action can be progressive through the mass.
The stronger the sulfate concentration, the more active
the corrosion (Table 4.3).

Table 4.3 Attack on Concrete by Waters Containing
Various Sulfate Conc. (Bealy, 1980).

Relative Degree of SO, PPM Sulfate in Water
Attack Samples
Negligible 0to 150
Positive 150 to 1500
Severe 1500 to 16000
Very Severe 10000 or more
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Chapter 5

PLANNING THE OVERBURDEN ANALYSIS

Joseph M. Tarantino® and Dennis J. Shaffer®
'Pennsylvania Department of Environmental Protection, Knox, PA 16232
%Fike Associates, Inc. Clarion, PA 16214

Introduction

This chapter discusses when and where overburden
analysis (OBA) is nceded and how OBA can be used
as one of the tools in the prediction of mine drainage
quality. It also describes procedures for overburden
sampling and sample handling. Sampling is addressed
from a practical experience-oriented perspective, rather
than theoretical.

The results of overburden analyses are generally
used in two ways:

1. as a permitting tool and
2. as a management toof.

Applications of these tools are discussed in other
chapters in this volume,

Purpose of OBA
Permitting Tool
As a permitting tool, OBA can be used to:

1. demonstrate that the proposed mining can be ac-
complished without causing pollution to surface or
ground water;

2. assess the probable cumulative impacts of mining
on the hydrologic balance; and,

3. aid in the design of the mining and reclamation plan
to prevent or minimize damage to the hydrologic
balance within and outside the proposed permit
area,

Pennsylvania regulations require an OBA to be
submitted for a mine site unless it is determined by the
Department that “it has equivalent information...” (25
PA Code Chapter 87, §87.44). OBA is seldom waived
for sites that meet any of the following criteria:

1. the proposed mine site lies within a High Quality,
Exceptional Value, Wilderness Trout Stream, or
other stream sensitive to mining impact;
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2. the proposed mine site is in close proximity to a
public water supply or mining has the potential to
impact a public water supply or numerous private
water supplies;

3. postmining water quality data in the watershed on
the seam(s) of interest is poor or unavailable;

4. there is a history of acid mine drainage (AMD) in
the local area, and the applicant is proposing to
mine the same seams that caused AMD in the past;

5. alkaline materials: ¢.g., limestone or calcareous
shale, sandstone, or siltstone, are proposed to be
removed from the mine site.

OBA Waivers

When the proposed mine site does not meet any of
the above criteria, waiving of the requirement for OBA
may be considered. A waiver request must show that
there is equivalent information available. The Depart-
ment of Environmental Protection’s Bituminous Sur-
face Mine application requires that the request include:

1. a discussion of the relationship between the pro-
posed mine site and the five categories discussed
above;

2. an explanation of the existing hydrogeologic infor-
mation that supports the waiver (for example,
stratigraphy, water chemistry, and ncarby overbur-
den analyses); and

3. previous mining history on the watershed or adja-
cent areas (including percentage or relative acreages
of mined and unmined portions of the watershed)
and the postmining water quality associated with the
proposed seams (including specific examples).

Other geochemical clues, such as water quality from
previously mined areas, can often help support a re-
quest for a waiver of overburden analysis. These other
prediction tools and how they are used are discussed in
Chapters 8, 9, and 10.
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Management Tool

As a management tool OBA can be used to:

. calculate alkaline addition rates;
. determine the distribution of pyritic zones which

may require special handling or avoidance;

. identify alkaline zones which can be incorporated

into a2 mining plan to prevent acidic drainage; and,

. determine mining feasibility, including potential

environmental impacts, before investing a large
amount of money in leasing (advance royalties) and
permit application preparation.

With proper planning, performing OBA as a manage-
ment tool also may satisfy permitting requirements if a
decision is made to proceed with an application to
mine.

Information Needed to Conduct an OBA
The site specific mining data needed to properly

plan an OBA includes:

L.

Mining limits:

a. boundaries of the proposed area to be affected
by coal removal,

b. proposed maximum highwall heights;

c. type of mining - for example, contour/block cut
or hill top removal; and

d. accessibility.

. Geologic considerations such as coal seam identifi-

cation, depth of weathering, and stratigraphic
variation.

. Information that is available in the permit files of

the District Mining Offices, such as water quality
data from previous permits or applications covering
the same or adjacent arcas.

. OBAs from the same or adjacent areas.

. Publications of the Pennsylvania Topographic and

Geologic Survey, United States Geologic Survey
(USGS), the former United States Bureau of Mines
(USBM), US Army Corps of Engineers, and Previ-
ous Mine Drainage Pollution Abatement Watershed
projects conducted under Operation Scarlift funded
under Act #443, entitled the "Land and Water Con-
servation and Reclamation Act" from the late 1960s
and early 1970s. These publications can include in-
formation such as:
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a. coal-bed outcrop maps,

b. generalized stratigraphic sections,
¢. coal scam isopach maps,

d. structure contour maps.

Particularly useful publications include "Map
61" the “Atlas of Preliminary Geologic Quadrangle
Maps of Pennsylvania,” (Thomas M. Berg and
Christine M. Dodge), and Mineral Resource Re-
ports M86, M89, M90, M91, M92, M93, M94,
M96 and M98 which are about the coal resources
of Greene, Allegheny, Butler, Fayette, Clarion,
Washington, Westmoreland, Cambria and Blair,
and Indiana Counties respectively. These publica-
tions are distributed by the Burcau of Topographic
and Geologic Survey and are available from the
State Book Store. Additional sources of informa-
tion can be identified from the “Pennsylvania Geo-
logical Publications.” This catalogue is published
by the Burcau of Topographic and Geologic Survey
and contains listings of many of the geologic reports
written about Pennsylvania.

Old and current deep mine maps are available
from the Office of Surface Mining, Appalachian
Region Coordination Center, at 3 Parkway Center,
Pittsburgh, PA; Pennsylvania Bureau of District
Mining Operations, Division of Decp Mine Permit-
ting in McMurray; and Pennsylvania Bureau of
Deep Mine Safety in Pottsville and Ebensburg,
These agencies have map repositories containing
prints, originals, and microfilm. Copies of these
documents are readily obtained. These repositories
include the Works Progress Administration
(W.P.A)) deep mine maps prepared in the 1930s,
These maps cover nearly all the coal ficlds. Each
map covers an area that is 1/9 of a 15' quadrangle.
In addition to showing mining limits, deep mine
maps frequently show structure contours. This in-
formation can be very helpful in planning OBA
drilling.

Other considerations in developing an OBA drilling

plan include:

a. Exploration equipment. It is important to under-
stand the errors that are likely with different
types of drilling equipment. These differences
will have an impact on the ability to obtain unbi-
ased representative samples. The choice of ex-
ploration equipment is also important in
establishing costs.
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b. The type of overburden analysis to be per-
formed. This is important in knowing how much
sample is required for the specific type of testing
to be employed, and the time needed to analyze
the samples.

¢. Time constraints. For example, air rotary drill-
ing is normally faster than coring.

d. Economic constraints. For example, air rotary
drilling is generally less expensive than coring.

Preparing an OBA Proposal

The obvious and most frequently asked questions
that operators and consultants have when preparing an
OBA proposal are:

1. Should holes be drilled for OBA?
2. How many OBA holes are needed?
3. Where should they be drilled?

Once these details have been worked out, preliminary
work can be started.

The first step in the development of an OBA pro-
posal is to plan for the drilling. While there may ap-
pear to be savings associated with performing the
drilling for the overburden analysis at the same time as
the initial exploration drilling, it is generally preferable
to exploratory drill the entire site first. This prelimi-
nary drilling enables the determination of cover heights
and the lateral extent of the various lithologies. This
information can then be used to better locate the over-
burden holes to represent lithologic variation and de-
gree of weathering within the site. If research and
exploration are done prior to drilling the OBA holes, it
is less likely that there will be a need to drill additional
OBA holes later in the permitting process.

Areal Coverage---Number of Holes per Ac (ha)

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

Number of ac (ha) to be mined Number of
100 ac (40.47 ha) +2=Overburden Holes

If the first part of the equation resulted in a frac-
tion, it was rounded to the closest whole number. For
example:

143 ac 579ha
100ac +2=3 or
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4999 ac 202 ha
100ac +2=2 or 405ha +2=2
179 ac 724 ha
100ac +2=4 or 405ha +2=4

This method included the assumption that, for
mines where OBA was requested, at least 2 holes were
needed to determine whether the drilling was represen-
tative. This two hole minimum is still in use. More
recent data show that the actual sampling density for
acid base accounting (ABA) drill holes is greater than
the “rule of thumb.” A recent survey of overburden
hole coverage revealed that on average there was one
hole for each 15.3 ac (6.3 ha) of coal removal for 38
sites (Table 5.1).

Table 5.1 Number of acres per OBA hole based on data from
Brady et al., 1994.

{n=38 coal acreage | number of ac (ha) per
(ha) oba hole

mean 43,5 (17.6) 155 (6.3)

median 30.3(12.3) 11.9 (4.3)

minimum 5.0 (2.0) 2.3(0.9)

maximum 172.5 (69.8) 44.9 (18.2)

std. Dev. 38.0 (15.4) 10.6 (4.3)

A similar survey of 31 Small Operator Assistance
Program (SOAP) applications received in the 1993
calendar vear revealed that on average there was one
hole for each 18.8 ac (7.6 ha) of coal removal, Table

5.2.

Table 5,2 Number of acres per OBA hole based on SOAP
applications received in 1993.

n=31 coal acreage | number of ac (ha) per
(ha) oba hole

average 72.6 (29.4) 18.8 (7.6)

median 55.0(22.3) 15.7(6.4)

minimum 6.0 (2.9 3.0(L.2)

Imaximum | 220.0 (89.0) 535217

[std. Dev. | 54.6 (22.1) 12.3 (5.0)

The above tables give an idea of the range of sam-
pling intensity used in Pennsylvania. The ranges in the
data are due to a multitude of factors. These include
stratigraphic complexity of the site, shape of the site,
and availability of other prediction tools. The data
apply only to permit applications that had overburden
analysis data. Approximately 30 to 40% of applica-
tions do not require submittal of overburden analysis
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because of the availability or equivalent prediction
data.

Operational Considerations

The overburden analysis drilling program must ac-
curately represent the overburden to be encountered.
Therefore, the overburden holes must be located within
the limits of the proposed mining area. Some holes
must be located at maximum highwall conditions, and
the holes must represent all of the strata to be encoun-
tered by mining.

Other holes should be located under low and aver-
age cover conditions to provide representative sampling
of the overburden where zones may be missing or
which may have been altered due to surface weather-

ing.
Stratigraphic Variation

It is important to provide enough drill holes to ade-
quatcly represent the site, including any spatial
lithologic variation. One of the first references to the
minimum overburden hole spacing was contained in the
West Virginia Surface Mine Drainage Task Force’s
“Suggested Guidelines for Surface Mining in Poten-
tially Acid-Producing Areas” (1978), which recom-
mended that all surface mining in potentially acid
producing areas be within 1 km (approximately 3300
ft) of a sampled overburden analysis hole or highwall.

Donaldson and Renton (1984) and Donaldson and
Eble (1991) indicated that although cores spaced up to
2 mi. (3 km) apart in the Pittsburgh coal were adequate
to reflect major thickness and sulfur trends, this spac-
ing was not adequate for mine design. They felt that
lateral Pittsburgh coal bed sampling at intervals on the
order of 1200 to 1400 fi (365 to 427 m) or less than
500 ft (152 m) for the Waynesburg coal along with
geostatistics are necessary to determine small-scale
sulfur content trends.

The Problem of Obtaining Representative Samples

The maximum thickness of each lithologic unit to
be represented by one vertical sample interval will be
discussed later under “Compositing and Laboratory
Preparation.” It is also discussed on pages 29 to 30 of
Part 1 “Collection and Preparation of Sample” in the
“Overburden Sampling and Testing Manual” by Noll
ct al. (1988).

Noll et al. (1988) do not however discuss the subtle
complexity of ensuring accurate, non-biased, repre-
sentative samples. It does stress that it is critical that
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100% of the sample volume be included for a sample
interval for compositing purposes, because of possible
geochemical variations within the three foot (0.9 m)
interval. The ultimate sample size used in Acid Base
Accounting (ABA) is 1 g for total percent sulfur and 2
g for the neutralization potential (NP) test. Therefore,
assuming no loss or contamination of the zone being
sampled, only 1 g to 2 g are tested out of 2 25,550 g
sample (based upon a 4.5 in. (11.4 cm) diameter drill
bit and using an average rock density of 170 lbs/ft®
(2,723 kg/m’)).

In reality, this 1 g to 2 g represents a lithologic unit
in a drill hole which itself may extend laterally to 25 ac
(10 ha) and up to a haif a billion grams of material.

To better comprehend this degree of representativeness,
consider the following analogy: It is equivalent to
evaluating the quality of an apple crop by examining
one apple in a 7,000 acre (2,833 ha) orchard - for ex-
ample, an average of 238,000 1bs of apples per ac and
approximately 3 apples per Ib. (U.S. Dept of Agricul-
ture personal communication, 1996). There has been
extensive literature, and, in fact, a complete science
integrating geology and statistics to spatial sampling
and the determination of optimal sampling patterns for
estimating the mean value of spatially distributed geo-
logic variables. For information on geostatistics the
authors suggest Journel and Huijbregts (1981),
Webster and Burgress (1984), and J.C. Davis (1986).

Fortunately, the geologic systems responsible for
the deposition and alteration of the sediments and their
chemical quality do not operate in a completely random
fashion at the cubic centimeter level and, thus, do not
produce overburden samples which are statistically
independent. Although there are exceptions, most of
the geologic systems, especially those which produce
calcareous material, operate over large areas with some
degree of order, and deposit laterally pervasive units
(Caruccio et al., 1980). Lateral continuity has also
been observed in high sulfur strata. Facies changes
can provide variations in 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 areal extent of any alkaline
or acidic material, high energy paleodepositional envi-
ronments (for example, channel sandstones), and the
degree or depth of weathering. Adequate exploratory
drilling is essential to the development of a representa-
tive overburden sampling plan.



Chapter 5 - Planning the Overburden Analysis

A recent study suggested that the sulfur is not uni-
formly distributed in a homogeneous fashion, but is
controlied by the nugget effect; i.¢., distributed in
clusters of hot spots similar to large chips or chunks of
chocolate in a cake. If this is the case, accurately de-
termining the mean percent total sulfur of a particular
stratum may be difficult, which could in turn lead to
under-predicting the potential to produce AMD (Rymer
and Stiller, 1989). It could also result in under pre-
dicting the site’s alkaline potential.

Concem over the nugget effect may be over-
emphasized. The concentration of total sulfur at a
mine site may not be the critical factor of whether or
not AMD will be produced. The acidity produced in
laboratory experiments appears only to be strongly
related to percent total sulfur for sulfur values above
1.0 parts per thousand (ppt) with acidity production
being negligible for sulfur of lesser value unless there
is a paucity of NP (Rose et al., 1983). Department
experience has shown that, in the field, sulfur as low as
0.5% (and possibly somewhat less) can be a problem.
As discussed in Chapter 11, the presence of significant
NP appears to be a more critical factor, than percent
sulfur.

The tendency for the mean percent total sulfur at a
site to be skewed to the right is probably just a natural
distribution of data involving the plotting of a quantity
where the left boundary or minimum abscissa is zero,
and there is essentially no right boundary. For exam-
ple, most sulfur values in coal overburden are less than
0.5%; a rare few are as high as 10 to 20%. Pure pyrite
has a percent sulfur of 53.4% (the maximum right-
hand value). Thus, a few high values will skew data to
the right. This is a commonly observed distribution in
geologic data (Koch et al., 1980).

Regardless of the distribution of sulfur or carbon-
ates at mine sites, the rule of thumb for the number of
overburden holes sampled when combined with careful
consideration of highwall heights, weathering zones,
and stratigraphic variation, and the other techniques of
mine drainage prediction, has proven to be effective.
In order to identify these areas of the proposed mine
site which may be different than the general mine site
prior to drilling, it is helpful to look at the other geo-
chemical clues which can provide insight into the pres-
ence of acidity or alkalinity producing materials.
These can help define the extent and degree of vari-
ability of the overburden so that overburden holes can
be located to adequately represent the entire site.
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Sample Collection and Handling
Sample Collection

Overburden sampling is accomplished by drilling or
direct collection of the sample from an open source
such as a highwall. Four types of drilling methods are
generally used to obtain overburden sample:

Air rotary rig: normal circulation - This type of drill
is the most commonly used drill for the collection of over-
burden samples in Pennsylvania. Drilling in this manner
uses air to blow the rock chips to the surface for collec-
tion. The most common pitfall with normal circulation air
rotary drilling is that the individual 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.

The rock chips traveling in this space can dislodge
loose particles from an overlying source. Care should be
taken to stop the downward progression of the drill stem
after each interval has been sampled and allow any upper
loose particles to blow out prior to continuing downward.
Contamination of the sample can also occur at the surface
due to the pile of ejected material that forms near the drill
hole. These piled materials, if not removed during drilling,
can sluff back into the open hole and the chip stream.

This can be avoided by shoveling the materials away from
the hole during the period when drilling is stopped to blow
out the hole. Another option is to add a short length of
casing to the top of the hole after the upper few feet have
been collected. Samples are collected by placing a shovel
under the chip stream. Care should be taken to clean the
shovel of any accumulated materials from previous usage
or sampling. This is particularly important in sampling of
wet test holes where the ejecta consist primarily of mud.
Before drilling the overburden hole, the driller should be
instructed to clean the dust collector hood to remove any
accumulated materials which may dislodge and contami-
nate the samples being collected.

Reverse Circulation Rotary Rig - This type of drill
rig is less commonly used as a drilling platform for the
collection of overburden samples, primarily because of
availability. A reverse circulation rig uses a double-
walled drill stem through which water or air is forced
down the outer section of the drill stem and the cut-
tings/chips are forced up the inner section of the drill
stem. The cuttings and water or air are brought into a
separator and dropped near the rig where the samples
can be collected. The samples are isolated from con-
tact with overlying strata, so this type of drilling offers
a much cleaner and quicker means of obtaining over-
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burden samples. Further, the drilling does not need to
be stopped to blow out the hole. If water is employed
in the drilling process, the materials are also washed
free of the fine dust coating which accumulates on the
chips during drilling with air. This allows for much
easier rock type identification and logging.

Diamond Cores - Diamond core barrels can be
used on both types of rotary drilling platforms. Coring
provides a continuous record of the lithology present
and can provide the geologist with more information
than can be obtained through the collection of rock
chips (cuttings). Cores can provide 2 better overall
view of the lithology underlying a proposed site by
providing the geologist with the ability to judge rock
color, gross mineralogy, grain size/texture, fossil con-
tent and relative hardness. This type of information is
not always readily available from rock chips. Al-
though a core provides an uncontaminated and better
source of reliable lithologic data, coring is very time
consuming and costly, especially if the entire overbur-
den section is to be sampled by this means. Diamond
cores can be used as a secondary means of data collec-
tion to isolate previously identified problem zones, or
as a primary sampling tool in the area of the coal, i.c.
the interval 5 ft above and below the coal horizon. The
entire core section must be collected and processed for
analysis to ensure representative sampling. A problem
that can occur with coring is “core loss.”

The problems of core loss during core drilling with
a dedicated coring rig can be overcome or minimized
by the driller and his helper by regulating the drilling
speed, (i.e., rotational speed of the bit, and down pres-
sure), diameter and type of core bit, amount of water,
by minimizing the overbearing weight in the core barrel
by emptying it prior to drilling the coal interval, and by
keeping the equipment in good condition. Knowing
what drilling adjustments to make can prevent blocking
of the core barrel or causing the rock being cored to
crumble and wash.

Successful coring is mostly dependent upon the ex-
perience of the on-site geologist, project engineer, or
driller. Factors that are important include total years
of core drilling experience, experience with the drill
being used, and previous drilling experience in the
same area, including exposure to the same rock forma-
tions and weathering characteristics (Personal Com-
munication Clifford Dodge, William Marks, and
Richard Beam). Having as much geologic data as pos-
sible (approximate depth to the coal, and extent of
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weathering) prior to drilling is also particularly useful.
It is especially useful to have air rotary pilot holes to
evaluate the site prior to the core drilling. These pilot
holes allow particularly troublesome formations to be
identified and avoided. Particularly troublesome con-
ditions include highly fractured rocks or drilling into a
joint or intersection of joints or fractures. Other prob-
lem areas include slickensided zones and areas indica-
tive of paleoslump features. In some cases this may
require re-drilling nearby, off of the joint or fracture
zone (Personal Communication Clifford Dodge).

Other than encountering mine voids or solution
channels, the first 10 ft (3 m) or so of unconsolidated
soil and rocks as well as the transition through weath-
ered rock into competent rock, is the zone most subject
to core loss. Core recovery on the order of only 50 to
60% or less is not unusual. When drilling is done in
the unweathered zone (sometimes indicated by an ab-
sence of iron staining) core recovery approaching
100% is the norm rather than the exception.

‘When coring the coal it is advisable to use a core
barrel long enough to core the entire thickness of the
coal and one that is not more than 20% full when first
encountering the coal. It is preferable to have a nearly
empty core barrel containing only 6 in. to 12 in. (15 to
30 cm) of overburden, before starting into the coal.
The small amount of overburden aids in determining if
the entire coal section has been sampled; i.¢., knowing
the starting and ending points of the coal. It also helps
protect the coal from being crushed by the “ram” when
extracting the coal from the core barrel (Personal
Communication Clifford Dodge, Richard Beam, Wil-
liam Marks).

Besides actual core loss encountered while drilling,
drilling data can be lost due to the improper handling
of the cores. Possible problems include placing cores
in the core boxes in the wrong order or upside down, or
damage caused to the core during handling and ship-
ping (Personal Communication Chiff Dodge).

Augering - Auger drilling is not recommended for
general overburden sampling, It is typically used for un-
consolidated or highly weathered materials. The auger
lifts the materials on the auger screw. They are in con-
stant contact with the overlying stratum, thus providing
for intermixing. However, augering can be successfully
used in homogeneous materials such as glacial till and/or
old mine spoil.
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Highwall Sampling - Direct coliection of samples
from an open source, such as a highwall within or near a
proposed permit area, can be used for overburden analy-
sis, provided several caveats are understood. First, sam-
ples may be weathered to such a degree that they do not
represent the strata to be mined. Second, highwall sam-
pling is limited by the availability and accessibility of
highwalls. Therefore, care should be taken to collect only
unweathered samples from the highwalls in close proxim-
ity to and representative of the proposed mining. It is rec-
ommended that open source (outcrop, highwall, etc.)
samples be used primarily as a supplement to drilled sam-
ples.

Sample Description (Log)

For each sample or composite horizon collected, an
accurate description of the gross lithology should be
determined. This lithologic description should include
the rock type, such as shale or sandstone, rock color as
determined by comparison with the Munsell Rock
Color Chart, texture/grain size, moisture conditions,
and relative degree of weathering. Where applicable, a
description of the gross mineralogy should be included
with particular emphasis on the presence of any calcite
(CaC0,), siderite (FeCO;), or pyrite (FeS;). In addi-
tion, fossils should be noted and identified. The sample
description must include the relative degree of fizz
(effervescence) when dosed with a 10% solution of
hydrochloric acid. A field fizz based on a scale of "
none, slight, moderate, or strong" should be used. A
dilute (10%) HCI solution is widely used by field ge-
ologists to differentiate calcium carbonate(CaCOs)
from other carbonate rocks. If the purpose of the field
fizz test is to replicate the laboratory tests, then a 25%
HCI solution should be used. The field fizz determina-
tions are highly subjective and should be made by the
same individual for every sample on every hole for a
particular site Extreme care must be exercised to be
sure that the displacement of trapped air is not mis-
taken for CO,evolution. It is also important to identify
if the fizz is from the matrix or from the cementing
material. All of the above determinations, as well as
the entire log of the test hole, should be made by a pro-
fessional geologist.

Preparation of Samples
Field Preparation

The following procedures should be followed to en-
sure proper sample preparation in the field:

1. Use the drilling techniques previously discussed.
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2. Samples should be immediately placed in airtight
containers such as bottles or bags (plastic snap
closing). This limits the exposure to air (oxygen),
which can change the sulfur from the pyritic form to
any of many secondary sulfate minerals.

3. The sample container should be immediately labeled
with a permanent marker as to the interval which
was sampled.

4. Field logs of the overburden holes should be kept to
later help composite and log the represented litholo-
gies at the site.

5. Each hole’s individual sample containers should be
immediately placed in a sealable mass container and
labeled with hole number, mine name, and operator,
if applicable, to avoid possible intermixing of sam-
ples from one hole to another from that site or from
a different site.

Compositing and Laboratory Preparation

The purpose of compositing the 1 ft (0.3 m) non-
core overburden samples is to reduce the cost of per-
forming overburden analysis laboratory testing by
minimizing the samples to be tested but not at the cost
of sacrificing the precision needed to accurately predict
postmining water quality. As with any well-intended
cost-saving procedure, if not done properly, the real
long-term costs might far outweigh the small cost sav-
ing.

The individual I ft (0.3 m) samples must be carefully
logged under laboratory conditions to determine if succes-
sive zones are in fact the same. If the clements of sample
description as described above are the same then the indi-
vidual 1 ft (0.3 m) zones should be composited into a sin-
gle composite sample. Table 5.3 shows the recommended
maximum thickness for particular rock types in Pennsylva-
nia. Sobek et al. (1978) suggest that most rock types
should not be combined into composites representing more
than 3 ft (0.9 m). They suggest that sandstone can be
composited into 5 ft (1.5 m) increments. Experience in
Pennsylvania has indicated that sandstone should be sam-
pled at the same resolution of other rock types.

Some sandstones, such as portions with significant
coal inclusions, may need to be sampled at a greater
resolution. Where till from separate glaciations is pre-
sent in the overburden, the different tills should be
sampled separately. The reason for the 1 ft sample
intervals above and below the coal is that these are fre-
quently the highest sulfur strata present; Mixing of
either of these strata with overlying stfata can result in
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Table 5.3 Maximum recommended sample thickness inter-

Table 5.4 Compositing of too many 1-fl (0.3 m) intervals can

vals based on lithology under-predict acid producing potential.
Lithotypes Composite Thickness Thick- Avg. %S of In-
ness | Total %S |Lithology terval

ft m I 0.01 sandstone 0.48
Ilimestone, mudstone, shale, 3.0 0.9 r 0.01 sandstone 0.59
siltstone, I 0.01 sandstone 0.79
clay, claystone, coal, and I 0.01 sandstone  {1.18
sandstone r 234
first one foot of strata above 1.0 03
and below coal 2. The entire core length should be bisected longitudi-
mine spoi, tipple refuse, 50 15 nally using a core-splitter or saw. One-half of the
and glacial till or outwash core is retained for historical records and possible

dilution of the zone and result in a falsely low percent
sulfur, or make a thicker zone (e.g., 3 ft (0.9 m)) re-
semble a high sulfur zone, when in fact only the lowest
third of the interval is high sulfur. The coal seam may
also require greater sample resolution than the sug-
gested 3 ft (0.9 m) if a portion of the coal will be left in
the pit as pit cleanings or unmarketable coal. The coal
that remains behind should be sampled scparately.

As can be seen from Table 5.4, if too many 1 ft (0.3
m) intervals are composited or too large a vertical
sampling interval is chosen, a high total sulfur
(2.34%,), potentially acid producing zone can be
masked by dilution with adjacent low sulfur strata.
The net effect is an underprediction of the potential for
a site to produce acid mine drainage. Compositing one
foot of high sulfur black shale with the overlying four
feet of low sulfur sandstone results in a 0.48% total
sulfur for the composited five foot zone, thus under-
predicting the acid producing potential of the black
shale.

Sobek et al (1978) suggested that for cores, a 5 inch
(12.7cm) section out of the middle of a 1 ft interval can
be assumed to be representative of that one-foot inter-
val. The best way to ensure representativeness is to
sample the entire interval. In order to avoid bias, one
of the following two methods is recommended:

1. The entire core interval having the same log de-
scription as described above, whetheritbea 1, 2, or
3 f (0.3, 0.6, or 0.9 m) interval, must be entirely
crushed and reduced in size via a riffle or rotating
sectorial splitter until a suitable size fraction re-
mains for analysis.
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additional testing. The other half of the core is
crushed for the entire sampling interval. After
crushing, the entire sample is divided and reduced in
size via a riffle or rotating sectorial splitter until a
suitable size fraction remains for chemical analysis.

Purpose of Sample Preparation

The procedures for sample preparation are ex-
plained by Noll et al. (1988). The two main reasons
for splitting and crushing are to provide:

1. an unbiased statistically representative sample of
small quantity which can be easily used in a labo-
ratory environment to make the necessary evalua-
tions relative to total percentage sulfur and NP for
acid base accounting or leaching tests; and,

2. samples of a small size fraction that maximizes sur-
face area and minimizes the analytical time.

Conclusions

The use of OBA as a tool to predict mine drainage
quality is useful only after careful planning that in-
cludes consideration of the caveats and limitations of
the techniques being employed. Although it may seem
like common sense, it is also necessary to carefully
implement the plan. A properly planned and carried
out overburden drilling program will help to ensure
representative sampling of the strata which the mining
will encounter.
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Chapter 6
LABORATORY METHODS FOR ACID-BASE ACCOUNTING: AN UPDATE
Tim Kania
Pennsylvania Department of Environmental Protection
Ebensburg, PA 15931

Introduction

Laboratory methods for performing acid-base ac-
counting overburden analysis (ABA) have been thor-
oughly detailed in previous publications. Sobek et al.
(1978) formally presented a step-by-step laboratory
protocol for performing ABA on mine overburden and
is frequently cited as the source document. However,
earlier publications described the application of ABA
principals to mine overburden testing (West Virginia
University, 1971; Grube et al., 1973; Smith et al,,
1974; Smith et al., 1976). In 1988 Energy Center,
Inc., under contract to the Department of Environ-
mental Resources, Small Operator Assistance Program
(SOAP), produced a detailed report on overburden
sampling and testing (Noll et al., 1988). This latter
document included a detailed description of considera-
tions appropriate to planning an overburden analysis
and to collecting the samples; it also added a boil step
to the NP determination methodologics and provided a
detailed description of methods for determining forms
of sulfur.

This chapter focuses on aspects of the ABA proce-
dures which have been somewhat controversial because
of the effects that they can have on the reported results;
it will not detail the laboratory protocols required to
perform ABA.

Components of ABA-

ABA is based on the premise that the propensity for
a site to produce acid mine drainage can be predicted
by quantitatively determining the total amount of acid-
ity and alkalinity the strata on a site can potentially
produce.

The maximum potential acidity (expressed as a
negative) and total potential alkalinity (termed neutrali-
zation potential) are then summed. If the result is
positive, the site should produce alkaline water, if it is
negative, the site should produce acidic water. Sobek
et al., (1978) defined any strata with a net potential
deficiency of 5 tons per 1000 tons (ppt) or greater as
being a potential acid producer. The maximum poten-
tial acidity (MPA) is stoichiometrically calculated from
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the percent sulfur in the overburden. The appropriate
calculation factor is somewhat controversial. Sobek et
al. (1978), noting that 3.125 g of CaCO; is theoreti-
cally capable of neutralizing the acid produced from 1
g of S (in the form of FeS; ), suggested that the amount
of potential acidity in 1000 tons of overburden could
be calculated by multiplying the percent S times 31.25.
This factor is derived from the stoichiometric relation-
ships in equation 6.1 and carries the assumption that
the CO, exsolves as a gas.

FeS, + 2 CaCO; +3.75 0, +1.5 H,0 --> Fe(OH); +
280,2+2 Ca? + COxg) 6.1)

Cravotta et al., (1990) suggested that, in backfills
where CO, cannot readily exsolve, the CO, dissolves
and reacts with water to form carbonic acid and that
the maximum potential acidity in 1000 tons of over-
burden should then be derived by multiplying the per-
cent S times 62.50.

The neutralization potential (NP) is determined by
digesting a portion of the prepared sample in hot acid,
and then by titrating with a base to determing how
much of the acid the sample consumed. NP represents
carbonates and other acid neutralizers and is commonly
expressed in terms of tons CaCO; per 1000 tons of
overburden (ppt). Negative NP values are possible,
and are sometimes derived from samples of weathered
rock that contain residual weathering products which
produce acidity upon dissolution.

Interpretation of ABA data involves the application
of numerous assumptions; some of the more significant
assumptions often used are:

» all sulfur in a sample will react to form acid;

¢ all material in the sample which consumes acid
during digestion in the lab will generate alkalinity in
the field;

o the reaction rate for the sulfur will be the same as
the dissolution rate for the neutralizing material.

e NP and percent sulfur values below certain thresh-
old levels do not influence water quality.
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As these assumptions imply, interpretation of ABA
data is far more complicated than simply summing the
MPA and NP values. Chapter 11 titled “Interpretation
of Acid-Base Accounting Data” discusses these as-
sumptions in more detail.

In addition to the percent sulfur and NP determina-
tions, two other measured parameters in an ABA over-
burden analysis are paste pH and fizz. Other derived
values are calculated from one or more of the measured
parameters and from other information such as the
sample thickness, density and arcal extent. The de-
rived values used may vary somewhat but typically
include calculations of maximum potential acidity, tons
of neutralization potential, tons of potential acidity,
and tons net neutralization potential for each sample,
as well as for the entire bore hole, The derived values
are also discussed in the chapter of this document
which deals with the interpretation of ABA overburden
analysis.

Paste pH

The paste pH test is described in the previously ref-
erenced manuals on ABA protocol (Sobek et al., 1978;
Noll et al., 1988), however, in Pennsylvania, it has
fallen mnto general disuse over the past several years.

A portion of the prepared sample is mixed with deion-
ized water, and then tested with a pH probe after one
hour. The paste pH test may indicate the number of
free hydrogen ions in the prepared sample, but, since
pyrite oxidation reactions are time dependent, the paste
pH results provide little indication of the propensity of
a sample to produce acid mine drainage. In fact, the
paste pH of a unweathered, high-sulfur sample is likely
to be near that of the deionized water, while a weath-
ered sample with relatively low percent sulfur, but
which includes a small amount of residual weathering
products, may have a significantly depressed paste pH.
Because of its limited usefulness in helping predict the
potential for acid mine drainage production, the paste
pH test often is no longer performed, and for mine
permit applications in Pennsylvania, it is not a required
component of ABA.

Percent Sulfur

Since acid mine drainage results from accelerated
weathering of sulfide minerals, the amount of sulfur in
a sample, or in an overburden column, is obviously an
important component of ABA. As noted above, ABA
uses the percent sulfur to predict the “maximum po-
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tential acidity” or MPA that a particular overburden
sample or column could produce if all the sulfur reacts.

Sulfur determinations for ABA are often performed
for total sulfur only, however, determinations for forms
of sulfur are sometimes included. Sulfur generally oc-
curs in one of three forms in the rock strata associated
with coals in Pennsylvania: sulfide sulfur, organic sul-
fur, and sulfate sulfur. Sulfide sulfur is the form
which reacts with oxygen and water to form acid mine
drainage. The sulfide minerals most commonly associ-
ated with coals in Pennsylvania are pyrite and mar-
casite, both of which are FeS,, chemically. Other
sulfide minerals such as chalcopyrite (CuFeS;) and
arsenopyrite (FeAsS) may also be present in small
amounts. Organic sulfur is that sulfur which occurs in
carbon-based molecules in coal and other rocks with
significant carbon content; since organic sulfur is tied
up in compounds that are stable under surface condi-
tions, it is not considered a contributor to acid mine
drainage. Organic sulfur can represent a significant
fraction of the total sulfur found in coal seams. Data
from the Penn State Coal Data Base show that the av-
erage percent organic sulfur in several frequently
mined coals in Pennsylvania ranges from a low of 0.55
% for the Upper Kittanning Coal to a high of 1.32 %
for the Clarion Coal, with an overall average of 0.74%.
Sulfate sulfur is often overlooked because in humid
climates it generally is found in relatively small con-
centrations due to its high solubility. However, when
present in Pennsylvania, sulfate sulfur often occurs in
partially weathered samples as the reaction by-
products of sulfide mineral oxidation. When solubi-
lized, these weathering by-products are the source of
the contaminants found in acid mine drainage, so when
determinations for forms of sulfur are done, sulfate
sulfur must be considered in the calculation of MPA.
Alkaline earth sulfate minerals such as gypsum
(CaS0,) can also contribute to the sulfate sulfur frac-
tion, but generally are not abundant in coal-bearing
rocks in Pennsylvania. Where they are present, the
alkaline earth sulfate minerals do not contribute to
acidity.

Commonly used methods of performing total sulfur
determinations are high temperature combustion meth-
ods (ASTM D4329), the Eschka Method (ASTM
D3177) and the Bomb Washing Method (ASTM
D3177). Of these methods, the high temperature com-
bustion methods are the simplest and most frequently
used and provide accurate, reproducible results.



Chapter 6 - Laboratory Methods for Acid-Base Accounting: An Update

Common methods used for determining forms of sulfur
include ASTM D2492 and an EPA method. Noll et
al., (1988) present an ASTM/EPA Combination
method which the authors of that document felt com-
bined the most desirable features of the other two
methods.

Theoretically, the total of the sulfate and sulfide
sulfur components should be a better indicator of the
amount of reactive sulfur in a sample than should total
sulfur. However, a laboratory study (Hedin and Er-
ickson 1988) showed that total sulfur was related more
strongly to leachate test results than was pyritic sulfur.
Since pyritic sulfur is the form which contributes most
significantly to acid mine drainage, these results indi-
cate problems with pyritic sulfur determinations. A
review of the methods for sulfur determinations de-
scribed in Noll et al., (1988) reveals that the methods
for total sulfur determinations have a relatively high
degree of precision with few notable interferences and
precautions, while the forms of sulfur determination
methods described involve lesser degrees of precision
and more numerous potential interferences and precau-
tions. Stanton and Renton (1981) examined the nitric
acid dissolution procedure, which is the cornerstone of
the most frequently used methods for determining py-
ritic sulfur, including ASTM D2492; they found the
procedure frequently does not succeed in digesting all
the pyrite in a sample, thus underestimating the pyritic
fraction of the sulfur in the sample. Brady and Smith
(1990) compared total sulfur and forms of sulfur de-
terminations performed by various laboratories. Their
findings include:

¢ While the results gencrated by ecach laboratory were
internally consistent in terms of the ratio of pyritic
sulfur to total sulfur, there were significant differ-
ences between laboratories in the median percent
pyritic sulfur/total sulfur. Where duplicate samples
were available from different laboratories, differ-
ences were noted in the pyritic determinations, but
total sulfur determinations were comparable.

o There was no significant difference in the percent.
pyritic sulfurftotal sulfur between rock types
(excluding coal). (This finding contradicts one of
the primary reasons for doing determinations for
forms of sulfur; that some rock types contain sig-
nificant percentages of organic sulfur.)

¢ With one exception, all laboratories whose data was
used in the study used a high temperature combus-
tion method for determining weight percent total
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sulfur. The high temperature combustion results
compared well on duplicate samples, while the py-
ritic results on the same samples did not.

¢ Standards are availablc from the National Institute
of Standards for total sulfur but not for pyritic sul-
fur.

¢ A wide range of methods for determining pyritic
sulfur were in use and individual laboratories had
their own variations of the methods.

¢ One of the commonly used methods of pyritic sulfur
determinations, ASTM D2492, was developed for
use on coal and is probably not appropriate for de-
terminations on rock overburden, according to
ASTM Committee D-5 on Coal and Coke.

Figures 6.1 and 6.2 (data taken from Brady and
Smith (1990)) compare total sulfur determinations and
pyritic sulfur determinations of two different laborato-
rics which performed analyses on duplicate samples.
The high r* value for the total sulfur determinations
indicate a strong correlation, and the low 1* value for
the pyritic determinations indicates a weak correlation.
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The above findings can be summarized as: Total
sulfur determinations are typically simple to do, are
reproducible, and can be calibrated and verified using
available standards; pyritic sulfur determinations are
done using a variety of methods (sometimes not stan-
dardized, and at least one of which is considered inap-
propriate for rock samples), produce results which are
often not reproducible between laboratories, and can-
not be calibrated and verified using available stan-
dards. Given these considerations, and that pyritic
sulfur is the most abundant form in coal overburden
(but not necessarily in the coal), total sulfur determi-

nations currently provide the best basis for calculating
MPA.

Fizz Rating

The importance of the fizz rating on ABA results is
much underestimated and has often not received ap-
propriate consideration. The fizz test is frequently
presented as a minor part of the neutralization potential
test; however the fizz test can have a large impact on
the reliability and reproducibility of NP data, so it is
discussed separately here. The fizz rating can be used
as a check on the NP determination, since there should
be a qualitative correlation between the two. More
importantly, however, the fizz rating determines the
volume and the strength of the acid which is used to
digest the prepared sample, which in turn can affect the
NP determination results (Evans and Skousen, 1995;
Skousen et al., 1997). The NP result is then somewhat
dependent on the fizz test results, and the fizz test re-
sults are a matter of human judgment.

The fizz test is performed by adding one to two
drops of 25% HC1 to a small amount of the prepared
sample (Sobek et al., 1978). The degree of reaction is
observed and recorded, according to a four-tiered sys-
tem where the reaction is judged to be none or 0, slight
or 1, moderate or 2, strong or 3. (Other systems with
more levels have been used for reporting fizz results.
However, given the obvious difficulties inherent to a
test based on qualitative judgment, additional levels of
judgment can only imply a precision which is not ob-
tainable.)

There is an additional consideration which further
complicates the subjective nature of the fizz test.
Thresholds for NP and percent sulfur are often used in
interpreting ABA. The theory behind using thresholds
is that strata which produce NP or percent sulfur val-
ues below the thresholds are thought to have little im-

pact on postmining water quality. However, these
same strata often represent the greatest mass of the
overburden and can “dilute” the effects of the strata
with significant NP and percent sulfur if they are in-
cluded in the calculations of total NP and MPA for the
site. In Pennsylvania a threshold value of 30 is often
used for NP. A threshold value of a 1 (slight fizz) is
also often used. The fizz threshold tends to label a 0 or
no fizz as being “bad” and higher fizz ratings as being
“good.” Strata identified as having a 0 fizz will not be
counted as contributing potential alkalinity to post-
mining water quality which could result in a negative
permitting decision. Even with the best intentions of
the lab personnel performing the test, one cannot ex-
pect objective and reproducible results from a subjec-
tive test with a particular outcome pre-labeled as either
good or bad. This is not to suggest that the use of
thresholds is inappropriate, but to point out another
precaution concerning reported fizz test results.

Evans and Skousen (1995) suggested a two-tiered
fizz rating system which would combine the 0 and 1
fizz ratings into a single category and a 2 or 3 fizz
rating into a second category. They reported that dur-
ing a round robin sample testing study conducted by
representatives of West Virginia University, Consoli-
dation Coal Company (Consol), and the Pennsylvania
DER (now DEP) on samples processed at the Penn
State Materials Research Laboratories, the fizz ratings
varied significantly between laboratories for certain
samples. The laboratories then used different normali-
ties and volumes of acid to perform the NP determina-
tions on those samples, as dictated by the fizz ratings.
The NP values varied considerably, and generally were
higher when a larger volume of acid was used to digest
the samples. When the Consol lab ran the NP determi-
nations for each sample twice, with a different volume
of acid each time, the determination that was made
with the higher volume of acid produced a higher NP in
each case. The differences were often great enough to
change the interpretation one would make regarding the
alkaline-producing potential of the sample. Table 6.1
displays fizz and NP data generated by the WVU and
Consol laboratories during the round robin test and
shows how fizz rating, acid volume and acid normality
can affect NP results. Most of the samples included in
Table 6.1 were selected for the study because visual
observation suggested that they were siderite-rich;
therefore, the differences in the fizz results and NP de-
terminations between laboratories are probably more
representative of what one would expect for siderite-
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Table 6.1 Fizz test results and NP determinations for replicate overburden samples.

West Virginia University* Consol**

SAMPLE SOBEK

NUMBER FIZZ NP GEOCHEM NP | FIZZ | NP1 NP2
NP-01 1 20 18 1 - 50
NP-02 1 8 8 3 -- 445
NP-03 0 11 8 1 - 27
NP-04 3 926 930 3 - 936
NP-05 3 710 710 3 724
NP-07 1 25 30 0 20 6
NP-09 2 288 266 0 136 26
NP-10 1 13 13 0 58 22
NP-11 1 11 10 0 97 29
NP-13 0 17 14 0 51 23
NP-14 0 14 7 0 7 4
NP-15 1 11 11 0 85 14
NP-18 1 15 14 0 93 25

*Digested samples in accordance with both Sobek and Geochem recommendations; autotitrated to pH 7.0.
**NP1 resuits based on digestion in 80 mi of 0.1N HCL NP2 results based on digestion in 20 ml of 0.1N HCI for 0 fizz,
40 ml of 0.1N for 1 fizz, and 80 ml of 0.5N for 3 fizz. Manually titrated to pH 7.0.

rich samples as opposed to samples with low siderite
content, Skousen et al., (1997) reported that when
three different laboratories performed fizz determina-
tions on replicates of 31 samples, all three laboratories
assigned the same fizz rating to only 13 of the 31 sam-
ples.

Reducing the number of tiers in the fizz test should
reduce the amount of judgment required and conse-
quently the subjectivity of the test. However, running
the NP test with a reduced number of fizz test possi-
bilities means that some samples would be digested in
different volumes of acid than they would using the
methods in Sobek et al. (1978) and Noll et al. (1988).
Users of NP data need to be aware that changing the
volume of acid used to digest a sample can change the
NP results.

Skousen et al. (1997) described a protocol for a
quantitative method of rating overburden samples
based on the percent insoluble residue. Twenty ml of
10% HCl is added to 2.0 g of the prepared sample
which has been dried in an oven. The solution is agi-
tated until evolution of CO; is observed to cease. The
solution is passed through a weighed filter, the filter
plus residue are then dried and weighed, and the per-
cent insoluble residue is calculated. The rating is then
used to determine the volume and strength of acid used
in the NP digestion; for that purpose the carbonate
rating numbers are considered to be equivalent to the
fizz rating values described in Sobek et al. (1978) and

6-5

Noll et al., (1988). The NP and fizz determinations
reported in Skousen et al., (1997) were run on repli-
cates of the overburden samples, but the percent in-
soluble residue test was only run by one of the labs.

As noted by the authors of that study, the method needs
to be further tested to validate the proposed rating sys-
tem and to provide a vardstick for comparing NPs
based on the fizz test to those based on the percent in-
soluble test. One potential problem with the percent
insoluble residue test is that, for some samples, the
results may vary significantly when the percent HCI
used in the digestion is changed (Keith Brady, personal
communication). The samples studied by Skousen et
al. (1997) were subjected to X-ray diffraction and
characterized as belonging to one of four groups, based
on their mineral and elemental content: Fe, Ca, S, and
Si. When the percent insoluble residue test was per-
formed on replicates of some of the samples using dif-
fering percents HCI, the results changed significantly
for the iron-rich samples (Fe group) which included the
samples with relatively high siderite content. (Sec Ta-
ble 6.2.) The results for one of the carbonate-rich
samples (Ca2) also changed significantly. These re-
sults raise questions concerning which % HCI should
be used to achieve results which rate the carbonate in
the samples in an accurate and reproducible way.

Given the difficulties which the current fizz rating
system introduces into NP determinations, a reproduci-
ble, objective carbonate-rating test could significantly
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Table 6.2 Comparison of percent insoluble residue to %HCI used to digest the sample.

(Samples which were digested with all three % HCI were tested at the DEP laboratery in Harrisburg, PA. For the samples di-
gested in 10% and 50% HCI, the 10% digestion was done at West Virginia University and the 50% digestion was dome at the PA
Gegologic Survey. Samples which were digested twice in the same percent HC] were duplicate samples.)

%HC! | Cal |Ca2 | Ca3 | Fel Fe2 Fe3 Fed Fe6 | Sil Sil3 | Sils
10 13 39 | 341 | 975 | 977 | 978 | 992 | 77 [ 992 | 85 | 968
10 - - - - - - - 69 - 86 .
25 - 13 - - - - - 54 - 86 -
25 - - - - - - - 45 - 85 .
50 4.7 13 25 | 264 | 179 | 225 | 238 | 32 [ 809 | 85 | 895
50 - - - - - - - 33 - 86 -

improve the reproducibility of NP data. Until such a
test is refined, individuals who generate and interpret
ABA data need to be much more aware of the influence
of the fizz test values on the NP determinations.

Where fizz test results and NP values seem to be at
odds, further testing would be prudent.

When 2 carbonate rating system other than the fa-
miliar four-ticred fizz test is used, data interpretation
will have to be adjusted and interpretive rationales will
have to be “recalibrated.”

Neutralization Potential (NP)

The first step of the NP test is to conduct a qualita-
tive fizz test on a small amount of the prepared sample
as described earlier in this chapter. Based on the fizz
test results, an appropriate volume and normality of
HC1 is selected then added to 2.0 grams of the pre-
pared sample. (See Table 6.3.) Reagent water is added
to bring the total volume to 100 ml (Noll et al., 1988).
(Note that there are variations between the methods
described in Noll et al. (1988) and in Sobek et al.
(1978). This discussion is based on the methods de-
scribed by Noll et al.) The solution is boiled for ap-
proximately 5 minutes, which is intended to dissolve
potential neutralizers in the sample. After the solution
is cooled, it is titrated with NaOH to a pH of 7.0; the
end point is to be held for 30 seconds. The NP in
terms of tons per thousand tons of rock (ppt) is then

calculated from that amount of acid that was neutral-
ized by the sample.

Carbonate minerals, such as calcite and dolomite,
are known to be the major contributors to groundwater
alkalinity in the coal regions of Pennsylvania. The
acid-digestion step of the NP test is suspected of dis-
solving various silicate minerals, which results in an
NP determination that overstates the amount of car-
bonate minerals in a sample. Lapakko (1993), working
with rock samples from metals ore in Minnesota, re-
ported that silicate minerals such as plagioclase dis-
solve and neutralize acid at relatively low pH values
such as those which occur in acid mine drainage or
during a NP titration; however, he also noted that since
this dissolution will only take place at low pH values, it
is unlikely to help maintain a drainage pH of accept-
able quality. His test results, based on leaching stud-
ies, also indicated that the rate of acid neutralization by
silicate minerals was not adequate to maintain a drain-
age pH of 6.0 or above.

Siderite (FeCQs) has long been suspected of inter-
fering with the accuracy of NP determinations and of
complicating the interpretation of the data (Meek,
1981; Morrison et al., 1990; Wiram, 1992; Leavitt et
al., 1995). Siderite is common in Pennsylvania coal
overburdens. Samples with significant amounts of
siderite can make it difficult to hold the final end point

Table 6.3 Volume and Normality of HC] used to do NP digestion based on the sample fizz rating. (After

Sobek and others (1978) and Noll and others (1988).)

FI1ZZ RATING HCl VOLUME HCI NORMALITY
None (0) 20 ml 0.1IN
Stight (1) 40 ml 0.IN
Moderate (2) 40 ml 0.5N
Strong (3) 80 ml 0.5N
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of the titration with NaOH (Noll et al., 1988). Ifiron
in solution from the siderite is not completely oxidized
when the titration is terminated, then the calculated NP
value will be overstated, since complete oxidation of
the iron would produce additional acidity. An uncer-
tain titration end point can obviously affect the repro-
ducibility of the NP results. Skousen et al. (1997) also
found that laboratories tended to assign different fizz
ratings to replicates of samples with high siderite con-
tent. As noted in the earlicr section of this chapter
which dealt with fizz ratings, assigning different fizz
ratings to the same sample can change the acid volume
and strength used in the NP digestion step, which will
affect the NP results.

Meck (1981) and Morrison et al., (1990) proposed
adding a hydrogen peroxide step to the NP determina-
tion procedures to eliminate the problems with the
method caused by siderite. Morrison and Scheetz
(1994) performed ABA tests on four samples using
both the method described in Noll et al. (1988) and
their modified approach. Under the modified method,
after the sample was digested in acid, it was filtered
into a vacuum flask. The filtering was done to ensure
that the H,O, did not oxidize pyrite or other solids in
the undigested portion of the sample. The solution was
then transferred to a 400 ml Pyrex beaker, and the
vacuum flask was rinsed with 125 ml of deionized wa-
ter. Five to 7.5 ml of 30 wt % H,0, was added to the
solution which was then boiled for three to five min-
utes. After cooling, the solution was then titrated to
pH 7.0 with NaOH. The NP for each sample was
lower when the modified method was used, and was
significantly lower for the three samples known to
contain a significant amount of siderite.

Evans and Skousen (1995) found that NP values
were not appreciably different when samples were
analyzed both with and without the hydrogen peroxide
step; however they found that reproducibility between
laboratories did improve when the hydrogen peroxide
step was used. They also found that when the hydro-
gen peroxide step was performed without filtering the
solution, the results sometimes did not compare well
with other ABA methods, probably due to the oxida-
tion of pyrite in the residue by H;0,. In fact, oxidation
of pyrite with H,0, has been used as a method of pre-
dicting the acid-producing potential of overburden
(O’Shay, et al., 1990). Morrison and Scheetz (1994)
used samples known to include a significant amount of
siderite (determined by X-ray diffraction) in their com-
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parative study, which may be why their results showed
that the hydrogen peroxide step reduced NP.

Skousen et al. (1997) subjected 31 overburden
samples of known mineralogy (determined by X-ray
diffraction) to four variations of the NP test. The
variations were defined by the authors of that paper as:
1) (Sobek), the standard Sobek method (Sobek et al.,
1978); 2) (Boil), a method that includes boiling of the
sample for five minutes during the digestion step (Noll
et al., 1988); 3) (H,0,), the same as the boil method
except that after digestion the sample is filtered and
treated with H,O, before titration; 4) (SobPer), the
same as the Sobek method except that H,0, is added to
the sample (no filtration) after the first titration.
Among their findings the authors concluded:

¢ The four variations on the NP test produced similar
results for samples containing little pyrite or
siderite.

o The SobPer method gave lower NP values than the
other methods for samples which included signifi-
cant amounts of pyrite, due to oxidation of the py-
rite by H;0; in the unfilteréd samples.

¢ Compared to the other three methods, the H;0O,
method provided: The lowest NP values for samples
with significant siderite content; the best reproduci-
bility between the laboratories which participated in
the study; results which were the most consistent
with soxhlet leachate results.

¢ Autotitration at a slow setting is preferable to hand
titration, especially for samples with significant
siderite content.

Skousen et al. (1997) briefly describe a method to
perform NP determinations with the H,O, step. Ifthe
hydrogen peroxide step performs according to its in-
tent, it should generally decrease the NP’s of strata
with a significant siderite content, but should not ap-
preciably affect the NP values of strata that do not in-
clude significant amounts of siderite. It should also
lead to better reproducibility of NP data between labo-
ratorics, especially for samples with significant siderite
content.

Other Methods of Determining
Carbonate Content

The NP test has been adapted and widely used to
approximate the carbonate content of mine overbur-
dens largely because it is relatively quick, inexpensive,
and easy to perform. However, as noted in this chap-
ter, it may not always provide results which are accu-
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rate and reproducible. Other methods of determining
carbonate content have occasionally been used in
Pennsylvania on high risk-sites or on sites where the
NP test provided questionable results.

Morrison et al. (1990) suggested CO, coulometry
as an alternative method for determining carbonate
content of overburden samples and reported promising
results, however, the method has not been widely
adopted for characterizing overburden samples to date.

X-ray diffraction, which can give detailed informa-
tion on the overburden mineralogy, has been used on a
few sites in Pennsylvania. In cases where X-ray dif-
fraction has been used and where fizz test ratings and
NP results seemed in conflict and suggested the pres-
ence of siderite (results which showed significant NP
values for samples which did not fizz), the X-ray dif-
fraction results verified the presence of the siderite.

In situations where NP data provide ambiguous
results and/or where mining presents a risk to signifi-
cant uses of nearby groundwater or surface water
sources, tools such as X-ray diffraction and CO; cou-
lometry are available and should be considered to ver-
ify the NP results.

Conclusions

Three aspects of ABA overburden analysis labora-
tory techniques create problems with reproducibility
and accuracy of data.

Difficulties in performing forms of sulfur determi-
nations can lead to unreliable results if pyritic sulfur
determinations are used to calculate MPA instcad of
total sulfur determinations. Since pyritic sulfur is typi-
cally the largest component of total sulfur in coal over-
burdens, and since total sulfur determinations can be
done more reliably, MPA calculations should be based
on total sulfur and not pyritic sulfur.

The importance of the qualitative fizz rating in
ABA has often been overlooked. The fizz rating can
significantly affect the outcome of NP determinations.
Since the fizz rating is a qualitative test, reproducible
results can be clusive, and where multiple labs per-
formed fizz tests on replicates of samples reproducibil-
ity was poor (Evans and Skousen, 1995 Skousen et
al., 1997). The fizz rating determines the normality
and volume of acid which is used to digest the sample;
when the normality and volume of acid changes, so
does the NP result. Reducing the subjectivity of the
fizz test by reducing the number of choices in the rat-
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ing system from 4 to 2 as suggested by Evans and
Skousen (1995) could result in more consistent NP
determinations. However, when the number of fizz
rating possibilities are reduced, some samples are di-
gested in a larger volume of acid than they would under
the traditional way of performing the tests, resulting in
higher NP determinations. The interpretive rationale
applied to ABA data will have to be “recalibrated” if a
carbonate rating system other than the traditionally
used four-tiered system is ultimately adopted

The quantitative method of rating carbonate content
of overburden samples by determining the percent in-
soluble residue, as described by Skousen et al. (1997),
requires additional testing to determine 1f it could be
used as a more objective option than the fizz test for
rating carbonate content. The percent HCl used to di-
gest the samples may significantly affect the percent
insoluble residue for siderite-rich samples.

Siderite, a common mineral in Pennsylvania coal
overburdens, can interfere with NP determinations,
generally resulting in values that are high relative to the
amount of calcium carbonate in the sample. Adding a
hydrogen peroxide step (such as described by Skousen
ct al., (1997)) to the NP determinations reduces the
interference of siderite and does not appreciably affect
NP determinations for samples without significant
amounts of siderite. NP determinations run with the
hydrogen peroxide step provide better reproducibility
between laboratories and produce results which better
represent the true carbonate content of the rock.
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Introduction

The tests described in this chapter consist of the
simulation of mine drainage production from samples
of strata to be affected by mining, followed by chemi-
cal analyses of effluent quality produced from these
simulated conditions. These tests are referred to as
kinetic tests because they incorporate dynamic ele-
ments of the physical, chemical, and biological systems
and processes which control the production of acidic or
alkaline mine drainage. Specifically, these tests are
designed and conducted to deal with the reaction ki-
netics, the rates and mechanisms of the chemical reac-
tions which lead to the production of acidic or alkaline
mine drainage. A thorough discussion of reaction ki-
netics may be found in Barrow (1973, chapter 16 &
17), Lehninger (1975, chapter 8) and Stumm and Mor-
gan (1970, chapters 2, 4 and 10).

While some kinetic tests may be done in the field to
promote a better approximation of the physical, chemi-
cal and biological systems; these tests are usually done
in a laboratory environment with a variety of apparatus
including leaching columns, humidity cells and soxhlet
reactors.

The group of test procedures generically referred to
as kinetic tests for the prediction of mine drainage
quality may be contrasted to the group of tests labeled
as “static” tests for the prediction of mine drainage
quality. The term static may not be as fitting a de-
scriptor, because static tests are not completely mo-
tionless, stable, or undynamic; but they do not typically
incorporate reaction kinetics except in a theoretical
manner. For example, in the acid-base accounting
technique of Smith ct al. (1974) and Sobek et al.
(1978), the neutralization potential (NP) test is a
measure of the amount of calcium carbonate in the
sample (adapted from the work of Jackson, 1958)
rather than an actual alkalinity concentration. This NP
number is compared to the maximum potential acidity
(MPA) which is calculated from the percent total sul-

fur in the sample, using stochiometric relationships.
Therefore, of the three types of scientific evidence:
theoretical, empirical, and experimental; the MPA
component of acid-base accounting is theoretical, while
the actual acidity and alkalinity concentrations in the
effluent from a leaching column are experimental evi-
dence.

A major advantage of kinetic tests for the prediction
of mine drainage quality is that, since these types of
tests produce an effluent of simulated mine drainage
quality, the effluent may be tested for the same water
quality parameters as the actual mine drainage to be
produced from the proposed mining operation. The
water quality parameters typically included in the
leachate analyses are pH, acidity, alkalinity, sulfates,
iron, manganese and aluminum. These are the same
water quality parameters typically monitored as re-
quired by NPDES permit conditions for an active
mining operation. If the physical, chemical, and bio-
logical conditions of the kinetic tests are representative
of those found in the mine environment, the concentra-
tions of the water quality parameters in the leachate
may be used to predict or estimate the concentrations
of these parameters in the actual mine drainage from
the proposed mining operation.

Unfortunately, there are several potential disad-
vantages of some kinetic tests for the prediction of
mine drainage quality. A major problem with these
types of tests is the interpretation of the results of the
experimental process and the extrapolation to the ac-
tual environment of the proposed mine site. It is easy
to be fooled by the laboratory results, where test pro-
cedures are simplified or some component of the physi-
cal, chemical, or biological systems is either
underestimated or overestimated. Then, the apparently
precise laboratory analyses may not be accurate, and in
fact, may be meaningless. Further, it is difficult
enough to test a single representative sample of a
lithologic unit. Some kinetic tests attempt to combine
numerous strata in the same test apparatus to simulate
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the configuration of the active mine or backfilled mine
spoil. That is a very difficult, if not an impossible
task, within the average laboratory kinetic test appa-
ratus.

‘What follows in the remainder of this chapter is:
)

a chronology and synopsis of scientific lit-
erature on these kinetic tests as they have de-

veloped throughout the past 45 years,

(2) an evaluation of the factors to be considered
involving physical, chemical, and biological
processes, and

(3) general guidelines for test procedures, data

interpretations, and recommendations for
further research to develop standard methods.

The two major sections of this chapter are the chro-
nology of the development of kinetic tests for mine
drainage, and the evaluation of physical, chemical, and
biological factors in kinetic tests. These two sections
may be treated in an integrated manner or taken sepa-
rately. The reader who is merely searching for a sum-
mary of kinetic test design and performance may want
to review the nine general principles in the summary
and recommendations section of the chapter.

In compiling the information contained in this
chapter, more than 275 pieces of scientific literature
have been cited. These references and related informa-
tion have been compiled in a computer data base which
may be sorted chronologically or by key words. A
copy of this bibliographic data base may be obtained
from the authors,

Chronology of the Development of Kinetic
Tests for Mine Drainage

This section of the chapter is an attempt to summa-
rize the development and use of kinetic tests in mine
drainage research, and applications to mine sites by
university researchers, state and federal agencies, and
the mining industry and their consultants. Most of the
literature cited pertains to surface coal mining in the
Appalachian coal fields of the eastern United States,
but a significant amount of the references are associ-
ated with metal mining activities in the western United
States, Canada, and elsewhere. Many of these works
have been primarily oriented toward the development
of techniques for the pre-mining prediction of mine
drainage quality with a reasonable degree of accuracy
and precision. However, very significant developments
in kinetic tests have also occurred in acid mine drain-
age abatement studies, and in contrasting efforts by the
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metal mining industry to optimize acid production in
heap leaching operations.

An effort has been made by the writers to locate
and include a representative sample of the scientific
literature on this subject, but this chapter does not pur-
port to be a comprehensive bibliography on kinetic
tests. The format of this section is an approximate
chronological order of studies on various types of ki-
netic tests (i.e., leaching columns, humidity cells, Sox-
hlet reactors, etc.) intertwined together, in order to
demonstrate, that like most scientific developments,
there has been an effort to converge on the truth by
refining successes and eliminating failures through
time. Unfortunately, this chronology also demonstrates
that after more than forty vears of research, some of
the early failures are still being repeated and promoted
today; and some of the early successes have been re-
peated and refined through time, but have not achieved
sufficient widespread acceptance to be uniformly ap-
plied by the majority of the workers in the ficld. Per-
haps M. K. Hubbert’s classic paper, “Are We
Retrogressing in Science?” (1963) is relevant to some
of this research.

A summary of the chronology follows on the next
few pages. The entire chronology is presented in Ap-
pendix A at the end of this chapter due to its length and
the large number of references and figures used in its
construction. Examples of leaching columns, humidity
cells, and Soxhlet reactors are shown in Figures 7.1,
7.2, and 7.3. For other graphic and written descrip-
tions of kinetic test apparatuses, refer to Appendix A.
The 45-year chronology on the development of kinetic
tests for the prediction of mine drainage quality com-
mences in 1949 and concludes in 1994 for reasons de-
scribed below. A few earlier references may be found,
but probably the most significant early work on this
subject started in this country with the leaching col-
umns of S. A. Braley at the Mellon Institute in Pitts-
burgh in 1949. The chronology outlines the post-
World War II awakening to the impacts that acid mine
drainage from coal surface mining in the Appalachian
Basin was having on the surface waters and ground
waters of the northern Appalachian Region. This pe-
riod of awareness and assessment of the problem lasted
through the 1950s and 1960s. During this time, state
and federal regulatory and research agencies and uni-
versity researchers, particularly in Pennsylvania, Ohio
and West Virginia, began to develop a variety of labo-
ratory and field kinetic tests for AMD prediction in-
cluding leaching columns, humidity cells, Soxhlet
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reactor techniques, and field scale tests. These kinetic
tests were refined and applied throughout the Appala-
chian Coal Basin during the 1970s and into the 1980s,
principally by rescarchers at the Pennsylvania State
University, West Virginia University, and the Univer-
sity of South Carolina.

The Arab oil embargo of 1973, and perhaps other
economic factors, led to a boom in coal mining in the
United States that lasted throughout the remainder of
the 1970s and into the 1980s. Proposed surface min-
ing operations were spreading out from previously
mined watersheds into unmined watersheds, where
AMD impacts were threatening high quality streams
and public water supplies. In a landmark 1977 Envi-
ronmental Hearing Board decision of Pennsylvania
case law, (Harman Coal Company), which was af-
firmed by Commonwealth Court in 1978, the courts
determined that pursuant to 25 Pa. Code Section
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99.35(a) it is a permit applicant’s responsibility to af-
firmatively demonstrate that there is no presumptive
evidence of potential pollution from the proposed min-
ing activities.

A significant milestone during this period was the
enactment of the Federal Surface Mining Conservation
and Reclamation Act of 1977 (SMCRA). Prior to that
law, some state regulatory agencies required predic-
tions or assessments of AMD potential in mining per-
mit applications, but overburden analysis tests were
not routinely required. SMCRA and associated federal
regulations required that permit applicants determine
the Probable Hydrologic Consequences of proposed
mining activities, including the chemical analyses of
the coal and overburden strata for AMD potential.
Pennsylvania obtained primacy under SMCRA in 1980
and the Pennsylvania mining regulations, 25 Pa Code
Chapters 86 through 90, were promulgated to meet
requirements in the federal and state laws. While some
overburden analyses were required prior to primacy,
the OSM approved program and corresponding DER
policy and procedures established relatively routine
overburden analysis requirements under certain crite-
ria. Section 86.37(a)(3) of the regulations requires
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that, “The applicant has demonstrated that there is no
presumptive evidence of potential pollution of the wa-
ters of the Commonwealth.” The federal and state
regulations requiring the chemical testing of coal,
overburden, and underclay samples as part of the sur-
face mining permit application created a major demand
for the development, routine use, and interpretation of
kinetic and static tests to predict mine drainage quality
by the regulatory agencies, mining industry consult-
ants, and commercial laboratories. This demand
forced a search of available laboratory methods used in
AMD research and other sciences, that might be used
to obtain accurate and precise results. It also initiated
the adaptation of some test methods from a university
research study environment to the routine sample pro-
duction environment of commercial laboratories. Un-
fortunately, the rapid growth in the development and
application of thesc tests was accompanied by signifi-
cant confusion in the interpretation of test results and
apparent contradictions among some test predictions.
The scientific and legal controversies surrounding the
various static and kinetic overburden analysis methods
in use at that time prompted state and federal regula-
tory and research agencies and other researchers to
conduct comparisons of test results in an attempt to
determine whether any of the available overburden
analysis methods produced accurate and precise pre-
mining predictions of postmining water quality. Sev-
eral of these comparative studies were published
between 1986 and 1992, and additional work in this
area continues today to determine the best predictive
test methods.

In other areas of the United States, outside of the
Appalachian Coal Basin, including Illinois, Montana,
Minnesota, Utah, and Washington, kinetic test methods
were being developed and applied i mine drainage
work for coal mines, metal mines, and associated tail-
ings deposits throughout the 1980s. In fact, some of
the very best kinetic test studies were done by the metal
mining industry to optimize acid leaching and metal
recovery from mine waste dumps, commencing in ap-
proximately 1975. In Canada, particularly British
Columbia, research on static and kinetic tests to evalu-
ate AMD potential was ongoing during the late 1970s
and 1980s, primarily for metal mines and associated
tailings deposits.

Significant collaboration among state and federal
regulatory and research agencies, the mining industry,
and university researchers on solving mine drainage
problems occurred in the mid-1980s in West Virginia

with the Acid Mine Drainage Technical Advisory
Committiee (AMDTAC) and from the late 1980s to the
present in Canada with the Mine Environment Neutral
Drainage (MEND) program. Both of these groups and
their participating scientists and engineers have made
significant advances in the ficld of mine drainage pre-
diction (including the use of kinetic tests) and mine
drainage abatement.

During the 1990s, very extensive work on the
evaluation of critical parameters and performance of
kinetic tests, particularly humidity cells and leaching
columns, has been done by rescarchers at the USBM
Pittsburgh, Salt Lake City, and Spokane Research
Centers, and other researchers in university research
programs. The 45-year chronology concludes with the
publication of the proceedings of the Third Interna-
tional Conference on the Abatement of Acidic Drain-
age in Pittsburgh in 1994, because this conference was
the focal point on the status of mine drainage predic-
tion throughout the world, among other things. At
least 45 of the 186 papers presented included kinetic
test developments, evaluations, and applications.
These 1648 pages of conference proceedings are an
accurate indicator of the current state of the art, sci-
ence, or confusion surrounding kinetic tests for the
prediction of mine drainage quality.

The 45-year chronology was written for the following
four reasons:

(1) it documents the historical development of kinetic
tests for mine drainage prediction and practical
applications of the test results on mine sites in the

Appalachian coal fields and elsewhere,

it provides the reader with a fairly complete list of
references on the origin and development of the
various kinetic tests for mine drainage prediction
in the event that additional research is contem-
plated, or additional, more detailed information on
the test developments and field applications is
needed,

it demonstrates that most of the kinetic test meth-
ods in use today were substantially developed and
applied more than 30 or 40 years ago, including
leaching columns (Braley, 1949), humidity cells
(Hanna and Brant, 1962), Soxhlct reactors
(Pedro, 1961), and ficld scale tests with actual
precipitation (Glover and Kenyon, 1962),and

@
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(4) 1t depicts the present state of confusion concern-
ing the use and interpretation of specific kinetic

test procedures for mine drainage prediction, and
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promotes a concerted effort to converge on a
practical solution to the problems in the near fu-
ture.

After at least 45 years of kinetic test developments,
at least 45 technical papers on kinetic test develop-
ments and applications were presented at the 1994
AMD conference in Pittsburgh. To witness many of
these presentations and later review the more than
1600 pages of proceedings for the preparation of this
chapter was mind-boggling and frustrating. A tremen-
dous amount of kinetic test information now exists, but
the variety of test apparatus and procedures in use is so
great that it is very difficult to interpret the results and
make meaningful comparisons of data from different
studies in similar or different lithologic settings. If,
after 20 years of personal experience with kinetic tests
and other aspects of AMD research, the authors of this
chapter struggle to make sense out of much of this
data; it should be no wonder that mine operators and
consultants new to the subject of AMD prediction
would shy away from kinetic tests because they don’t
know which apparatus or procedure to use, nor how to
interpret the results.

Notwithstanding the millions of dollars of rescarch
expended, is the state of affairs in kinetic test develop-
ment and application really much better off now than it
was 20 years ago? Hopefully, researchers and re-
search users will unite and develop a consensus on ki-
netic test procedures and interpretation for mine
drainage prediction, in order to facilitate the meaning-
ful comparison of test results from rock sample to rock
sample, mine to mine, state to state, and nation to na-
tion, in order to make sound decisions. We will remain
optimustic that researchers and research users will ul-
timately develop a consensus on kinetic test procedures
and interpretation for mine drainage prediction within
the next few years. In the interest of advancing that
process, the following discussion of essential physical,
chemical and biological factors 1s offered.

Evaluation of Physical, Chemical, and
Biological Factors in Kinetic Tests

The kinetic tests described in the 45-year chronol-
ogy above, incorporate physical, chemical, and bio-
logical processes and constraints. The scientific
literature on physical, chemical, and biological controls
on AMD production and other natural or man-induced
acidity- and alkalinity-generating processcs 18 much
more voluminous and long-term than the 45-year chro-
nology. Consequently, the role of these physical,
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chemical, and biological factors in natural systems is
largely understood, and these factors must be consid-
ered and incorporated in the design, operation, and in-
terpretation of kinetic tests for AMD prediction, or the
laboratory data will have little or no relevance to the
real world.

Physical factors include: the size, shape, and struc-
ture of the apparatus used to conduct the tests; the vol-
ume, texture, and particle size distribution of the
sample to be tested; and the volume, pathway, and re-
sultant saturation conditions (e.g. saturated zone, cap-
illary fringe or relative humidity of pore spaces) of the
fluids introduced into or removed from the apparatus
for analysis.

Chemical factors include: the mineralogical compo-
sition of the rock sample, the composition (i.e. concen-
tration of cations and anions) of the influent and
effluent fluids; the solubility controls on the acidity-
and alkalinity-generating processes, the interrclation-
ships between these processes and other constraints
affecting the reaction kinetics, and the composition of
gaseous phases (e.g. partial pressures of oxygen and
carbon dioxide) in the fluids and void spaces within the
kinetic test apparatus.

Biological factors include: the presence and relative
abundance of bacteria (e.g. Thiobacillus,) that catalyze
the AMD producing reactions; the availability of nutri-
ents and other life-supporting ingredients; and the in-
terrelationships among controls on the biological
system, such as temperature and pH, which determine
whether various organisms flourish, barely survive, or
die.

A complete discussion of all of the chemical reac-
tions associated with acidity and alkalinity production
is not included in this chapter because those reactions
are explained elsewhere in this volume and in many
other references. However, it is useful to briefly re-
view the controls and range of acidity, alkalinity, sul-
fate, and metals concentrations which may be found in
nature, particularly mine environments, in order to
demonstrate the variations in mine drainage composi-
tion associated with the range of geologic settings in
Pennsylvania and elsewhere, and to place some expec-
tations on the variations in leachate composition from
kinetic tests.

Excellent explanations of the series of chemical re-
actions by which AMD is produced from pyrite and
other iron sulfide minerals, are found in Lovell (1983),
Bames and Romberger (1968), Singer and Stumm
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(1968, 1970), Kleinmann et al. (1981), Evangelou
(1995) and Chapter 1 (this volume). Singer and
Stumm (1970) simplify the explanation by describing
an indicator reaction and a propagator reaction, in a
process where the rate determining step is the oxidation
of ferrous iron, and where the presence of iron-
oxidizing bacteria catalyzes the oxidation by a factor
greater than 10°. As pyrite is formed in a reduced de-
positional environment, it is unstable in the oxidizing
conditions of most surface and underground mines.
However, secondary mineral phases formed from py-
rite weathering, such as jarosite, alunite, and melan-
terite, are capable of dissolving or precipitating in mine
environments. Additional information on these and
other secondary mineral phases is found in Nordstrom
(1982) and Cravotta (1994). According to Lovell
{1983), of the various iron sulfates which are several
orders of magnitude more water-soluble than pyrite,
melanterite has a solubility of 156,500 mg/L, while
coquimbite has a solubility of 4,400,000 mg/L. Lovell
(1983) also lists ranges of component concentrations in
Appalachian acid mine drainage where pH may be as
low as 1.4, and maximum concentrations for the fol-
lowing parameters are: acidity of 45,000 mg/L, total
iron or ferrous iron of 10,000 mg/L., aluminum of
2,000 mg/L, and sulfate of 20,000 mg/L.

According to Krauskopf (1967, p. 35); “The low-
est recorded pH’s in nature are found in solutions in
contact with oxidizing pyrite; values even less than
zero have been recorded from such environments”. An
outstanding example of this phenomena is the study by
Alpers and Nordstrom (1991) at the Iron Mountain
mine in Shasta County, California that is producing
some of the most acidic and metal-rich mine drainage
in the world. Alpers and Nordstrom (1991, p. 323)
state:

“Oxidation of pyrite is well known to cause
acidification of surface and ground waters.
Minimum pH values tend to be in the range of
1.5 to 2.5 for natural waters infiltrating dis-
seminated sulfide deposits, base metal tailings,
and sulfidic waste rocks, where some degree of
neutralization by gangue minerals accompanies
pyrite oxidation. However, within massive sul-
fide deposits and in sulfide-rich tailings and
waste rock, extremely high aqueous concentra-
tions of sulfate, iron, and other metals can de-
velop, accompanied by pH values less than 1.0.
In at least one extreme case, at Iron Mountain,

7-6

California, pH values less than 0.0 have now
been documented.”

The most extreme values reported by Alpers and
Nordstrom (1991) for a ground-water seep from a sta-
lactite of melanterite or rhomboclase collected within
the underground mine were a field pH of -1.0, sulfate
of 760,000 mg/L, and total iron of 111,000 mg/L.

In Pennsylvania coal mine drainage, some of the
most extreme concentrations of acidity, iron and sulfate
have been found at the Leechburg Mine refuse site in
Armstrong County, and at surface mine sites in Centre,
Clinton, Clarion and Fayette Counties as shown in Ta-
ble 7.1 The acidity concentrations of seeps from
Lower Kittanning Coal refuse at the Leechburg site
exceed 16,000 mg/L (Table 7.1), while the sulfate con-
centration of one sample exceeds 18,000 mg/L. At the
Stott surface mine site on the Clarion Coal in Centre
Co., a 35 gpm (132.5 Ipm) post-mining discharge had
an acidity concentration over 9,700 mg/L with an iron
concentration of almost 2,000 mg/L (Table 7.1). A pit
water sample at the Lawrence site in Fayette County
was found to have an acidity concentration greater than
5,900 mg/L and an iron concentration greater than
2,000 mg/L (Table 7.1). Schueck et al. (1996) report
on detailed AMD abatement studies conducted at a
backfilled surface mine site in Clinton County, where a
monitoring well that penetrated a pod of buried coal
refuse 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 maxi-
mum sulfate concentration was 25,110 mg/L in the
same monitoring well, as reported in Schueck et al.
(1996). Toe of spoil seeps at the Clinton County site
have acidity and sulfatc concentrations greater than
3,500 mg/L and 3,700 mg/L, respectively.

The alkalinity production process has a dramati-
cally different set of controls, and the resultant maxi-
mum alkalinity concentrations are typically one or two
orders of magnitude less than the maximum acidity
concentrations found in mine cnvironments. The car-
bonate rocks which produce significant alkalinity or
bicarbonate concentrations in groundwater, surface-
water, and mine drainage samples (i.e., coal surface
mines, stone quarries, and coal and noncoal under-
ground mines) are limestones and dolomites and the
principal carbonate minerals are typically calcite
(calcium carbonate) and dolomite (calcium-magnesium
carbonate).
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Table 7.1 High Concentrations of Acidity and Related Water Quality Parameters in AMD at Bituminous Coal Mine Sites in Pennsylvania.

Site Name SMP # County Township MP ID Date pH | Conduct. | Alkalinity | Acidity fron Mn Al S0, TSS | Flow Type of Sample
Sampled umhos/cm mig/l mg/l mg/L mg/l mg/it mg/L mg/lL | (gpm)
Leechburg | 03-82-01 Armstrong Kiskiminetes 8 8/29/94 | 2.4 N.D. 0.0 16594.0 | > 3000 16.5 | »500.0 | 114540 | 100 10 Seep
Leechburg 03-92-01 Armstrong Kiskiminet: 8 10/26/94 | 2.4 N.D. 0.0 16718.6 | > 300.0 193 | >500.0{ 183280 | 740 2.0 Seep
Leechburg | 3-82-01 Armstrong Kiskiminet 1 6/29/94 | 3.1 N.D. 00 1368.0 > 300.0 139 82.3 1896.0 340 | 2000 Deep Mine Discharge
Leechburg 03-82-01 Armstrong Kiskiminetes 3 5/3/96 20 9800 0.0 10383.5 22000 3.3 N.D. 14565.2 14.0 3.5 Diversion Dilch Discharge
Trees Mills | 65880112 | Westmoreland Salem MP-1 11/29/90 | 2.5 2700 00 3616.0 190.4 13.5 73.1 1497 8 10.0 13.0 Deep Mine Discharge
Lawrence | 3376SM15 Fayette Springfield 1083-5 1/18/82 | 2.2 11000 00 £938.0 2060.0 73.0 146.0 3600.0 N.D. 0.0 Pit Water
Lawrence | 3376SM15 Fayeite Springfield Breakout | 12/14/81 ] 2.6 5500 0.0 1840.0 166.0 89.0 85.0 2700.0 N.D. 25.0 Surface Mine Discharge |
Blue Lick | 56880109 Somerset Brothersvalley N.D. 3/28/96 | 2.8 N.D. 00 2594.0 >3000 | 357 180.0 2701.0 5.0 N.D. Seep
Stott 14673012 Centre Rush B1P 6/27/84 | 2.7 25000 00 97320 1959.8 | 20563 | N.D. 4698.0 | ND. | 35.0 Surface Mine Discharge
Stott 14673012 Centre Rush B1P 5/15/83 | 2.8 9400 00 4520.0 48800 | 1495 N.D. 61384 | ND. | 400 Surface Mine Discharg
Stott 14673012 Centre Rush ASP 5/8/93 |28 5400 00 1450.0 215.8 443 N.D. 2886.1 N.D. |1300.0] Surface Mine Discharge
Orcutt 33803040 Jefferson Union S-2 10/2/86 | 32 9536 00 4784.4 61184 | 510.0 N.D. 7500.0 220 0.0 Spoil Piezometer
Orcutt 33803040 Jefferson Union S-2 10/16/86 | 3.9 8040 0.0 5179.6 28480 | 349.0 ! ND. 111200 | 430 0.0 Spoil Piezometer
*Fran 46745M21 Clinton Keating K-23 7/28/92 |22 N.D. 0.0 239000 | 5690.0 79.0 | 2240.0 | 251100 | N.D. 0.0 Monitoring Well
MOId 40 | 3671BSM19 Clarion Monroe C1 11/12/85 | 2.2 15000 00 10000.0 | 3200.0 | 260.0 | 550.0 14000.0 | N.D. 0.0 Monitoring Well
oid 40| 3671BSM19 Clarion Monroe C1 4/7/87 |18 17000 0.0 9200.0 22000 | 120.0 { 3700 6800.0 | N.D. 0.0 Monitoring Well
OId 40 | 3671BSM19 Clarion Monroe C1 9/15/87 | 1.8 14000 0.0 8600.0 24000 | <1.0 | 4400 8200.0 N.D. 0.0 Menitoring Well
Oold 40 | 3671BSM18 Clarion Monros [of] 3/4/86 [ 20 12800 00 $400.0 2400.0 62.0 | 480.0 | 100000 | N.D. 0.0 Monitoring Well
"Old 40 | 3671BSM19 Clarion Monroe C5 12/10/86 | 2.0 13100 0.0 10000.0 44.0 92.0 | 380.0 | 10000.0 | N.D. 0.0 Monitoring Well
"0ld 40 | 3671BSM19 Clarion Monroe 6/7/83 2.4 6000 0.0 £000.0 700.0 80.0 180.0 3300.0 N.D. 225 Spoil Drain
"old 40 | 3671BSM18 Clarion Monroe 3/13/89 | 22 5000 0.0 4400.0 1200.0 75.0 | 250.0 4000.0 | ND. 4.5 Spoil Drain
oid 40 | 3671BSM19 Clarion Monroe 10/12/83 | 3.1 3200 0.0 1100.0 260.0 55.0 26.0 2100.0 | ND. 4.5 Seep
oid 40 | 3671BSM19 Clarion Manroe 6/4/86 | 26 3140 0.0 1200.0 1900.0 | 140.0 | 58.0 1800.0 N.D. 0.0 Seep
Zacherl | 2769BSM28 Clarion Clarion 9/17/81 | 23 N.D. 0.0 9870.0 2860.0 | 1366 | 583.0 7600.0 N.D. { ND. Toe-of-spoil Discharge

*N.D. = No Data

1 data from Schueck et al (1986)

™ data from Dugas ef al (1993)
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Very thorough discussions of the chemical reactions of
carbonate mineral dissolution and precipitation and asso-
ciated solubility and chemical equilibria controls are
found in Stumm and Morgan (1970), Krauskopf (1967),
Garrels and Christ (1965), Freeze and Cherry (1979),
Plummier et al. (1978) and White (1988). According to
Krauskopf (1967, p. 52-55), the solubility of calcium car-
bonate is controlled by the pH of the environment,
changes in temperature and pressure, and organic matter
activity and decay. Freeze and Cherry (1979, p. 106)
state that the solubility of carbonate minerals is dependent
on the partial pressure of carbon dioxide (PCQ,), and list
the solubilities of calcite and dolomite at partial pressures
of 10> bar and 10" bar as an indication of the range of
values that are relevant for natural groundwater. The
solubility for calcite in water at 25° C, pH 7, 1 bar total
pressure, and a PCO, of 10 bar 1s 100 mg/L, while the
solubility at a PCO, of 10 bar is 500 mg/L according to
Freeze and Cherry (1979, p. 106), using data from Seidell
(1958).

However, these relationships may be more complex
than they initially appear if the carbonate minerals do
not dissolve congruently and the solution contains con-
stituents other than “pure water” (¢.g. if the starting
solution is saturated with gypsum) according to Rose
(1997), who calculated the range of bicarbonate con-
centrations for calcite dissolution in pure water from
83 mg/L at PCO, of 10?10 370 mg/L at PCO,of 10!
using the methods (i.¢. Case 4) described in Garrels
and Christ (1965). Figure 7.4 from White (1988)
shows solubility curves for calcite as a function of car-
bon dioxide partial pressure, and Rose and Cravotta
(Chapter 1, this volume) depict bicarbonate and alka-
linity concentration for a similar range of PCO,, based
upon Case 2 of Garrels and Christ (1965, p. 81). Ad-
ditional diagrams of calcite and dolomite solubility at
various carbon dioxide partial pressures are found in
Faust (1949), Runnells (1969) and other sources.

Barrow (1973, p. 10) states that the term partial
pressure denotes the pressure exerted by one compo-
nent of a gascous mixture, in accordance with Dalton’s
law of partial pressures. According to Stumim and
Morgan (1970, p. 180-181) a partial pressure of car-
bon dioxide of 107 bars corresponds to atmospheric
conditions, and “The distribution of the dissolved car-
bonate species at a given temperature is defined en-
tirely by PCO,.” Concerning the partial pressures of
carbon dioxide in the subsurface conditions of soil air,
soil water, and groundwater; Brady (1974, p. 16, 257)
and Hem (1970, p. 45) describe that carbon dioxide in
soil air is often several hundred times more concen-

trated than the 0.03% commonly found in the atmos-
phere, as much as 10% for example. Also, water
moving through soil dissolves some of this carbon di-
oxide, affecting pH, solubility, and weathering of min-
erals in the soil and underlying rock. Additional
information on limestone dissolution, carbon dioxide
partial pressures and the kinetics of chemical reactions
involved in the neutralization of acidic water by lime-
stone is found in Cravotta et al. (1994a), Pearson and
McDonnell (1974, 1975a, 1975b, 1977, 1978) and
Ziemkiewicz et al. (1995).
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Davis and DeWiest (1966) indicate that most
groundwaters have pH values between 5.0 and 8.0 but
that pH values as high as 11.0 have been reported for
alkali-spring water in desert regions. Hem (1970) re-
fers to two reported analyses of high pH spring waters
m arcas of ultramafic rocks, with values of 11.6 and
11.7. According to the National Academy of Sciences-
National Academy of Engincering Committee on Water
Quality Criteria (1972, p. 54) alkalinities of natural
waters rarely exceed 400 to 500 mg/L (as CaCOs).
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However, in discussing the chemistry of seawater,
Harvey (1957) indicates alkalinity may reach 2,600
mg/L, but rarely exceeds that value. Considering the
portion of the alkalinity represented in bicarbonate
concentrations, Hem (1970, p. 158) states: “The bi-
carbonate concentration of natural water generally is
held within a moderate range by the effects of carbon-
ate equilibria. ... Most surface streams contain less
than 200 mg/L, but in groundwater somewhat higher
concentrations are not uncommon”. Very high bicar-
bonate concentrations in groundwaters of the Alto
Guadalentin aquifer in the Murcia province of Spain
are reported by Ceron and Pulido-Bosch (1996), who
consider the high levels of carbon dioxide gas in the
groundwater to be a pollutant because increases in the
PCO, over time have been related to over-exploitation
of the aquifer. They report a range of bicarbonate
concentrations from 495 to 1890 mg/L with a median
of 1010 mg/L for 23 samples from wells in the El Sal-
adar area. The groundwater sample with the maximum
bicarbonate concentration had an alkalinity concentra-
tion of approximately 1,550 mg/L and also had a sul-
fate concentration of 1,283 mg/L, chloride of 426
mg/L, calcium of 667 mg/L, magnesium of 244 mg/L,
sodium of 181 mg/L, and a PCO, 0f 1.497 bars. Davis
and DeWiest (1966, p. 107) indicate a general range of
10 to 800 mg/L for bicarbonate concentrations of
groundwaters and state that “concentrations between
50 and 400 ppm are most common”. Additional
groundwater alkalinity data are in Brady et al. (1996).

Typical bicarbonate and alkalinity concentrations
associated with limestones and dolomites in Pennsylva-
nia are found in Langmuir (1971), Shuster (1970) and
Shuster and White (1971). Langmuir (1971) reported
bicarbonate concentrations ranging from 81 to 438
mg/L for wells and springs in limestone of central
Pennsylvania. Shuster (1970) reported a maximum
bicarbonate concentration of 292 mg/L from springs in
carbonate rocks in central Pennsylvania. Examples of
maximum and other relatively high alkalinity concen-
trations in mine drainage, groundwater and surface
waters associated with surface and underground mines
in Pennsylvania limestones and dolomites, bituminous
and anthracite coals are shown in Table 7.2. The high-
est natural alkalinity concentration found in PA DEP
mining permit file data and reported in Table 7.2 is
626 mg/L in a spring located near the cropline of the
Redstone Coal in Fayette County. Thick sequences of
carbonate strata, including the Redstone Limestone and
the Fishpot Limestone underlie and overlie the Red-
stone Coal.
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The alkalinity of quarry pit waters and underground
mine waters in the Ledger Dolomite/Elbrook Limestone
sequence in Chester County, the Kinzers Formation in
York County, the Valentine Limestone in Centre
County, and the Vanport Limestone in Armstrong
County, typically range from 150 to 250 mg/L as
shown in Table 7.2. It might be expected that under-
ground mine sumps, groundwater inflow, and active
deep mine discharges would have higher alkalinity con-
centrations and higher PCO, than surface mine waters
open to the atmosphere, but that is not evident in the
water samples shown in Table 7.2, apparently due to
the properly functioning ventilation systems within the
underground mines.

Some stream samples in the bituminous coal region
exhibit alkalinities greater than 250 mg/L, and some
springs, wells, and abandoned mine discharges have
alkalinity concentrations greater than 300 mg/L as
shown in Table 7.2. Curiously, the Wadesville shaft
pumped discharge in the Southern Anthracite Field
typically has alkalinity concentrations greater than 350
mg/L (including a sample from 1986 with 414 mg/L
alkalinity), but there are no known major carbonate
lithologic units in this stratigraphic section. Another
curiosity is that some of the highest alkalinity concen-
trations shown in Table 7.2 are accompanied by
equivalent or greater sulfate concentrations, so that
bicarbonate may not be the dominant anion in some of
these highly alkaline groundwaters and mine waters.
An excellent example of this is found in research on the
chemistry of pore gas and groundwater at a reclaimed
bituminous coal mine in Clarion County by Cravotta et
al. (1994a p. 371), who report a maximum alkalinity of
750 mg/L in an unsaturated zone lysimeter 15 ft (4.57
m) below the land surface, and a sulfate concentration
of 3,600 mg/L in the same groundwater sample.

Given the ranges and extreme values of pH, acidity,
alkalinity, iron, aluminum, and sulfate reported above,
it is reasonable to expect that kinetic tests for AMD
prediction should be capable of producing leachate
with acidity and sulfate concentrations of several thou-
sand to tens of thousands mg/L, and metals concentra-
tions of several hundred mg/L from worst-case AMD-
producing rock samples, and leachate with alkalinity
concentration of several hundred mg/L from best-case
carbonate rock samples. All of these expectations are
possible, as shown in Figure 7.5, even with the use of a
relatively crude kinetic test apparatus like that shown
in Figure 7.11 in Appendix A.



Chapter 7 - Kinetic (Leaching) Tests for the Prediction of Mine Drainage Quality

Table 7.2 High Concentrations of Alkalinity in Mine Drainage, Groundwater and Surface Waters at Limestone and Dolo-
mite Mines and Bituminous and Anthracite Coal Mines in Pennsylvania

MP Alkalinity | Acidity | Iron Mn Al SO, TSs Type of Sample
Formation SMP # County ID pH m_gIL nﬁIL m.gIL mg/L mgIL mglL mg/L
Waynesburg 1 | 30813009 Greene DM-2 7.8 379.0 0.0 0.12 | 0.04 N.D. 1650 | 17.0 Deep Mine Discharge
Waynesburg 2 | 30813009 Greene SP-1A 7.9 296.0 0.0 049 | 0.09 <0.1 124.0 | ND. Stream
Redstone 26910115 Fayette 8 7.4 626.0 0.0 165 | 1.05 <05 | 14400 | 120 Spring
Redstone 65930104 |Westmoreland 8 8.1 338.0 0.0 066 { 033 0.5 1810 | <3.0 Spring
Lower Freeport | 17910103| Clearfield 1-511 7.8 238.0 0.0 0.01 0.01 N.D. 458.0 03 Deep Mine Discharge
Blue Lick 56880108 | Somerset Pit Sump 6.8 166.0 0.0 286 | 052 <05 2200 | 240 Pit Sump
Blue Lick 56880109 Somerset SP15 7.9 276.0 0.0 <03 | <005} <05 4360 | <3.0 Spring
Blue Lick 56880110 Somerset 7.7 138.0 0.0 112 | 0.86 <0.5 494.0 10.0 Stream
Blue Lick 56880111 Somerset 6.9 226.0 0.0 0.81 0.83 <05 | 11020 | 10.0 Stream
Lower Bakerstown| 56920105| Somerset |L.PitWater| 7.3 118.0 0.0 263 | 587 1.2 566.0 8.0 Pit Pool
Vanport 3840105R| Armstrong 15 7.8 274.0 N.D. 0.01 1.13 N.D. 1645.0 1.0 Seep
Vanport Lawrence wW-29 75 324.0 <2 210 | 007 N.D. 40.0 4.0 Well
Wadesville 54713002 | Schuylkill N.D. 6.7 4140 0.0 3.61 337 <05 | 1038.0 | 26.0 | Deep Mine Pumped Dis-
charge
Wadesville 54713002 | Schuylkill 1 69 370.0 00 [ 195 | 342 <05 8844 | <3.0 | Deep Mine Pumped Dis-
charge
Valentine 1 4775SM10 Centre 172 75 226.0 0.0 <001}<001|<0.135| 1450 | <2.0 Pit Water Outfall
Valentine 2 1479401 Centre 174 75 146.0 0.0 0.29 | <0.01 0.4 105.0 2.0 Pumped Pit Water
Valentine 3 14900301 Centre 175 7.6 102.0 0.0 207 | 005 39 44.0 100.0 Raw Pit Water
Valentine 4 Centre 8.0 164.0 00 | 022 | <001} 059 68.00 | 94.00 Deep Mine Discharge
Ledger Chester 167 8.0 284.0 0.0 004 | 001 | <0.135| 41.0 4.0 Pit Sump
Loyalhanna 34725M7 |Westmoreland 502 7.7 152.0 0.0 <03 | <005| <05 1432 | <3.0 Pit Water
Kinzers York 299 7.7 190.0 0.0 009 |<0.01]|<0.135] N.D. <3.0 Underground Sump
Kinzers York 300 7.6 178.0 0.0 020 | 002 | <0.135| N.D. <3.0 Fault
Kinzers York 301 7.2 170.0 0.0 41.70 | 2.74 29.0 N.D. | 576.0 Inflow
Kinzers York 302 8.0 172.0 0.0 0.26 | <0.01 0.3 N.D. <30 Pumped Surface Dis-
charge
*N.D. = No Data

The acidity concentration of 37,042 mg/L shown in
Figure 7.5 was produced from a leaching column test
on a sample of lower Freeport coal from Somerset
County, Pennsylvania which had a total sulfur content
of 6.44% and a pyritic sulfur content of greater than

5.5%. The leaching column tests on this coal sample
from the Pennsylvania State University Coal Research
Section sample repository (PSOC-317) also produced
a pH of 1.71, a sulfate concentration of 44,000 mg/L,
and a total iron concentration of 1605 mg/L in leachate
samples collected during the 35-day leaching study.
The leaching column apparatus and tests procedures
were developed by Homberger, Parizek and Williams
(1981) as shown on Figure 7.11, and the resulting data,
graphical and statistical analyses of variations in sulfur
content, abundance of framboidal pyrite, and leachate
chemistry are reported in Hornberger (1985). In these
leaching column tests, precautions were taken to en-

courage and confirm the presence of Thiobacillus

bacteria populations, and the leaching columns were
maintained at a constant temperature of 25° C. in an

incubator for the duration of the leaching study.
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In order to produce the alkalinity concentration of

1,012 mg/L shown in Figure 7.5, a sample of Valentine
Limestone from a quarry near Pleasant Gap in Center
County, Pennsylvania was placed in a separate leach-
ing column identical to that shown in Figure 7.11.
Carbon dioxide gas was bubbled through the contact
water during this test conducted in the Land and Water
Research lab at Penn State University. The Valentine
Limestone sample had a neutralization potential (NP)
test result of 987.95 ppt CaCO; equivalents. Hence
the limestone sample should be composed approxi-
mately of 98.8% calcium carbonate or calcite. This
value is consistent with limestone purity data reported
in O’Neill (1964, 1976) and Rones (1969) who show
several analyses of the chemical composition of the
Valentine Limestone in the same locale ranging from
96.8% to 98.6% calcium carbonate. Additional chemi-
cal composition data on the Valentine Limestone, Van-
port Limestone, and other Pennsylvania limestones is
shown in Chapter 8 (this volume). It can be interpreted
using Figure 7.4, that the partial pressure of carbon
dioxide in the leaching column was much greater than
10" bar in order to produce the alkalinity of 1,012
mg/L, (see White, 1988; Chapter 1, this volume).
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Leaching tests on the same Valentine Limestone sam-
ple, without the introduction of additional carbon di-
oxide, produced alkalinity concentrations of less than
100 mg/L. Adjusting the partial pressure of carbon
dioxide as a gas mixture within the leaching column to
approximately 10" bar should be expected to produce
alkalinity concentrations of approximately 350 mg/L
for the Valentine Limestone sample and similar, rela-
tively pure carbonate minerals.

Figure 7.5 was originally developed by the authors
to depict the dramatic differences in the reaction kinet-
ics of the acidity-producing and alkalinity-producing
systems, and demonstrate why users of static tests for
AMD prediction, like acid-base accounting, must be
cautious. Interpretations of data on documented or
implied excesses in neutralizers do not automatically
translate to definite excesses in alkalinity over acidity
concentrations in the mine environment. In this exam-
ple, a potentially acidic stratum with 6.4% total sulfur
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content produced acidity concentrations many times
greater than the alkalinity concentrations produced by
an equivalent weight of rock that is 98.8% pure car-
bonate. However, the relative stratigraphic positions
of these potentially acidic and potentially alkaline
strata in the consolidated overburden and in the surface
mine backfill, and the sequence and interactions of
acidic and alkaline rocks encountered in the ground-
water flow system may greatly influence the alkalinity
and acidity concentrations of the resultant mine drain-
age. In the context of this chapter on kinetic tests, Fig-
ure 7.5 illustrates why properly designed kinetic tests
may be helpful in predicting mine drainage chemistry,
especially where static test results are inconclusive or
subject to misinterpretation. The remaining discussion
in this scction of the chapter outlines specific physical,
chemical and biological factors to be considered in ki-
netic test design, performance, and data interpretation.
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Size, Shape, and Structure of the Kinetic Test
Apparatus

The chronology section of this chapter (see Appen-
dix A) reviews a wide range of kinetic test apparatus
used during the past 45-years. 'Relatively simple
leaching columns with a wide variety of diameters and
heights and some more complex leaching columns of
various dimensions are described. For example, the
leaching columns described in Appendix A range in
diameter from 1.3 in (3.30 cm) (Hood and Oertel,
1984) to 10 ft (3.08 m) (Murr et al., 1977). The range
of size and shapes of humidity cells described in the
chronology is apparently not as great as that of the
leaching columns, but the complexity of the humidity
cell apparatus and peripheral equipment varied sub-
stantially from the early work of Hanna and Brant
(1962) to the CARWA of Harvey and Dolhopf (1986)
and some other recent work with large arrays of hu-
midity cells. Other types of kinetic test apparatuses
with substantial complexity of external form and inter-
nal structure have been utilized, such as the Warburg
respirometer used by Lorenz and Tarpley (1963) and
the Soxhlet reactors used by Renton et al. (1973), So-
bek et al. (1982), and other researchers.

The Principle of Simplicity (Occam’s Razor; see
Bross 1981, p. 58 for additional information) may be
applicable here, in that the kinetic test apparatus
should not be more complicated than it absolutely
needs to be, especially considering that multiple arrays
of these apparatuses are frequently used concurrently
to test multiple rock samples from a proposed mine
site. However, the kinetic test apparatus may need
some complexity in external form or internal structure
to allow fluids and gases (i.€. oxygen and carbon di-
oxide) to enter, circulate through, and exit the appara-
tus, in a manner that is representative of weathering
conditions of the mine environment.

The relationship between the dimensions of the ki-
netic test apparatus 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 Ortel (1984), and some
studies to compare numerous overburden analysis pro-
cedures including Bradham and Caruccio (1990,
1995), problems with airlocks within the leaching col-
umns are discussed. These types of problems or arti-
facts of kinetic test apparatus and procedures must be
prevented or minimized because they may skew the test
results. In the mine environment, the rock samples

within spoil piles and surface mine backfills are not
typically in containers when they weather in contact
with rainwater and groundwater. Hence, the interac-
tion between the container and the sample should not
be a major factor in the test results. According to Pot-
ter (1981) and Cathles and Breen (1983, p. E-1)
“Solution flow within the column is a critical operating
parameter and to avoid undue wall effects the column
diameter (I.D) should be four times the largest particle
diameter in the aggregate of particles being leached.”
Murr et al. (1977) developed scaling factors consider-
ing the ratio of column diameter and column height and
maximum rock size within the column in order to scale
solution and air flow rates within the columns. The
range of leaching column diameters studied by Murr et
al. (1977) were 0.10 m, 0.39 m, and 3.08 m. The large
columns were actually stainless steel tanks 40 ft (12.19
m) high and 10 f& (3.08 m) in diameter as further de-
scribed in Cathles et al. (1977). Additional informa-
tion on stainless steel leaching columns and elements of
leaching theory and practice is contained in Murr
(1980).

Another group of studies has evaluated humidity
cell performance and parameters including Bradham
and Caruccio (1995), Pool and Balderama (1994), and
White and Jeffers (1994). In addition, within the last
ten years, there have been a number of studies com-
paring various test methods to determine which is the
best AMD predictor, including Caruccio and Geidel
(1986a), Erickson and Hedin (1988), Ferguson and
Erickson (1986, 1987, 1988), and Bradham and
Caruccio (1990, 1995). While most of this discussion
and scientific debate has been useful, it may be more
productive now to focus on similarities among the
various kinetic test methods rather than the differences
between them. For example, there are some kinetic
tests which have combined features of leaching col-
umns and humidity cells; so that the name or type of
kinetic test apparatus may not be as important as the
factors affecting the design, performance, and data in-
terpretation of kinetic tests. In the remainder of this
chapter, references to specific kinetic test apparatus
will be avoided whenever practical, because the fol-
lowing physical, chemical, and biological considera-
tions should be incorporated in any kinetic test.

Particle Size Distribution and Composition of Rock
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Sample

The mineralogic composition and size distribution
of rock materials within a backfilled surface mine are
important factors in determining whether the mine spoil
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produces concentrations of acidity or alkalinity. Sev-
eral factors interact to determine the sizes of blocks or
particles or rock materials within the backfill, and the
corresponding size and distribution of the voids which
serve as pathways and storage spaces for the various
fluids and gasses contained in and moving through the
backfill. These factors are:

(1) the blasting practices used to fragment and cast
consolidated overburden strata,

(2) the effects of heavy equipment used to remove
overburden strata and conduct backfilling and
grading operations,

(3) the fundamental properties of the various
lithologic units (i.e. mineralogic composition,
grain size, hardness, degree of cementation, po-
rosity, linear sedimentary features (¢.g. bedding
planes), and

C))

linear structural features (e.g. joints and frac-
tures), within the overburden strata.

The same types of factors are operational within a
kinetic test apparatus, but on a different scale. Occa-
sionally, the kinetic test apparatus and type of material
being tested may be large enough to use mine spoil or
mine refuse samples with rock sizes (particle sizes) as
large as those found in the mine environment. Exam-
ples include the studies by Renton et al. (1984, 1985)
using field barrels of coal refuse samples, and the large
tank studies of Cathles et al. (1977) and Murr et al.
(1977) using the 10 ft (3.08 m) diameter by 40 ft
(12.19 m) high stainless steel tanks for copper ore
tailings and leach dump samples. In addition, Caruc-
cio and Geidel (1983) and Geidel et al. (1983) con-
ducted field particle size studies of sandstone and shale
samples in 4 ft (1.22 m) by 8 ft (2.44 m) ficld tubs, to
evaluate 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.

Usually, for the purposes of pre-mine prediction of
AMD potential, the rock samples will be obtained from
exploration drill holes, and the particle size distribution
of the rock sample used in the kinetic test will be de-
termined by the type and method of drilling equipment
and by any subsequent crushing or other sample prepa-
ration equipment and procedures. As most exploration
drilling for coal surface mines is done by air-rotary
methods, a maximum particle size of approximately %2
in (1.27 cm) and a nominal or mean particle size of
approximately ¥ in (0.635 cm) should be expected for
most overburden lithologic units, except where drilling
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equipment tends to pulverize some lithologies (¢.g.
coal) into finer grained particles. Therefore, the kinetic
test apparatus and procedures should be designed to
perform optimally on the particle size distribution pro-
duced by air-rotary drilling methods; unless further
sample preparation is warranted for other purposes.
Some consideration should be given to whether core
drilling of overburden analysis test holes is warranted
in some circumstances because air rotary drilling
methods may mix particles from different lithologic
units encountered during drilling and cause interfer-
ences in overburden analyses such as the NP test. In
addition to preventing sample mixing and resultant
chemical analysis problems, core drilling provides for
(1) better definition of lithologic descriptions and
stratigraphic intervals, and (2) greater control of sam-
ple preparation procedures and the resultant particle
size distribution of the sample used for kinetic tests.

The particle size distribution of an overburden
sample may be determined through a sieve analysis of
the sample. In soil classification and analysis, a me-
chanical analysis is conducted using a series of sieves
and other physical methods ( e.g. settling, suspension)
to separate soils into sand, silt, and clay-sized particles
as described by Brady (1974), Terzaghi and Peck
(1967), Folk (1968), and others. There are a number
of different grain-size classification systems in use, but
most of them typically consider particles greater than
2.0 mm to be gravel and particles less than 0.002 mm
to be clay sized. The USDA system classifies particles
less than 0.002 mm as clay, silt from 0.002 through
0.05 mm, sand from 0.05 through 2.0 mm, and gravel
greater than 2.0 mm. The particle size distribution of
soils or unconsolidated overburden units, such as gla-
cial till, may then be plotted on a triangular diagram
depicting the percentages of sand, silt, and clay-sized
particles. Examples of these diagrams are found in
Flint (1971, p. 157) for glacial tills, and Terzaghi and
Peck (1967) and Brady (1974) for some soils.

As most consolidated rock overburden strata should
yield a relatively large percentage of gravel-sized parti-
cles in samples obtained from air-rotary drilling (or
crushing to a nominal % in (6.35 mm), it is probably
not necessary to conduct a complete mechanical analy-
sis to obtain an estimate of the particle size distribution
for most kinetic test samples. However, a relatively
crude mechanical analysis may be useful to determine
the percentages of coarse and fine particles in a few
size classes for some specific kinetic test purposes, or
in general for different overburden lithologic units. For
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example, where samples have been crushed to a nomi-
nal % in (6.35 mm) by a jaw crusher, a U.S. series #10
sieve would separate the size fraction less than 2 mm,
to retain the gravel-sized particles of nominal 4 in
(6.35 mm); and a #200 sieve with a 74 micron opening
would retain the sand-sized grains, and pass the finer
silt and clay-sized grains. Alternatively, a #270 sieve
equals 53 micron openings which approximates the
sand/silt size interface. Additional information on
these sieve sizes and procedures is found in soils texts
such as Scott and Schoustra (1968, p. 7) and Bowles
(1970, p. 35). It could be expected that sandstone
overburden samples would possess a relatively large
percentage of coarse particles and relatively few fines,
especially where the sample is indurated, well-
cemented sandstone; and that overburden samples from
more fine-grained rocks, like shales and underclays,
would possess larger percentages of silt and clay-sized
particles.

The presence of a relatively large percentage of
fine-grained particles in an overburden sample may
have positive and negative effects upon the kinetic test
results. According to Bradham and Caruccio (1990),
the fine-grained nature of the Canadian metal mines
tailings that they tested in leaching columns, caused
high specific retention of fluid and created air locks
within the columns which skewed the results. In addi-
tion, the particle size distribution at the conclusion of
the kinetic test may be different (i.e. more fine) than the
original particle size distribution of the sample, due to
particle decomposition during the test.

Another potential problem is that sorting by grain
size can bias a sample. Several studies have shown a
disproportionate percentage of total sulfur in the finer-
grained portion of a sorted sample. Geidel et al.
(1983) evaluated pyritic sulfur contents of 5 particle
size fractions (i.e. ranging from greater than 6 in (15.2
cm) to less than 1 in (2.54 cm) of a sandstone sample
and a binder sample from a West Virginia surface
mine. They found the pyritic sulfur content of the
binder increased from 0.28% to 0.74% with decreasing
particle size, while the sandstone sample exhibited a
general decrease in pyrite sulfur from 0.26% to 0.14%
with decreasing particle size. However in field leach-
ing 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 gal (113.56
1) plastic barrels) using natural precipitation, the small-
est size fraction of sandstone produced the highest acid
loads for the sandstone samples, and the smallest size
fraction of the binder produced nearly 10 times the to-
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tal acid load of the larger particle sizes of binder. The
cumulative acid load of the less than 1 in (2.54 cm)
binder sample was approximately four times larger
than the cumulative acid load of the same size fraction
of sandstone sample as shown on plots of the acidity
data in Geidel et al. (1983). In a study of more fine
grained coal refuse from a West Virgina preparation
plant, Renton et al. (1984) initially screened the refuse
sample to exclude particles greater than 5/8 in (1.59
cm) diameter, and subdivided the sample into 6 size
classes. The largest particle size class ranged from
0.375 in (0.953 cm) to 0.625 in (1.59 c¢m), while the
smallest size class was less than 0.0016 in (0.004 cm).
There was a general increase in total sulfur content
from 2.58% to 3.90% with decreasing particle size in
the coal refuse sample.

~ Notwithstanding the potential operational problems
with some fine-grained samples and some types of ki-
netic test apparatus, variations in the surface area
available for reaction may have dramatic effects upon
the chemical reactions of acidity and alkalinity produc-
tion. According to Brady (1974, p. 43) concerning silt
and clay-sized particles in soil:

“Surface area is the characteristic most affected
by the small size and fine subdivision of silt and
especially clay. A grain of fine colloidal clay
has about 10,000 times as much surface area as
the same weight of medium-sized sand. The
specific surface (area per unit weight) of colloi-
dal clay ranges from about 10 to 1,000 square
meters per gram. The same figures for the
smallest silt particles and for fine sand are 1 and
0.1 square meters per gram. Since the adsorp-
tion of water, nutrients, gas, and the attraction
of particles for each other are all surface phe-
nomena, the significance of the very high spe-
cific surface for clay is obvious.”

Morin and Hutt (1994a) found that the fine (i.c. less
than % in (6.35 mm)) size fraction dominates the sur-
face area of typical waste rock, and recommended ex-
pressing rates as mass of acid per gram per week, or
mass per unit surface area per week. The fine particles
have more surface area per unit mass, and reactivity is
proportional to surface area, according to Rose (1997).
Additional information on particle size and surface
area effects of iron sulfide and carbonate minerals in
kinetic tests is found in Lapakko et al. (1995).

Numerous studies have examined the potential ef-
fects of pyrite surface area and crystallinity upon
AMD production and related topics of pyrite morphol-
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ogy (particularly the framboidal form) and depositional
environments including Caruccio et al. (1977), Reyes-
Navarro and Davis (1976), Rickard (1970), Love and
Amstutz (1966), Pugh et al. (1981, 1984), Homberger
(1985), McKibben and Barnes (1986), and Chapter 1
(this volume). According to Rose and Cravotta in
Chapter 1 “Kinetic studies indicate that the rate of
acidic generation depends on the surface area of pyrite
exposed to solution, and on the crystallinity and chemi-
cal properties of the pyrite surface.”

The consideration of surface area available for re-
action in kinetic tests leads to the evaluation of the ra-
tio of the surface area to the volume of leachate, which
may be the most important factor in kinetic test design,
performance, and data interpretation. This factor will
be discussed in the succeeding section on water han-
dling procedures.

Volume and Placement of Overburden Samples in
Kinetic Test Apparatus

The volume of sample needed to conduct kinetic
tests is related to the size of the kinetic test apparatus
and a function of representative sampling considera-
tions. The relationship between the dimensions of the
kinetic test apparatus and the dimensions of the rock
samples being tested was discussed in a previous sec-
tion of this chapter in the context of preventing adverse
interactions between the sample and the container, par-
ticularly where the container was too small or confin-
ing. A corollary to that principle is that the amount of
sample typically available for the kinetic test should be
a determining factor in the dimensions of the appara-
tus. For example, while the 30-gal (113.56 1) field bar-
rels used by Renton et al. (1984, 1985) were ideally
suited to testing representative samples of large vol-
umes of coal refuse; it is unlikely that this apparatus
would be suitable for testing the volume of sample
available from an air-rotary drill hole intercepting a 2
ft (0.61 m) thick black shale unit. The mass of rock
chips and fines from a 5 5/8 in (14.29 cm) diameter
air-rotary drill hole, typically used for blast hole drill-
ing and overburden analysis sampling, is approxi-
mately 12 kg of sample per foot of rock drilled.
According to overburden sample collection procedures
outlined by Sobek et al. (1978), Noll et al. (1988), and
Chapter 5 (this volume, rock samples from air-rotary
drilling methods should be collected at 1 ft (0.305 m)
intervals; but several feet of successive samples of the
same lithologic unit may be combined or composited
for testing purposes. As some significant lithologic
units may only have 1 ft (0.305 m) thickness, and rep-
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resentative splits of the sample are typically needed for
other overburden tests, including NP and total sulfur
content, a sufficient amount of the sample should be
allocated for kinetic tests. Generally, the volume of
sample available for kinetic tests should be at least
1,000 g for each lithologic unit to be tested.

Where the available volume of rock sample is
greater than that needed for the kinetic test, a riffle
splitter should be used to obtain a representative split
of the sample in the desired volume. That split should
be physically representative of the particle size distri-
bution of the available sample, and chemically repre-
sentative of the mineralogical and bulk chemical
composition of the lithologic unit being tested. If the
sample has been subjected to a mechanical analysis to
determine the particle size distribution (as described in
the preceding section of this chapter), the coarse and
fine fractions should be recombined by passing them
through a riffle splitter or similar device to restore the
original particle size distribution of the sample prior to
kinetic testing because of the potential to have an une-
qual distribution of pyrite content in different size
fractions.

In kinetic tests where a representative sample from
a single lithologic unit is being tested, the method of
placement of the sample within the kinetic test appa-
ratus may not be critical, except for the particle size
distribution concerns and related potential operational
problems (e.g. air locks) described above. Where rep-
resentative samples from more than one lithologic unit
have been combined in the same kinetic test apparatus,
particularly when there has been an attempt to con-
struct layers of samples to simulate the configuration
of the backfilled spoil, the placement of the sample
becomes much more problematic. Chapter 1 and Evans
and Rose (1995) describe the significance of microen-
vironments within coal mine spoil in the production of
AMD. Rose and Cravotta state in Chapter 1: “Within
a mass of broken pyritic rock in the unsaturated zone,
water fills fine pores and occurs as films on grain sur-
faces. Flow rates of water vary widely as a result of
channeling along open pathways vs. near stagnation in
water films or fine pores. Also, the abundance of py-
rite varies widely from one fragment to another. Be-
cause of these factors, the chemical environment within
spoil can be very heterogeneous. Small volumes with
high pyrite, access to the gas phase, and slow flow of
water are expected to develop high acidities compared
to volumes lacking pyrite, or with complete water satu-
ration. In addition, 7. ferrooxidans may attach itself to
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pyrite surfaces and create its own microenvironment
favorable to oxidation. For all these reasons, it seems
likely that no simple characterization of chemical con-
ditions (pH, O, Fe**, etc.) is possible for unsaturated
spoil. The solution leaving a mine spoil is a mixture of
AMD generated in a variety of microenvironments
within the spoil.“

The differences in scale between the backfilled sur-
face mine site and the typical kinetic test apparatus are
many orders of magnitude apart. However, the poten-
tial to have similar microenvironments within the ki-
netic test apparatus is significant, based upon potential
variations in particle size, mineralogy, void spaces, and
flow paths. The potential problems are further compli-
cated if different minerals with significant potential
acidity and potential alkalinity are combined in the
same kinetic test apparatus. Another potential problem
with the volume and placement of multiple overburden
samples in a kinetic test is that approximately 95% of
the total volume of overburden may be relatively inert,
with respect to significant acidity or alkalinity produc-
tion. Then the approximately 5% of sample volume
containing minerals with significant acidity or alkalin-
ity potential may become dilluted or misplaced within
the test apparatus. In some large kinetic test appara-
tuses like the 40 fi tall tanks of Cathles et al. (1977)
and Murr et al. (1977), it may be possible to create
layers of different lithologic units and simulate waste
dump, spoil pile, or surface mine backfill behavior of
different lithologic units. Actually, while it is possible
to construct a replica of a ship in a bottle, it is improb-
able that the conditions of a stratified surface mine
backfill can be replicated in a test tube or even the av-
erage sized leaching column.

Water Handling Procedures

The importance of the ratio of the surface area of
sample to the volume of leachate from a kinetic test
was mentioned in an earlier section of this chapter.
Obviously, the volume of leachate or effluent from a
kinetic test is related to the volume of influent fluid and
other factors including water handling procedures dur-
ing the test and interactions among the solid sample,
fluids, and gaseous phases within the kinetic test appa-
ratus. The importance of water handling in kinetic
tests cannot be overstated because the final analytical
result of the test will be a set of numbers, usually con-
centrations of acidity, alakalinity, sulfate, and metals
(e.g. iron, manganese, aluminum), of the effluent water
samples, which will be used to predict the quality of
mine drainage waters located within or emanating from
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mine sites. The bulk chemistry and mineralogy of the
rock samples being tested are no doubt important in the
laboratory and in the field setting, but the kinetic test
results are expressed in and based upon effluent water
quality parameters.

Distilled, deionized water will be the influent in
most laboratory kinetic tests for mine drainage predic-
tion, while natural rainfall will be the influent in most
field-scale kinetic tests, like those described in Emrich
(1966), Glover and Kenyon (1962), Renton et al.
(1984, 1985), Pionke et al. (1980), and Pionke and
Rogowski (1982). There is probably no good reason to
use synthetic precipitation or simulated AMD instead
of distilled, deionized water in these laboratory kinetic
tests, providing that the physical, chemical, and bio-
logical conditions of the test facilitate the oxidation and
weathering of pyrite or other iron disulfide or iron sul-
fate minerals, and the dissolution of carbonate miner-
als, if present in the rock sample. It is not difficult to
achieve these conditions in the average laboratory set-
ting. Distilled deionized water is abundantly available
in most laboratories, and will very quickly change from
pH 7 to pH 5.7 when exposed to air in atmospheric
carbon dioxide concentrations, according to Krauskopf
(1967, p. 40) and Hem (1970, p. 91). If an abundance
of calcareous minerals is present in the sample and the
partial pressure of carbon dioxide within the kinetic
test apparatus is greater than atmospheric conditions,
influent distilled deionized water (actually a weak car-
bonic acid of pH 5.7), will generate an effluent of sig-
nificantly higher pH and alkalinity as carbonate
minerals dissolve, to produce more bicarbonate anions
in the contact water. Conversely, if an abundance of
pyrite or other potentially acidic minerals is present in
the sample, and oxygen and iron oxidizing bacteria are
readily available, the influent distilled deionized, pH
5.7 water, will readily generate an effluent of signifi-
cantly lower pH and higher acidity, metals, and sulfate
concentrations, indicative of acid mine drainage pro-
duction.

The volume of influent water must be sufficient to
obtain enough effluent water for all desired laboratory
analyses, and must be in proportion to the volume of
rock sample used in the kinetic tests. Further, the vol-
ume of water should simulate or approximate the hy-
drologic conditions of rainfall, surface water, or
groundwater that will be operative in the mine envi-
ronment. A principal objective of many kinetic test
procedures is to perform a short term laboratory
simulation of many years of weathering in the mine
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environment. However, frequent leaching episodes
with relatively large volumes of water may simulate the
conditions of a tropical rain forest (i.e. abnormally high
infiltration rates) rather than the mine environment
within the humid Appalachian Coal Basin or the more
arid conditions of the western United States. If the
ratio of the volume of influent water to volume of rock
sample is much greater than will occur in the mine en-
vironment, the concentrations of cations and anions in
the leachate will probably be much less (i.e. more di-
luted) than in the actual mine drainage. For example,
the fluid volume to sample volume ratio 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, which is one of several
significant reasons why this technique did not work
well for AMD prediction. Therefore, the volume of
influent water in kinetic tests is critical for determining
dilution of the mass of leached constituents.

This portionality consideration is analogous to the
concept of pollution load and other relationships be-
tween flow and concentration (Gunnerson, 1967
Smith, 1988, and Hornberger et al., 1990) where high-
flow hydrologic conditions produce low concentrations
of water quality parameters, and low-flow conditions
produce high concentrations. The extremely acidic
Iron Mountain mine drainage samples reported in Alp-
ers and Nordstrom (1991) are seepage drip waters
within the underground mine and a floor drainage sam-
ple, which was representative of the effluent from the
portal during low-flow conditions. The worst case
samples were “drippings of groundwater seeps from
stalactites of either melanterite or rhomboclase under
humid, warm conditions” (p. 326), which produced a
pH of -1.0, total iron concentration of 111,000 mg/L,
and sulfate concentration of 760,000 mg/L; while the
floor drainage/portal effluent sample had a pH of 0.48,
total iron concentration of 20,300 mg/L and sulfate
concentration of 118,000 mg/L. No doubt, if the mine
drainage from the Iron Mountain mine was sampled
after commingling with the waters of a receiving
stream, the total iron and sulfate concentrations would
be much lower, following dilution and/or precipitation
of the iron, further emphasizing the relationship be-
tween flow or water volume and the resulting concen-
trations of water quality parameters.

The USBM has evaluated the major parameters
associated with humidity cell tests to determine their
effect on the test precision or repeatability according to
Pool and Balderama (1994, pp. 330-331), who re-

ported on two of these parameters, effluent volume and
airflow rate and stated:

“These data indicate that the degree of drying,
and the amount of effluent recovered from these
tailings affected the amount of acid generated. ...
The optimum amount of leachant, to generate
the most acid, is dependent on the amount re-
quired to replace evaporation and control the
chemical and biological environment. For these
tailings, to produce the most acid approximately
half the weight of the sample was added as
leachant with a subsequent recovery of only a
third of the sample weight as effluent.”

It appears that for optimum kinetic test performance,
the volume/weight of influent water in any single
leaching episode should not be greater than 1 times the
rock sample weight; (and normally not greater than 0.5
times the rock sample weight) regardless of whether the
apparatus is a humidity cell, leaching column or other
device (Bradham and Caruccio, 1995). In fact, in field
leaching column tests using actual precipitation as the
influent water (Emrich, 1966; Glover and Kenyon,
1962; Renton et al., 1984, 1985; and Pionke and Ro-
gowski, 1982), approximately 45 in (1.14 m) of influ-
ent would be used in an entire year, based upon
average precipitation rates for Pennsylvania. Renton et
al. (1984, 1985) used 35-gal (132.49 ]) plastic barrels,
filled with 300 Ibs (136.08 kg) of rock samples; so the
ratio of the rainfall volume to rock sample volume was
much less than 1:1 for these rainfall-induced leaching
episodes (i.e. approximately 5 gal (18.93 1) of water to
35 gal (132.49]) of rock, equals 1:5).

The importance of the relationships among the vol-
ume of rock sample, surface area of the rock sample,
volume of the influent water, amount of water con-
sumed/lost during testing, and volume of effluent from
kinetic tests have been discussed above. Now, the ef-
fects of water in saturating, humidifying, weathering,
and flowing through the rock sample in kinetic tests
should be given additional consideration. These fac-
tors and associated physical, chemical, and biological
interrelationships will affect kinetic test performance
and extrapolation to hydrologic conditions in the mine
environment.

Overburden rock materials in spoil piles in active
surface mine sites will weather when infiltrating rain-
water and groundwater pass through the spoil pile, but
most of the spoil would not be completely saturated all
of the time. In typical backfilled surface mine sites,
some of the spoil positioned high in the backfill will be
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unsaturated most of the time; some of the spoil located
close to the pit floor/underclay may be saturated most
of the time; and some spoil in an intermediate position
may be alternately saturated and unsaturated as
groundwater levels rise and fall within the backfill.
The hydrogeologic setting of the mine site (i.c.
groundwater recharge area, transition area, or ground-
water discharge area) should be considered in deter-
mining the appropriate kinetic test procedures. For the
above reasons and others that will follow, rock samples
in kinetic tests should usually not be completely sub-
merged for the duration of the test. Watzlaf (1992)
evaluated pyrite oxidation in saturated and unsaturated
coal waste samples in leaching columns using influents
of distilled, deionized water and recycled AMD (i.e.
previously collected leachate laden with ferric iron).
The cumulative loads of sulfate, acidity, iron, manga-
nese and aluminum produced from 189 days of leach-
ing were much greater (i.e. 1 to 3 orders of magnitude)
for unsaturated conditions, regardless of whether the
influent was distilled water or recycled AMD. Watzlaf
(1992, p. 203) concluded that:

“Saturation of the pyritic coal refuse signifi-
cantly reduced the rate of pyrite oxidation. The
sulfate load produced by the unsaturated col-
umns after 189 days would take 118 years to be
gencrated under saturated conditions in the col-
umns receiving the deionized water leachant. ..

Theoretical calculations, column leaching, and
experience from the metal mining industry show
the disposal under saturated conditions can sig-
nificantly reduce contaminant concentration
from pyritic material. A field scale study is
needed to demonstrate the utility of this ap-
proach.”

The effectiveness of submergence of the rock sam-
ples in kinetic tests is also discussed in Leach (1991)
and Caruccio et al. (1993) who describe:

“... a series of weathering tests using columns
whereby samples of acid producing sandstone
and shale would be weathered under vadose
conditions, the zone of fluctuating water table
and the zone below the water table. .. The results
clearly show that submerging acid producing
material below the water table have a dramatic
effect on inhibiting acid production.” (p. 11)

Within the unsaturated zone of a kinetic test appa-
ratus or a surface mine backfill, the humidity in the
void spaces and episodes or cycles of infiltrating water
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facilitate weathering of the rock sample and the pro-
duction of acidity or alkalinity in the leachate. The
effects of humidity on pyrite oxidation have been
evaluated by Borek (1994, p 31) who states:

“Humidity is an important factor in pyrite oxi-
dation as it has been shown that pyritcs weather
differently depending on the humidity. The for-
mation of oxidation products is also determined
by humudity. These observations suggest that if
pyritic waste materials are not in direct contact
with water (i.c. high and dry), the exclusion of
water is not guaranteed. High humidity condi-
tions can contribute the water nceded for pyrite
oxidation.”

Borek (1994) quantified “the amounts of weather-
ing products formed during abiotic chemical pyrite
oxidation of six pyritc samples (i.e. three sedimentary
pyrites, and three hydrothermal pyrites) under four
relative humidity conditions (i.c. 34%, 50%, 70% and
79%); using Mossbauer spectroscopy to determine the
types and amounts of weathering products formed.”
The principal weathering products identified included
two ferrous sulfates, melanterite and rozenite.

Generally, Borek (1994, p. 44) found that:

“While the amount of product was found to be
dependent on the humidity and time, the type of
product produced seems dependent on the mode
of pyrite formation. The physical properties of
pyrite, such as crystal structure, may need to be
introduced as contributing factors in oxidation
and should be examined like other factors (e.g.
oxygen partial pressures, temperature, etc.).”

However, Borek (1994, p. 39) also stated: “Two
hydrothermal pyrites (Iron Mountain and Noranda)
produced no detectable weathering products at any
humidity tested. However, both pyrites arc believed to
be responsible for contaminating water at their field
sites.” Unfortunately, there was an absencc of iron-
oxidizing bacteria in these laboratory experiments.

Incredibly, the Mossbauer spectra of hydrothermal
pyrite samples from Iron Mountain, California showed
no significant difference (i.¢. no weathered/oxidized
products) from before weathering and after 250 days in
79% relative humidity conditions; while the actual
mine drainage from the Iron Mountain mine reported
by Alpers and Nordstrom (1991) had a pH less than 0,
sulfate greater than 100,000 g/L, and iron greater than
20,000 mg/L.
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The water-handling procedures in kinetic tests, ¢s-
pecially within unsaturated zones, and the interactions
among the kinetic test apparatus, the rock sample, and
the water conditions during the test, are most important
for a varicty of rcasons. According to Caruccio et al.
(1993 p. 6): “The physical configuration of the testing
method may impact the leachate quality more so than
the chemistry of the sample. These artifacts in leachate
production may be more directly related to the me-
chanics of the test rather than reflect the chemistry of
the rock.” They evaluated artifacts of humidity cells
(weathering cells), large and small leaching columns,
and Soxhlet reactors, and considered a varety of fac-
tors including humidity, ambient temperature, leachant
temperature, particle size, infiltrating wetting fronts,
capillary zones, porosity, permeability, effects of air
locks, effects of submergence, presence of iron-
oxidizing bacteria, and leaching interval. Humidity
cells and the large leaching columns cach had certain
factors or features which approximated the hydrologic
conditions in the mine environment. The ideal kinetic
test probably contains some features from both of these
methods.

Leaching Cycles

The procedures and elapsed times that occur when
water is introduced into kinetic tests, circulated
through and/or stored in a test, and withdrawn from the
apparatus as leachate will be referred to as a leaching
cycle. Within that cycle, the amount of time allocated
to circulation and/or storage may be referred to as the
residence time, analogous to the elapsed time between
groundwater recharge and discharge in a groundwater
flow system. Some kinetic test procedures flush accu-
mulated weathering products from the unsaturated
zone with relatively small storage times, other kinetic
test procedures may leave some components of the
water in storage (i.e., in saturated or unsaturated
zones) for longer amounts of time within the leaching
cycle. Numerous kinetic test procedures described in
the 45-year chronology section of this chapter includ-
ing Caruccio and Parizek (1967), Geidel (1979), and
Rose and Daub (1994), used 1-week leaching cycles,
with a variety of differences in procedures within the 1-
week cycles. Homberger et al. (1981, 1985) found
significantly higher acidity, sulfates, and metals in 1-
week contact samples than 1-hour contact samples
from the same leaching columns; presumably due to
longer residence time of the water within the test appa-
ratus.
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Bradham and Caruccio (1995) evaluated variability
in leachate quality from humidity cells, Soxhlet ex-
tractors and leaching columns due to the factors of
leaching interval, leachatc temperature, storage condi-
tions (i.e. the conditions of temperature and humidity
undcr which the rock samples are stored between
leachings), particle size, and particle sorting cfficiency.
They found that storage condition and leaching interval
were the factors that had the most significant influence
on contaminant production from Soxhiet reactors and
humidity cells, while particle size effects played a sub-
ordinate, although important role in controlling
leachate quality. However, in comparing leachate
quality from leaching columns and humidity cells,
Bradham and Caruccio (1995) concluded that particle
size effects were the dominant factor. The leaching
interval and associated time factors may also be criti-
cal, depending on whether the kinctic test is an acidity
generating system or an alkalinity generating system,
according to Geidel (1979) who found that the results
of more frequent intervals may produce opposite re-
sults in terms of rates of alkalinity and acidity produc-
tion.

The total number of leaching cycles, therefore the
total duration or elapsed time of a kinetic test, varied
greatly within the procedures outlined in the 45-year
chronology. From the scientific and technical stand-
point of accuracy, precision and predictability, the
number of leaching cycles, and the total duration of the
kinctic test must be sufficient to simulate weathering
and natural hydrologic conditions of the mine environ-
ment, and to guarantee acceptable reproducibility and
repeatability of test results with the same rock samples
and same kinetic test conditions. From the standpoint
of economics and practicality, the number of leaching
cycles and duration of the kinetic test should be short
cnough to be compatible with time and cost constraints
of typical mine permitting. Hopefully, both goals can
be satisfied within the same kinetic test.

Gas Handling Provisions (oxygen and carbon
dioxide)

The significance of oxygen and carbon dioxide in
acidity and alkalinity production in the mine environ-
ment and in kinctic tests to predict mine drainage qual-
ity has been noted throughout this chapter and
clscwhere. Without sufficient oxygen and aeration of
the rock samples, pyrite oxidation and weathering will
be impeded and AMD production will not reach its full
potential. Without sufficient carbon dioxide, the dis-
solution and maximum solubility concentration of car-
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bonate rocks will be reduced dramatically, and alkalin-
ity production will not reach the full potential of the
carbonate rocks. This scction of the chapter will
briefly summarize studies on pore gas composition in
mine environments and the effects of oxygen and car-
bon dioxide upon effluent quality in the field and labo-
ratory settings.

The composition of gases within void spaces and
backfilled surface mine spoil located in Pennsylvania
and elsewherce has been studied by Jaynes et al.
(1983), Lusardi and Erickson (1985), Cravotta et al.
(1994a), Guo et al. (1994), Guo ahd Parizek (1994)
and others. Jaynes et al. (1983) found that decreases
in oxygen concentration with depth were strongly cor-
related with increases in carbon dioxide concentrations
with increasing depth, but that most of the mine site
remained well oxygenated (i.e., oxygen greater than
10%) down to 12 m depth throughout the 2-year
study. The highest carbon dioxide concentrations re-
ported were 16.61% at 7 m depth. Cravotta et al.
(1994a, p. 368) reported that:

“Partial pressures of O, and CO, in spoil are
expected to vary depending on the predominant
reactions involving the gases, rclative rates of
the reactions, and rates of gas exchange with
surrounding zones (Jaynes ct al. 1984a.b;
Lusardi and Erickson 1985). In general, where
pyrite-oxidation and carbonate-dissolution reac-
tions are active, Po, will decrease and Pco, will
increase. Data on pore-gas compositions at 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 in-
creasing depth in all three areas.”

Guo et al. (1994, p47) found oxygen concentrations
deep within mine spoil to be greater than 18% at a
Clearfield County, Pennsylvania surface mine site, and
they state:

“The field data and a simple model show that
thermally induced air convection can be a domi-
nant process maintaining high O, concentration
in deep mine spoil...

The major hypothesis of this paper is that the
thermal anomalies generated by acid-forming,
exothermic, pyrite oxidation reactions induce
thermal convection that causes significant trans-
port of O, into mine spoit.”
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In a related area of research concerning oxidation
concentrations and transport processes within metal
mine leach dumps and reclaimed coal surface mine
sites, mathematical models have been developed and
tested to simulate pyrite oxidation rates and AMD pro-
duction. Cathles and Apps (1975) and Cathles (1979)
describe models of waste dump leaching processes that
incorporate air convection, heat balance, temperature
dependent oxygen kinctics, and bacterial catalysis.
Modeling of pyrite oxidation in reclaimed coal strip
mines by gas diffusion processes is described by Ro-
gowski et al. (1983), Jaynes et al. (1984a, 1984b) and
Jaymes (1991). According to Jaynes (1984a) the air
convection mechanism of oxygen movement used by
Cathles and Apps (1975) represents reasonable as-
sumptions for coarse waste dumps, but they believe
that diffusion processes would dominate within back-
filled coal mine spoil. However, Guo ¢t al. {1994, p.
54) concluded that the: “Results of both field investi-
gation and analytical calculation suggest that the high
O, concentration (18% or higher) observed in mine
spoil cannot be the result of diffusion but, instead, is
caused by advection, probably due to thermal convec-
tion.”

Additional information on oxygen transport is found
in Guo and Cravotta (1996). Pyrite oxidation in labo-
ratory kinetic tests has been studied by USBM re-
searchers for more than 60 years including Leitch et al.
(1930), Lorenz and Tarpley (1963), Watzlaf and
Hammack (1989), Hammack and Watzlaf (1990) and
Watzlaf (1992). Oxidation rates of pyrite (with and
without bacterial catalysis) were measured by Lorenz
and Tarpley (1963) using a Warburg Respirometer,
which facilitated the measurement of oxygen con-
sumption during the kinetic test. Hanna and Brant
(1962) used the Warburg Respirometer to evaluate
oxygen uptake during laboratory weathering of pyrite
materials in differing lithological units and particle
sizes, in order to compare the oxidation potential of
these samples to the results of laboratory leaching
methods from the humidity cell type of apparatus they
developed. Hammack and Watzlaf (1990) measured
abiotic and biotic oxidation rates of pyrite in leaching
columns, wherein certified gas mixtures ranging from
0.005% to 14.5% oxygen (plus 5% carbon dioxide and
the remainder nitrogen gas) were introduced into the
leaching columns via compressed gas cylinders and a
gas humidifier. Watzlaf (1992) studied pyrite oxida-
tion in saturated and unsaturated coal waste in leaching
columns to determine the effects of dissolved oxygen in
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water and the presence of ferric iron upon the pyrite
oxidation. According to Watzlaf (1992):

“To limit pyrite oxidation, oxygen levels must
be reduced from an atmospheric level of 21%
(0.21 atm) to extremely 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 less
than 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 satu-
rating the pyritic material with water (p. 192)....
In an unsaturated system, pyrite oxidation has
been found to be independent of oxygen levels
down to about 1% (Myerson 1981 and Ham-
mack and Watzlaf 1990). Pore gas oxygen lev-
els in surface mine spoil or in coal refuse piles
are almost always above 1% .... In a saturated
system, pyrite would oxidize at a very 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
diffusion of pore gas oxygen through water be-
comes limiting. (p. 203)”

Watzlaf (1992) also compiled data on pyrite oxida-
tion rates from other studies (expressed in mg of sul-
fate per gram of pyrite per hour) ranging from 0.06 to
0.16, including data from Braley (1960), Clark (1965),
Nicholson et al. (1988), and Hammack and Watzlaf
(1990). Cravotta (1996, p. 90) provides a more recent
compilation 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 Rimstidt and Newcomb (1993), Moses and Her-
man (1991), McKibben and Bamnes (1986), and others.
These significant studies, including the work of Moses
et al. (1987) and Cravotta (1996), evaluated differ-
ences in pyrite oxidation rates on the basis of particle
size (surface area), pH of initial solution, and avail-
ability of oxygen and ferric iron.

In a practical guide to acid mine drainage predic-
tion, Hyman et al. (1995) further summarized labora-
tory and field studies on the placement of potentially
acidic materials below the water table and state that
“The dissolved oxygen in the water is too low to create
appreciable amounts of CMD (contaminated mine
drainage)” p. 25. According to Cathles (1980, per-
sonal communication), the dissolved oxygen in
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groundwater in contact with pyritic materials would
not typically be capable of producing an effluent pH
less than 3.8; therefore mine drainage with a lower pH
emanating from a sealed deep mine, for example, is
indicative of an air leak in the system that is augment-
ing the dissolved oxygen in the groundwater.

Concerning the role of gases in laboratory kinetic
tests, Hyman et al. (1995, p. 11) state, “Gas phases,
such as oxygen and carbon dioxide, that occur in field
conditions may not be represented appropriately in the
laboratory test conditions.” Gas handling provisions in
kinetic test design and operation should account for:
(1) percentages of oxygen and carbon dioxide within
the test apparatus that are representative of field con-
ditions of the mine environment (e.g., pore gas compo-
sition of a backfilled surface mine) and (2) mechanisms
to circulate the gas mixture through the apparatus to
ensure that chemical reactions (oxidation and dissolu-
tion) may take place and promote weathering of the
rock samples. From the discussion on pyrite oxidation
above, it appears that there should be more than
enough oxygen available for pyrite oxidation in the
normal laboratory setting if the kinetic test apparatus is
open to the air and the rock samples are not entirely
saturated within the apparatus. However, the amount
of carbon dioxide needed to facilitate significant dis-
solution of carbonate minerals is more than can be
achieved under normal atmospheric conditions, as de-
scribed in a previous section of this chapter. There-
fore, carbon dioxide generally needs to be added to or
concentrated within the kinetic test apparatus to enrich
the carbon dioxide concentration within the gas mix-
ture unless interactions of minerals (¢.g. pyrite) and
fluids will increase the PCO,. If the partial pressure of
carbon dioxide in the gas mixture is 10>° bars (i.e.
atmospheric conditions) within the kinetic test appara-
tus, the maximum alkalinity/bicarbonate concentrations
in the leachate will be less than 100 mg/L, even with
pure limestones and dolomites. If there is too much
carbon dioxide in the gas mixture (e.g. greater than
10" bars, PCO, typically found in groundwater systems
and pore gas of surface mine backfills) the bicarbonate
and alkalinity concentrations may be greater than 500
mg/L, for example, as shown on figure 7.4 (sec also
Chapter 1, this volume). To ensure a representative
and realistic gas mixture in kinetic tests for mine
drainage prediction, it may be necessary to have the
kinetic test apparatus fitted with gas ports to enable the
constant or intermittent introduction of a controlled gas
mixture (for carbon dioxide enrichment) into the appa-
ratus. For example, a gas mixture of 10% oxygen,
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10% carbon dioxide and 80% nitrogen in a compressed
gas cylinder would probably supply adequate and rep-
resentative amounts of oxygen for pyrite oxidation and
carbon dioxide for carbonate mineral dissolution.

Most of this section of the chapter on gas handling
provisions in kinetic tests has emphasized the compo-
sition of gases, but the circulation of gases during the
test, or air flow is also important. Pool and Bal-
derrrama (1994) evaluated the effects of air flow rate
upon humidity cell tests and found that:

“Changes in air flow rate and effluent volume
affected the amounts of sulfate and acid report-
ing to effluent. Increased air flow rate resulted
in more moisture removal and increased acid
generation. (p. 1)... In the absence of air flow,
evaporation was nearly zero.(p. 9).... The im-
portant parameters which affect the acid pro-
duction in the constant temperature humidity
cell apparatus were the pct water removed and
the amount of effluent recovered. The pct water
removed was controlled by airflow through the
cell and across the sample surface, and the
amount of effluent recovered was dependent on
the amount of leachant used and the airflow.”

. 13)

Biological Considerations in Kinetic Tests

The importance of the role of bacteria in AMD pro-
duction has been known for more than forty years, and
significant early work on this subject in field and labo-
ratory settings is described in Leathen and Braley
(1954), Leathen et al. (1953a,b, 1956), Temple and
Delchamps (1953), Braley (1954), Silverman and
Lundgren (1959), Silverman et al. (1961), Unz and
Lundgren (1961), Lorenz and Tarpley (1963), and
Razell and Trussell (1963). Braley (1954) discusses
the studies at the Mellon Institute that were funded by
the Pennsylvania Department of Health to investigate
the role of bacteria in acid mine drainage formation.
Hanna and Brant (1962) describe the design and per-
formance of a humidity-cell type of laboratory “acid
generator apparatus,” which they developed in Ohio to
study, among other factors, “the effects of bacteria on
the acid production process.” Lorenz and Tarpley
(1963), at the USBM Coal Mining Research Center in
Pittsburgh, studied pyrite oxidation in laboratory ki-
netic tests. They compared oxidation rates with and
without the introduction of the iron-oxidizing bacte-
rium, Ferrobacillus ferrooxidans, utilizing the bacte-
rial culture medium, growth and harvesting procedures
developed by Silverman and Lundgren (1959).
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The dramatic effect of iron-oxidizing bacteria
populations on AMD production has been described in
Singer and Stumm (1970), Brierley (1982), Kleinmann
et al. (1981), and elsewhere. Singer and Stumm
(1970) found that the rate-determining step in AMD
production is the oxidation of ferrous iron wherein the
bacteria catalyze the reaction by a factor greater than
10°. Kleinmann et al. (1981) describe three stages to
the AMD production process involving four chemical
reactions wherein Stage 1 occurs at a pH above ap-
proximately 4.5 with high sulfate but little or no acid-
ity; Stage 2 occurs between pH 2.5 and 4.5 with
increasing acidity and low ferric to ferrous iron ratio;
and Stage 3 occurs at a pH below approximately 2.5
with high acidity, sulfate, total iron and ferric to fer-
rous iron ratios. The most significant differences be-
tween these stages is the increasing influence of
Thiobacillus ferrooxidans, to the point that reaction 3
proceeds at a rate totally determined by the activity of
T. ferrooxidans. Concerning Stage 3, Kleinmann et al.
(1981) state that a “vicious cycle of pyrite oxidation
and bacterial oxidation of ferrous iron results from the
combined effects of reactions 3 and 4.”

Concerning the metal mining and dump leaching
industry, Brierley (1982, p 44), stated that, while the
relatively large-scale leaching of copper was well es-
tablished by the eighteenth century, the miners did not
realize until about 25 years ago “that bacteria take an
active part in the leaching process.” Brierley also
states “Today bacteria are being deliberately exploited
to recover millions of pounds of copper from billions of
tons of low-grade ore.”

There are a number of genera and species of bacte-
ria relevant to acidic drainage production and leaching
processes. A large portion of the scientific literature
on this subject is devoted to the bacterium, Thiobacil-
lus ferrooxidans. According to Brierley (1982), bacte-
ria of the Thiobacillus genus are essential to the
leaching of metals from sulfide minerals, but other mi-
croorganisms may have important roles including
Thermothrix, Leptospirillium and Sulfolobus genera.
Ferrobacillus ferrooxidans, which has been referred to
carlier in this chapter, was subsequently reclassified as
a strain of Thiobacillus ferrooxidans. Another bacte-
rium, Metallogenium, is discussed in Kleinmann and
Crerar (1979). All of these bacteria vary in their aci-
dophilic (acid loving) and thermophilic (heat loving)
preferences or tolerances, therefore ranges in tempera-
ture and pH in natural or constructed/controlled envi-
ronments may determine which bacteria are present or
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absent. According to Brierley (1982, p. 44): “The
bacteria involved in the leaching of metals from ores
are among the most remarkable life forms known. The
microorganisms are said to be chemolithotrophic
(“rock-eating™); they obtain energy from the oxidation
of inorganic substances. Many of them are also autot-
rophic, that is, they capture carbon for the synthesis of
cellular components not from organic nutrients but
from carbon dioxide in the atmosphere.”

As stated in Chapter 1, these bacteria, “produce
enzymes which catalyze the oxidation reaction, and use
the energy rcleased to transform inorganic carbon into
cellular matter.” While these bacteria require oxygen
and carbon dioxide for their metabolism, it appears
that relatively low percentages of these gases are suffi-
cient for their survival because, 7. ferrooxidans ob-
tains carbon autotrophically from atmospheric carbon
dioxide (i.e. 0.035%). Brierley (1982) and Cathles and
Apps (1975, p. 619) report that “the bacterial oxida-
tion rate of ferrous iron is essentially independent of
oxygen concentration in the air until the concentration
falls below 1%.”

T ferrooxidans thrives in the temperature range
between 20 and 35 ° C, according to Brierley (1982),
who classifies the bacterium as moderately thermao-
philic. Murr et al. (1977, p. 222) report that “The op-
timum temperature for sulfide leaching catalyzed by T’
ferrooxidans is 35° C, and that biological oxidation
appears to cease at around 55°C (see also Bryner et
al., 1967). In large scale leaching column experiments
with low-grade copper waste rock, Murr ct al. (1977,
p. 222) found that.. “the population of 7. ferrooxidans
began to decline at approximately 45° C.” In related
leaching column studies, field measurements of actual
industrial sulfide waste dumps, and mathematical mod-
els developed to simulate waste dump performance, it
has been assumed that, “the bacteria become sick at
about 50° Centigrade and finally die or become inac-
tive at about 35° Centigrade™ (Cathles (1979); Cathles
et al. (1977); and Murr et al. (1977)). According to
Cathles (1979, p. 185). . “low grade sulfide waste
dumps arc only very rarely (if ever) observed to have
internal temperatures greater than 65°C.” In addition
Cathles et al (1977) state: “The fact dumps always
appear to operate at temperatures below 55°C is thus
direct evidence of the importance of bacteria in at least
one step of the leaching process.” From some evidence
collected by Murr et al. (1977) it appears that a high-
temperature microbe, like Sulfolobus, was present to
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account for bacterial oxidation and catalysis of reac-
tions at temperatures somewhat greater than 50° C.

Bricrley (1982, p. 47) states that:

“The most robust of the leaching microorgan-
isms are the extremely thermophilic and acido-
philic species of the genus Sulfolobus. These
bactenia flourish in acidic hot springs and vol-
canic fissures at temperatures that can exceed
60 degrees C. Some strains of Sulfolobus have
been observed in springs at temperatures near
the boiling point of water.”

Some knetic tests for AMD prediction have incor-
porated special equipment or procedures in the test to
control and/or monitor temperature during the tests;
others simply rely upon room temperature in the labo-
ratory or ambient temperature in the field to provide
acceptable temperatures for the AMD reactions to take
place. Hornberger et al. (1981) placed leaching col-
umns in an mcubator within the laboratory and main-
tained temperatures within the incubator at a constant
25°C. That temperature was selected because 25°C
and 1 atmosphere pressure are standard conditions fre-
quently used in studies of chemical reactions as de-
scribed by Hem (1970, p. 22), Garrels and Christ
(1965, Chapter 9) and others. The temperature of
25°C is also within the range between 20°C and 35°C
where Thiobacillus bacteria flourish (see Brierley,
1982). Cathies and Breen (1983) coiled Y in (6.35
mm) copper tubing around their leaching columns and
circulated distilled, deionized water from a constant
temperaturc bath through the coils. Fiberglass pipe
insulation was used to jacket the column to prevent
heat loss and the column was fitted with three thermo-
couple ports to constantly measure temperature within
the column. Temperatures of 35°C and 50°C were
selected by Cathles and Breen (1983) because of opti-
mum and upper limits of “non-thermophilic, iron-
oxidizing” bacteria performance reported in previous
studies (Murr, 1980 and Murr et al., 1977). The efflu-
ent solutions from the 50°C column experiments were
more concentrated in iron than the 35°C column ex-
periment. Room (laboratory) temperature at 73°F.
equals 22.8°C, and is within the range of Thiobacilius.

In addition to the fact that optimum temperature for
Thiobacillus bacterial catalysis of reactions is 35°C,
there are other reasons why 1t may be advantageous to
maintain temperatures at 35°C rather than 25°C. Con-
cerning the effect of temperature on chemical reaction
rates, Hem (1970, p. 32) states: “The generalization is
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commonly made that a 10°C change in temperature
changes the rate of reaction by a factor of about 2.
The term “reaction” here includes biochemical proc-
esses as well as inorganic reactions.

While this increased temperature may be advanta-
geous in optimizing pyrite oxidation, it may be disad-
vantageous if carbonate minerals are present in the
kinetic test, as the solubility of calcite decreases with
increasing temperature. Some kinetic test procedures
operate at significantly higher temperatures, specifi-
cally Soxhlet reactors heat to boiling, then cool to con-
dense water. These test procedures and others
mcluding oven drying at 105° C, probably kill bacteria
populations between leaching episodes. The fact that
there are relatively few sterile natural environments
without bacteria has been documented by Bass-
Becking et al. (1960), who define the limits of the natu-
ral environment in terms of pH and oxidation-reduction
potentials (Eh).

The iron-oxidizing bacteria are typically abundant
in mine environments, and they can be readily adapted
to survive and flourish in a kinetic test apparatus in a
laboratory setting without great difficulty. According
to Brierley (1982, p. 48):

“The dumps are not inoculated with the leaching
bacteria. The organisms are ubiquitous, and
when conditions in the rock pile become suitable
for their growth, they proliferate. Rock samples
collected near the top of a leach pile typically
harbor more than a million bacteria of the spe-
cies T ferrooxidans per gram.”

It appears that there is almost no lower limit to the
pH where iron-oxidizing bacteria will survive, but
there is some debate and uncertainty on the effects of a
pH regime below approximately 2.0 upon 7. ferrooxi-
dans. Nordstrom and Potter (1977) and Kleinmann ¢t
al. (1981) report a 0.8 pH tolerance level of T fer-
rooxidans. However, laboratory tests indicate that the
bacterial oxidation of ferrous iron slows below pH 1.5
(see Silverman and Lundgren (1959), Schnaitman et al.
(1969) and), Chapter 1, this volume). Alpers and
Nordstrom (1991, p. 327) describe the most extreme
conditions of natural acidity developed from pyrite
oxidation yet reported (including published documen-
tation of mine water with a pH less than 0), but state
that the Iron Mountain, California site contains optimal
conditions for all five hydrogeochemical factors re-
quired for production of acid mine waters, including
iron-oxidizing bacteria (p. 332).
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It also appears that there is an upper pH limit where
the acidophilus, iron-oxidizing bacteria will not sur-
vive, but there is similar debate and uncertainty on the
effects of the higher pH regime upon 7. ferrooxidans.
According to Wadell, Parizek, and Buss (1980), the
bacteria tend to die off at pH of 5.5 as shown on Fig-
ure 7.6. Lovell (1983), Wadell et al., (1980), and oth-
ers (Chapter 13, this volume) have advocated the
development and maintenance of an alkaline environ-
ment in mine spoil in order to mhibit pyrite oxidation,
including bacterial catalysis. However there is some
doubt that the T. ferrooxidans actually die off above
pH 5.5, according to Rose (1997), who states: “At
near-neutral pH, the T ferrooxidans attach directly to
the pyrite surface and creatc a microenvironment at the
attachment point where they carry on their chemistry.
However, the reaction is much slower than that in so-
lution at a more acidic pH.” Additional information on
T. ferrooxidans survival in this higher pH regime is
found in Ehrlich (1962; 1990), who demonstrated tol-
erance up to pH 6.98 in synthetic buffered media.
Kleinmann and Crerar (1979) found the bacteria in a
mine drainage-contaminated stream in southwestern
Pennsylvania at pH 6.4. “Such presence does not im-
ply acid-producing activity, but it does indicate that the
bacteria are available should a suitable environment
appear,” according to Kleinmann and Crerar (1979, p.
383).

Most of the discussion in this section of the chapter
has involved the importance of the presence of iron-
oxidizing bacteria upon AMD production in ficld and
laboratory settings, within certain ranges of tempera-
ture and pH. In contrast, a brief discussion on pro-
moting the absence of bacteria in mine environments or
laboratory settings will follow. As described earlier
the water handling section of this chapter, it is almost
beyond belief that the Iron Mountain pyrite samplcs,
“displayed no significant weathering over time in any
relative humidity” (Borek, 1994, p. 31) in the absence
of iron-oxidizing bacteria in the laboratory; while the
Iron Mountain pyrite weathering in the presence of
bacteria in the mine environment (i.¢. field conditions)
produces the most extreme conditions of natural acidity
developed from pyrite oxidation including pH less than
0.0.

The use of alkaline addition materials (¢.g. limestone
crusher fines and lime plant fluedust) to promote an
alkaline mine environment and thereby inhibit the bac-
terial oxidation of pyrite, has been evaluated in labo-
ratory kinetic tests by Rose and Daub (1994), and
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in surface minc ecnvironments by Waddcll ¢t al.
(1980), Dugas et al. (1993), Evans and Rose (1995),
Rose et al. (1995), Perry and Brady (1995), and Wil-
liams et al. (in press).

There also have been significant efforts to use bac-
tericides (e.g. Sodium lauryl sulfate and other anionic
detergents) to inhibit, control or minimize AMD pro-
duction at mine sites, including the work of Walters
(1965), Dugan (1975), Walsh and Mitchell (1975),
Kleinmann and Crerar (1979), Klemnmann et al. (1981)
and Parisi et al. (1994). Additional information on
these bactericidal controls is found in Chapter 15.

From all the above discussions on biological con-
siderations in kinetic tests, it should be obvious that
iron-oxidizing bacteria must be allowed to be active in
the kinetic test apparatus if the test conditions and re-
sults are expected to be representative of pyrite oxida-
tion potential in the mine environment. In some
laboratory kinetic test procedures, the presence of iron-
oxidizing bacteria is guaranteed by the use of relatively
formal inoculation procedures including the work of
Lorenz and Tarpley (1963), Cathles and Breen (1983),
and others. In field scale kinetic tests, it is not neces-
sary to inoculate the rock samples with iron-oxidizing
bacteria because they are ubiquitous in the mine envi-
ronment (Brierley, 1982).
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Some kinetic test procedures have ensured the pres-
ence of iron-oxidizing bacteria in the laboratory by
wetting the rock sample with mine drainage collected in
the field. Homberger et al. (1981, 1985) demonstrated
that Thiobacillus bacteria can survive from the field to
laboratory leaching columns, including rock crushing
and other sample preparation procedures, by simply
wetting the rock samples with pit water at the surface
mine site, and keeping the samples moist through stor-
age in plastic bags until placement in the leaching col-
umns. Numerous studies have informally inoculated
the rock samples in laboratory kinetic tests by adding
AMD from a deep mine or surface ming to the kinetic
test apparatus during the initial wetting of the rock
sample or at some other point in the test, including the
work of Smith et al. (1974), Poissant (1986), and Pois-
sant and Caruccio (1986).

Regardless of how the iron-oxidizing bacteria have
arrived in the laboratory kinetic test apparatus, their
presence and relative abundance in the sample may be
determined and quantified using a culture medium and
a Most Probable Number method (sec Standard Meth-
ods, Greenberg, et al. Eds. (1980, p. 802)). Bacteria
populations determined by this MPN method in AMD
studies are reported in Murr et al. (1977),Cobley and
Haddock (1975), Olem and Unz (1976, 1977), Cra-
votta (1996), and other references. These techmques
may be used to document that adequate biological con-
siderations have been included in the kinetic test, and
that the test conditions and results are representative of
the mine environment.

Summary and Recommendations

The role of physical, chemical and biological fac-
tors in mine environments and in kinetic tests has been
described in the preceding sections of this chapter and
numerous examples are given in the chronology in Ap-
pendix A. Most of these factors must be incorporated
into the design, operation and interpretation of kinetic
tests for AMD prediction, or the laboratory data will
have little or no relevance to the real world. Given the
ranges and extreme values of pH, acidity, alkalinity,
iron, aluminum, and sulfates found in mine environ-
ments as shown in Tables 7.1 and 7.2, it is reasonable
to expect that kinetic tests for AMD prediction should
be capable of producing leachate with acidity and sul-
fate concentrations of several thousand to tens of thou-
sands mg/L., and metals concentrations of several
hundred mg/L from worst- case AMD producing rock
samples, and leachate with alkalinity concentrations of
several hundred mg/L from best-case carbonate rock
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samples. If the concentrations of acidity, alkalinity,
sulfates, and metals in the leachate from a kinetic test
are equivalent to the concentrations of these parameters
in the mine environment, the interpretation of the test
results will be more straightforward than applying a
dillution factor or some other transformation of the
leachate data. Also, if the leachate data will be sub-
jected to some further graphical or mathematical
analysis (e.g. converting the concentration data to mg
acidity/g sample/day and plotting the cumlative acid-
ity), it may be helpful to refer back to the original con-
centration data and find a range of concentrations that
can be directly related to post-mining discharge con-
centrations in the field.

Therefore, a major objective of kinetic tests for
mine drainage prediction should be to simulate the
quality of effluent from the rocks to be mined with a
reasonable degree of accuracy and precision. The fol-
lowing nine general principles of kinetic test design and
performance constitute a summary and guidelines of
the major factors to be considered in that simulation:

1. The size, shape and structure of the kinetic test ap-
paratus should be as simple as is practicable, given
that multiple arrays of these devices may be needed
to concurrently test multiple rock samples from a
proposed mine site. Yet, the apparatus may need
some complexity in external form or internal struc-
ture to allow fluids and gases (i.¢. oxygen and car-
bon dioxide) to enter, circulate through and exit the
apparatus in a manner that is representative of the
weathering conditions of the mine environment.

2. The dimensions of the kinetic test apparatus should
be in proportion to the particle size distribution and
volume of the rock sample to be tested, so that there
are no adverse interactions {¢.g. airlocks or other
testing artifacts) between the sample and its con-
tainer. For example, with a columnar shaped appa-
ratus, the inside diameter of the column should be at
least several times greater than the largest particle
diameter within the volume of rock samples.

3. The goals of sampling for kinetic testing should be
to obtain rock samples that are representative of the
physical (i.e. particle size distribution) and chemical
(i.c. mineralogic composition) characteristics of the
consolidated overburden strata, or backfilled mine
spoil, or waste dump to be simulated in the test. If
the rock samples are obtained from air rotary drill-
ing procedures typically used in overburden analysis
testing, the particle size distribution within the ki-
netic test apparatus will probably not be truly rep-

resentative of the particle size distribution within the
mine spoil. Consideration should be given to the
percentage of relatively coarse (i.¢. gravel sized)
particles and relatively fine grained particles in the
sample. A greater percentage of finc particles in-
creases the surface area available for reaction,
which 1s a critical parameter in the production of
acidity or alkalinity.

. Multiple lithologic units should not be combined in

the same kinetic test apparatus, in composite sam-
ples, or especially not in layers, unless the potential
acidity or alkalinity of the individual lithologies is
already known from similar kinetic tests, static tests
or equivalent geochemical information. If more
than one lithologic unit is contained in the same ki-
netic test apparatus, the method of placement of the
sample within the apparatus becomes more prob-
fematic, and the effect of microenvironments with
the apparatus should be evaluated.

. The volume of influent water minus the volume of

water consumed during the kinetic test dctermines
the volume of effluent water or leachate. These
volumes of water should be properly proportioned
to the volume of rock sample being tested and
should simulate or approximate the hydrologic
loading conditions (i.c. amounts of rainfall, surface
water or groundwater) that will be encountered in
the mine environment. The ratio of the surface area
of rock sample to the volume of leachate may be the
most important parameter in kinetic test design, per-
formance and data interpretation.

. Rock samples in kinetic tests usually should not be

in a completely saturated condition for the duration
of the test, because pyrite oxidation rates will be
greatly diminished when the samples are sub-
merged, and the kinetic test effluent water samples
may not be indicative of the concentrations of acid-
ity, sulfate, and metals that will be produced in the
actual mine environment. To simulate the weather-
ing conditions of a surface mine or mine waste
dump, the rock samples should be in a partially
saturated, or intermittently saturated and unsatu-
rated condition during the test, which approximates
the effects of episodes of infiltrating rainfall and the
groundwater flow system within the mine environ-
ment. In these unsaturated zones within the kinetic
test apparatus, weathering of the rock samples will
be enhanced by alternating wetting and drying cy-
cles, and the effects of humidity, water flow and air
flow through the voids or pore spaces.
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7. The pore gas composition within the kinetic test
apparatus should be similar to that within reclaimed
surface mine spoil, particularly to have a partial
pressure of carbon dioxide sufficient to facilitate the
dissolution of carbonate minerals. To ensure a rep-
resentative and realistic gas mixture in kinetic tests
for mine drainage prediction, 1t may be necessary to
have the kinetic test apparatus fitted with gas ports
to enable the constant or intermittent introduction of
a controlled gas mixture into the apparatus (i.e. for
carbon dioxidc enrichment). For example, a mix-
ture of 10% oxygen, 10% carbon dioxide and 80%
nitrogen in a compressed gas cylinder would supply
adequate and representative amounts of oxygen for
pyrite oxidation and carbon dioxide for carbonate
mineral dissolution.

. ITron-oxidizing bacteria must be present and rela-
tively abundant within the kinetic test apparatus, if
the test conditions and results are expected to be
representative of pyrite oxidation potential in the
mine environment, because abiotic pyrite oxidation
rates are 6 orders of magnitude less than bacterially
catalyzed pyrite oxidation rates, and because the
iron-oxidizing bacteria will be ubiquitous in the
mine environment, unless conditions of high pH or
very high temperature adversely affect their sur-
vival. It may be necessary to inoculate the rock
sample with Thiobacillus bacteria at the com-
mencement of the kinetic test, and maintain tem-
perature conditions between 20°C and 40°C during
the test to provide optimum conditions for a healthy
bacteria population.

. The ideal kinetic test for the prediction of mine
drainage quality will be: (a) practical to construct
and operate, (b) of reasonable time and cost re-
quirements to encourage widespread acceptance and
use, (c) representative of the physical, chemical and
biological conditions of the mine environment (i.e.,
in conformance with the preceding 8 principles),
and (d) readily interpretable due to the capability of
producing the range of acidity, alkalinity, sulfate,
and metals concentrations found in acidic and alka-
line mine drainage. From the scientific and techni-
cal standpoint of accuracy, precision, and
predictability, the number of leaching cycles and the
total duration of the kinetic test must be of suffi-
cient length to simulate mineral weathering and
natural hydrologic conditions of the mine cnviron-
ment, and to guarantee acceptable reproducibility
and repeatability of test results with the same rock
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samples and same kinetic test conditions. From the
standpoint of economics and practicality, the num-
ber of leaching cycles and duration of the kinetic
test should be short enough to be compatible with
time and cost constraints of typical mine permitting.
It may be necessary to employ interpretative tools
(e.g. mathematical models) and interfaces between
long-term laboratory research studies and short-
term leachate production tests to satisfy all of these
goals and correctly predict mine drainage quality in
somie relatively complex geochemical or hydro-
geologic settings.

Development of Standard Kinetic Test Procedures
for the Prediction of Mine Drainage Quality

The goal of developing standard kinetic test proce-
dures for predicting mine drainage quality has been
emphasized throughout this chapter. In the four years
since the Third International Conference on Acidic
Drainage in Pittsburgh in 1994, several significant
steps have been taken toward consensus building on
acid mine drainage rescarch and development issues
among Federal government regulatory and research
agencies, state regulatory agencies, mining industry
representatives, and university researchers. Recently
the Acid Drainage Technology Initiative (ADTI) has
been formed by a group of Federal agencies under the
leadership of the U.S. Office of Surface Mining
(OSM), the National Mining Association, the Interstate
Mining Compact Commission, and the National Mine
Land Reclamation Center. One of the two major
working groups of this initiative is on prediction. It is
hoped that this group may be able to develop a consen-
sus on kinctic test procedures for the prediction of mine
dramage quality as one of its primary goals. Two ma-
jor advantages of developing standard kinetic proce-
dures through this consensus building effort arc that
almost everyone, especially for mine permitting pur-
poses, would be using the same test procedures (which
facilitates data comparison and data base building) and
that scientific and legal controversics between govern-
ment and industry users of prediction techniques over
interpretations of the test results and accuracy of the
predictions would be substantially reduced.

Much can be learned from work completed in other
industries on the development in application of stan-
dard kinetic test procedures. In the residual and haz-
ardous waste industry, the Environmental Protection
Agency, the state regulatory agencies, the industry and
their consultants are consistently using the Toxicity
Characteristic Leaching Procedure (TCLP) and the
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Synthetic Precipitation Leaching Procedure (SPLP)
and are building an acceptable data base from which
scientific inferences, permitting decisions, and case-to-
case comparisons can be made. In the nuclear waste
industry, a significant amount of research was done on
leaching processes leading to the development of ANS
16.1 (American Nuclear Society, 1984) and the MCC1
leach test (Pacific Northwest Laboratory, 1980). An
example of the use of the MCC1 leach test on nuclear
waste is described in Ebert and Bates (1992), while
Zhao (1995) provides extensive data on leach testing of
flyash and fluidized bed combustoer (FBC)ash cements
using the MCC1 test. The work of John K. Bates and
associates at Argonne National Laboratory on nuclear
waste glass also provides relevant information on sur-
face area/leachate volume ratios (Aines et al., 1986;
Ebert and Bates, 1992; Feng and Bates, 1993; Feng et
al.,, 1994), which were discussed in the water handling
section of this chapter. A summary description of the
MCCI1 test, ANS 16.1 and numerous other leaching
methods is presented in Sorini (1997).

The Toxicity Characteristic Leaching Procedure
(TCLP) is designed to simulate the leaching a waste
will undergo if disposed of in a sanitary landfill, and is
found as Method 1311 in the EPA manual entitled Test
Methods for Evaluating Solid Waste, Physi-
cal/Chemical Methods, SW-846. The Synthetic Pre-
cipitation Leaching Procedure (SPLP) is Method 1312
and it is designed to determine the mobility of both or-
ganic and inorganic analytes present in samples of
soils, wastes, and waste waters. While both of these
standard test methods are now well founded in the
waste industry, it appears that neither of these methods
is appropriate for the prediction of mine drainage qual-
ity, based in part, on studies by Franklin and Zahl
(1988) and Boyle and Smith (1994). It would be de-
sirable to develop a standard Mine Drainage Leaching
Procedure (MDLP) for use by the mining industry and
its consultants, state regulatory agencies, and Federal
regulatory and research agencies, with the support and
approval of the EPA, OSM, IMCC, and the NMA.

It would be unrealistic to expect that the develop-
ment of a MDLP test would instantly be accepted and
used by all mine drainage researchers and research us-
ers in the United States and elsewhere, and that long-
standing kinetic test research programs at universities
and Federal research centers would all abandon their
efforts in favor of the new MDLP. That is not our ex-
pectation. After the development of a MDLP test,
there would probably always be some specific research

purpose that would require a kinetic test apparatus of
greater sophistication, or a greater test duration than

the MDLP. Those specific research purposes may be
largely unaffected by the development of a MDLP test

- or suite of test methods. The real beauty of a standard
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MDLP for the prediction of mine drainage quality
would be that it would be required or recommended as
the preferred method where needed, as part of mining
permit applications by the state and Federal regulatory
agencies. Finally, it would facilitate a meaningful
comparison of kinetic test results from rock type to
rock type, mine site to mine site, state to state, and na-
tion to nation in order to make sound permitting deci-
sions, prevent mine drainage pollution problems which
financially cripple mining companies, and build effec-
tive data bases for future use by all stakeholders.

Relationships Among Kinetic Tests, Static Tests,
and Other Methods of Predicting Mine Drainage

Quality

Kinetic tests alone are not the answer to the predic-
tion of mine drainage quality. They should be used in
combination with static tests and other predictive tech-
niques including evaluation of background water qual-
ity, mine drainage quality produced at nearby mine
sites or mines in similar lithologic settings, and detailed
stratigraphic analyses. Kinetic tests will usually be
more expensive and more time consuming than static
tests; therefore the kinetic tests should be used selec-
tively when needed because the static tests are incon-
clusive or require augmentation.

It may be appropriate to use a phased approach to
the prediction of mine drainage quality for a proposed
mine site, wherein all rock samples to be evaluated are
initially subjected to relatively simple static tests, such
as neutralization potential (NP) and total sulfur con-
tent; whereupon these indicators or surrogate measures
of potential alkalinity and potential acidity of all strata
to be affected are used to determine which of these
rock samples should be subjected to kinetic tests for a
more realistic simulation of mine drainage quality. The
B.C. Research Initial Test and B.C. Research Confir-
mation Test described in Bruynesten and Hackl (1984)
are an example of this type of approach, where the ini-
tial static test is followed by the kinetic test if the sam-
ple is initially found to be a potential acid producer.
Another example is the Knoxville, Tennessece OSMRE
Field Office guidelines on kinetic testing described in
Maddox (1988), wherein experience proved that the net
acid base account by itself on some samples, was not a
reliable predictor of acid mine drainage generation, and
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further kinetic testing of these samples was recom-
mended.

A conceptual method of implementing a phased
static and kinetic testing protocol for mine drainage
quality prediction would be to construct a 3 x 3 matrix
(9 cells) where on one axis three classes of percent sul-
fur values represent low, medium and high potential
acidity, and on the other axis, three classes of neutrali-
zation potential values represent low, medium and high
potential alkalinity. Based upon these static test re-
sults, cach rock sample from an overburden analysis
would be classified in one of these nine cells. By op-
erational rules it could be determined which of these
nine classes demonstrate that the static test results are
sufficient for mine drainage quality prediction pur-
poses, which of the nine classes demonstrate that k-
netic tests are needed for a further simulation of mine
drainage quality, and which of these nine classes would
require some other type of predictive analysis.

Regardless of whether kinetic tests are used alone
or in combination with other methods of predicting
mine drainage quality, hopefully this chapter has pre-
sented a foundation and sufficient reasons why practi-
cal, efficient, reliable and interpretable standard kinetic
test methods should be developed for use by the mining
industry and regulatory agencies in the prediction of
mine drainage quality.
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APPENDIX A

Chronology of the Development of Kinetic
Tests for Mine Drainage: 1949 - 1994

Early History

One of the earliest workers in the field of coal mine
drainage was S. A. Braley (1949, 1960) from the
Mellon Institute of Industrial Research in Pittsburgh,
Pennsylvania. Braley (1949) described experiments in
which glass columns were filled with crushed coal
samples, distilled water was added and aeration of the
sample and influence of bacteria on AMD production
were evaluated. Braley (1960) developed a test to es-
timate the oxidation of pyrite wherein 100 g of weath-
ered crushed sample were placed in a 400 ml. beaker
and submerged with 250 ml. of distilled water for 24
hours; then drained, filtered, diluted and analyzed for
pH, acidity, calcium and sulfate. The residue was then
returned to the beaker, flooded with 250 ml. of distilled
water, and covered with a watch glass for repeated it-
erations of the test.

As coal surface mining in Appalachia flourished
from World War II into the 1950°s and 1960’s, state
and federal agencies and universities in the Appala-
chian states became increasingly more involved in acid
mine drainage research when AMD impacts on surface
waters and groundwaters increased in these areas. The
Pennsylvania Sanitary Water Board (1952, 1958),
Temple and Koehler (1954) in West Virginia, and
Moulton (1957) and Brant and Moulton (1960) in
Ohio, produced reports and manuals on the control,
treatment, and prevention of AMD from bituminous
coal mines in these states.

The U. S Bureau of Mines (e.g. Lorenz and Tar-
pley, 1963), the U. S. Geological Survey (Biesecker
and George, 1966), and the Appalachian Regional
Commission (1969, a federal and state agency consor-
tium) were working on the documentation of the mag-
nitude of the AMD problem in Appalachia at that time,
and were conducting research on the production, pre-
vention, and abatement of AMD. Some of the publi-
cations referenced above, and related studies by some
of the researchers, such as Hanna and Brant (1962),
Lorenz and Tarpley (1963), and Emrich (1666) contain
significant information on kinetic test developments
and applications.

Hanna and Brant (1962, p. 483) describe leaching
studies, in which “scveral basic laboratory apparatuses
were designed and tested for the purpose of acid gen-
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eration in order to simulate acid production in nature,
but under controlied laboratory conditions.” They de-
scribe the acid generator apparatus that was developed
and used in their research, (shown on Figure 7.7), as
follows:

“The generator consists of a sample cell, a dif-
fusion unit to supply saturated water vapor, a
separatory funnel used for flushing, and a re-
ceiver. It is anticipated that this basic cell with
modifications will make it possible to continue
studies on various phases of the work, such as
relationships between acid produced and particle
size or reactive area exposed; the effects of
bacteria on the acid production process; the ef-
fects of applications of various inhibitors to the
sample; and many other factors which must be
investigated in order to more thoroughly under-
stand the acid formation phenomena.”(p. 484)
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Hanna and Brant (1962) conducted comparative
leaching studies on various particle sizes of coal,
shales and sandstones from high walls and spoil piles.
Because the samples were continuously exposed to
water vapor between daily flushing episodes that re-
moved accumulated weathering products, this type of
kinetic test apparatus became generically called a hu-
midity cell.
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In studies at the U. S. Bureau of Mines in Pitts-
burgh, Lorenz and Tarpley (1963) used a laboratory
apparatus calied the Warburg constant-volume respi-
rometer to evaluate pyritc oxidation. This apparatus,
shown on Figure 7.8, was attached to a shaker ar-
ranged so that the sample in the reaction flask was im-
mersed in a constant-temperature water bath, and that
the liquid in the reaction flask was saturated with air.
Lorenz and Tarpley (1963) evaluated the effect of iron
oxidizing bacteria, the presence of calcite, and fer-
rous/ferric sulfate solutions on the pyrite oxidation in
these laboratory studies. They also conducted X-ray
diffraction, emission spectrography, and microscopic
analyses of the pyrite samples. Hanna and Brant
(1962) also used the Warburg Respirometer method on
selected samples to mcasure the oxidation of pyritic
materials, and to provide comparison to their leaching
studies described above.

Emrich (1966) presents a survey of scientific lit-
erature and associated test methods for estimating the
oxidation or acid potential of acid-forming material
coal seams and associated rocks (p. V-7). That techni-
cal bulletin is contained in the publication entitled
“Mine Drainage Manual“ by the Pennsylvania De-
partment of Environmental Resources (1973), which is
a precursor fo this book. In fact, Emrich (1966) states,
“The Pennsylvania Sanitary Water Board now requires
that the quality and quantity of drainage from a pro-
posed operation be estimated” (p. V-6). Emrich (1966)
recognized that the beaker test described above from
Braley (1960) has serious limitations for evaluating
acid mine drainage potential including that: “During
the test, the sample is continually submerged in dis-
tilled water and there is, at best, only an extremely
limited opportunity for future oxidation of the acid-
forming material.” (p. V-8). Emrich (1966) also gave
credit to the glass leaching column method of Braley
(1949) in that: “This method. very closely stmulates
conditions that occur in nature when coal is mined ex-
cept for the periodic wetting, drying and oxidizing of
the sample.” (p. V-8). Emrich (1966) also describes a
“European method” of Glover and Kenyon (1962) of
evaluating the chemical character of drainage from
coal stockpiles, using drain-tile leaching columns (12
m (0.305 m) diameter x 3 ft’ (0.914 m) length) shown
on Figure 7.9, constructed outdoors to utilize actual
precipitation.  Additional information on this kinetic
test and European mine drainage control procedures is
reported in Lyon and Maneval (1966). Finally, a ki-
netic test method is presented that was developed by
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ment of Health, in which a Soxhlet Extractor (Figure
7.10), is used in a laboratory setting to accelerate the
weathering process through repeated iterations or
“passes” where the rock samples are aerated, heated,
humidified, and flushed with distilled water.

The Pennsylvania State University has made sig-
nificant contributions to the field of coal mine drainage
research for many years. Some of the early work is
summarized in Dutcher et al. (1966, 1967) and Parizek
and Tarr (1972); while more recent summaries are
found in Lovell (1983) and Hornberger et al. (1990).
A long line of research reports involving kinetic test
developments, refinements and applications 1n coal
mine drainage research from the Department of Geo-
sciences at Penn State commenced with the publica-
tions by Caruccio and Parizek (1967, 1968) and
Caruccio (1967).
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Caruccio and Parizek (1967, 1968) developed a
humidity cell apparatus, similar in principle to that of
Hanna and Brant (1962). The “simulated weathering”
test method of Caruccio and Parizek (1967) empha-
sizes the continuous exposure of the rock sample to
humid air piped into the sample container, and the
regular flushing of accumulated weathering products
with distilled water at intervals of 7 days. The paper
by Caruccio and Parizek (1968) appeared in the Sec-
ond Symposium on Coal Mine Drainage Research in
Pittsburgh. Numerous other papers on kinetic test de-
velopments, including Singer and Stumm (1968), ap-
peared in the symposium series, which originated in
Pittsburgh under sponsorship by Bituminous Coal Re-
search and the Mellon Institute.

Later, at the University of South Carolina, Dr.
Frank T. Caruccio continued to conduct simulated
weathering tests with the humidity cell appara-
tus(shown on Figure 7.2) on coal and overburden sam-
ples from the Appalachian Region, as reported in
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Caruccio and Ferm (1974), Caruccio and Geidel
(1978, 1980, 1981a, 1981b), and Caruccio et al.
(1976, 1977, 1981). Dr. Frank Caruccio, Dr. Gwen
Geidel and associates have been leaders in kinetic test
developments and applications, some of which will be
referred to later in this section (Caruccio and Geidel,
1986a; Bradham and Caruccio, 1990).

At West Virginia University, Dr. Richard M. Smith
and associates, principally soil scientists, were con-
ducting AMD research funded by the U. S. Environ-
mental Protection Agency, including the development
and use of static and kinetic tests for predicting mine
drainage quality, as described in Grube et al. (1971),
Smith et al. (1974), Smith et al. (1976), and Sobek et
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al. (1978). Laboratory weathering studies are de-
scribed by Smith et al. (1974) in a section entitled,
“Simulated Chemical Weathering With Intense Aera-
tion.” In this study, humidity cell type containers, 4 in
(10.16 cm) x 12 in (30.48 cm) x 6 in (15.24 cm) plas-
tic boxes, were utilized, and rock chip samples placed
in the boxes were “inoculated with acid mine water
from a deep mine to provide the essential microorgan-
isms for reduced sulfur and iron oxidation” (p. 200).
Moist air was passed through the plastic boxes for 3
1/2 days, followed by dry air for 3 days, and 1/2 day to
leach the boxes and analyze the leachate; hence com-
pleting a 7-day cycle.

Regulatory Induced Developments

The Federal Surface Mining Conservation and
Reclamation Act was enacted in 1977 and required that
permit applicants determine the Probable Hydrologic
Consequences of proposed mining activities, including
the chemical analyses of the coal and overburden strata
for AMD potential. Pennsylvania obtained primacy
under SMCRA in 1982 and the Pennsylvania mining
regulations, 25 PA Code Chapters 86 through 90, were
promulgated to meet requirements in the federal and
state laws. The federal and state regulations requiring
the chemical testing of coal, overburden, and underclay
samples as part of the surface mining permit applica-
tion created a major demand for the development, use,
and mnterpretation of kinetic and static tests to predict
mine drainage quality by the regulatory agencies, min-
ing industry consultants, and commercial laboratories.
This demand forced a scarch of available laboratory
methods used in AMD research and other sciences that
might be used to obtain accurate and precise results,
and also initiated the adaptation of some test methods
from a university research study environment to the
routine sample production environment of commercial
laboratories.

The ASTM water shake extraction procedure
(ASTM, D3987, 1978, 1983) initially appeared to be
attractive to some regulatory agency personnel and
some commercial laboratories because the test proce-
dure was published and disseminated by the ASTM,
the laboratory apparatus was in use in commercial
labs, and the procedure and analytical results on resid-
ual waste and hazardous waste samples had received
some degree of acceptance by regulatory agencies and
the waste industry consultants. However, the proce-
dure flooded the sample with a fluid to sample ratio of
4:1, and the 48-hour shaking cycle in sealed containers
did little to promote oxidation of the sample. Conse-



Chapter 7 - Kinetic (Leaching) Tests for the Prediction of Mine Drainage Quality

quently, the diluted leachate usually had relatively low
concentrations of acidity, sulfate, iron, manganese, and
aluminum, even for rock samples with significant
AMD potential. Most researchers ultimately con-
cluded that the ASTM water shake extraction proce-
dure was not principally designed nor intended for use
in the analysis of overburden, coal, or coal refuse for
AMD potential; and the procedure soon faded from use
by most mining regulatory agencies, mining consult-
ants, and commercial laboratories conducting mine
drainage analyses.

Some commercial laboratories, such as Sturm Envi-
ronmental Services in West Virginia, and West Penn
Analytical Labs in Brookville, Pennsylvania, developed
their own procedures or modified existing procedures
for kinetic testing of overburden samples. The Sturm
Environmental Services procedure is described in
Sturey et al. (1982).

In an attempt to provide guidance to regulatory
agencies, the mining industry, their consultants, and
commercial laboratories, the EPA published “Field and
Laboratory Methods for the Analysis of Overburden
and Minesoils”, by Sobek et al. (1978), which was
rapidly and widely disseminated throughout the re-
search user community. This manual had a primary
focus on static test procedures, principally acid-base
accounting, but also featured kinetic test procedures
including simulated weathering tests.

In 1979, the PA DER distributed informal guidance
to the mining industry on available overburden analysis
methods, (static and kinetic), and was accepting analy-
ses performed by acid-base accounting (Sobek et al.
1978), humidity cell methods (Caruccio et al. 1976,
1977) and the ASTM water shake extraction procedure
(ASTM, D3987, 1978, 1983). As the data base of
completed overburden analysis studies in DER permit
files began to grow, results of various static and kinetic
test methods on surface mine sites in the same vicinity
and lithologic setting could be compared. Problems
with test methods and data interpretation became evi-
dent. For example, in Big Sandy Creek watershed in
Fayette County, Pennsylvania, Dr. Frank Caruccio and
his associates conducted humidity cell tests as part of
overburden analysis studies on 13 proposed surface
mine sites, under contract to DER and in cooperation
with mining industry permit applicants. On several of
these sites where humidity cell tests found significant
AMD potential, surface mining permit applications
were denied. On three of these sites, the original per-
mit applicant or a new applicant filed new permit ap-
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plications including acid-base accounting data, which
under literal interpretation, indicated a “net excess of
neutralizers.” In one case, where the new permit was
issued based upon the acid-base accounting data, seri-
ous AMD discharges developed, and three miles of the
Stony Fork tributary of the Big Sandy Creeck watershed
were degraded from the AMD pollution. On one of the
other sites where the new permit application was de-
nied (i.e. Boyle Land and Fuel Company), extensive
litigation resulted over the accuracy of the various
static and kinetic test methods used in the overburden
analysis studies. Some of the geologic and mine drain-
age quality data for this watershed are explained by
Brady ct al. (1988).

The scientific and legal controversies surrounding
the various static and kinetic overburden analysis
methods in use at that time prompted state and federal
regulatory and research agencies and other researchers
to conduct comparisons of test results and to attempt to
determine whether any of the available overburden
analysis methods produced accurate and precise pre-
mining predictions of post-mining water quality. In
1982, U.S. Bureau of Mines, under the direction of Dr.
Robert L. P. Kleinmann at the Pittsburgh Research
Center, commenced a large research project to evaluate
the effectiveness of various overburden analysis meth-
ods at a range of surface mine sites throughout the bi-
tuminous coal fields of the eastern United States. The
USBM funded the consulting firm, Engineers Interna-
tional, as the contractor of the project and its subcon-
tractor Sturm Environmental Services conducted the
laboratory analyses. A team of researchers from Engi-
neers International, including A. A. Sobek, evaluated
overburden samples from mine sites in Pennsylvania,
West Virginia, Maryland, Kentucky, and Illinois, using
static and kinetic test methods. USBM researchers
conducted additional data analyses following comple-
tion of the contract. Results of the research were ulti-
mately published in USBM Information Circular 9183
in 1988 in papers by Erickson and Hedin (1988) and
Hedin and Erickson (1988). These works and addi-
tional studies on the comparison of various kinetic and
static overburden analysis methods, will be discussed
further at a later point in this chronology. Meanwhile,
additional kinetic test developments were occurring
throughout the United States and Canada.

The Middle Years - Penn State University

From the 1970s through the 1980s, researchers at
the Pennsylvania State University were continuing to
use kinetic test methods in a series of research projects
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oriented toward evaluating the AMD potential of
stratigraphic units in the bituminous coal fields of
western Pennsylvania. These studies are related to the
overburden characterization and kinetic test work
commenced by Caruccio and Parizek (1967), and in-
clude reports by Homberger, Parizek and Williams
(1981), Waters (1981), Williams, Rose, Parizek and
Waters (1982), Rose, Williams and Parizek (1983),
Cathles (1982), Cathles and Breen (1983), Williams,
Rose, Waters, and Morrison (1985), Hornberger
{1985), and Morrison (1988).

Homberger, Parizek and Williams (1981) con-
ducted leaching tests on coal and overburden analyses
in 1977, which are described bricfly in Hornberger et
al. (1981) and in greater detail in Homberger (1985).
They constructed simple leaching columns from 1/2 gal
(1.89 1) plastic containers, as shown in Figure 7.11,
which combined some features of humidity cells and
leaching columns. The lower half of the leaching col-
umn was kept saturated, which provided a constant
source of water and humidity within the container to
facilitate the chemical reactions and promoted survival
of the bacteria. Weekly leaching episodes produced
two types of effluent from the colurns: (2) “1-week”
contact leachate drained from the bottom of the col-
umn, and (b) “1-hour” contact leachate which flushed
accumulated weathering products from the upper half
of the column.

Williams et al. (1982) used the same leaching col-
umns, and essentially the same leaching procedure as
Hornberger et al. (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.
Morrison (1988) and Williams et al. (1985) also used
the same laboratory leaching vessels shown in Figure
7.11, but “slightly modified” the methodology of these
kinetic tests.

Dr. Larry Cathles came to Pennsylvania State Uni-
versity in 1978, bringing with him a wealth of leaching
experiences from the metal mining industry, especially
Kennecott Copper Corporation, including studies by
Cathles and Apps (1975), Cathles et al. (1977), Murr
ct al. (1977), Cathles (1979), Cathles and Murr (1980)
and Cathles and Schlitt (1980). These studies involve
a variety of leaching experiments including small-scale
laboratory leaching columns, large-scale (i.e., 40 ft
(12.19 m) high x 10 £t (3.05 m) diameter) column
leaching experiments and the development of mathe-
matical models to simulate the leaching process. At

{8cm)

Weekly fesching
(4cm)

7-34

Penn State, Cathles and Breen (1983) studied the re-
moval of pyrite from coal by heap leaching processes
and utilized a constant temperature leaching column,
shown in Figure 7.12, to conduct laboratory leaching
experiments.

The Middie Years - West Virginia University and
Related Work

While much of the effort to predict mine drainage
quality in West Virginia during 1970s and 1980s was
focused on the acid-base accounting method (i.e. static
test), a significant interest in kinetic test developments
was shown by the work of Renton and Stiller at West
Virginia University and others associated with the
West Virgimia Department of Natural Resources, the
West Virginia Surface Mine Drainage Task Force, and
the West Virginia Acid Mine Drainage Technical Ad-
visory Committee (AMDTAC). Accelerated weather-
ing methods employing Soxhlet reactors in a laboratory
setting were utilized by Renton, Hidalgo and Streib
(1973), and Renton et al. (1984, 1985). Field-scale
leaching column procedures were also developed as
described by Stiller (1983) and Renton et al. (1984,
1985). In these field leaching tests, 35-gal (132.51)
plastic barrels, fitted with plastic distribution plates,
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flow plates and leachate collection vessels, as shown in
Figure 7.13 from Renton et al. (1984), were entirely
filled with 300 Ibs (136.1 kg) of coal preparation plant
wastes, and leached by actual precipitation events to
simulate normal weathering conditions. The primary
objective of the study described by Stiller (1983) was
to test the effectiveness of various ameliorants (i.c. ag-
ricultural lime, sodium lauryl sulfate, and apatite rock),
in abating or preventing AMD production.

Dr. Frank T. Caruccio and Dr. Gwendelyn Geidel
of the University of South Carolina and Dr. Robert L.
P. Kleinmann from the U.S. Bureau of Mines in Pitts-
burgh were official members of the West Virginia Acid
Mine Drainage Technical Advisory Committee
(AMDTAC), a consortium of West Virginia DNR
staff, West Virginia coal industry technical representa-
tives, and AMD researchers from universities and gov-
emnment agencies, including Dr. Jack Renton and Dr.
Al Stiller from West Virginia University. AMDTAC
provided an excellent format and opportunity for the
DNR, mining industry and researchers to interact and
cooperate in projects on AMD prediction and abate-
ment, including the development and practical applica-
tion of kinetic tests at surface mine sites. Examples of
these cooperative research projects on West Virginia
surface mines are reported in Caruccio et al. (1984),
Caruccio and Geidel (1983, DNR grant R-83-063),
Renton et al. (1988), and Caruccio and Geidel (1986b,
1989). Kinetic test methods employed in these

7-35

AMDTAC studies included humidity cells, Soxhlet
reactors, and field-scale leaching columns or barrels.

During the same time period, related work on the
use of Soxhlet reactors in the weathering of overburden
and coal refuse samples was being conducted by re-
searchers at Argonne National Labs and elsewhere,
including Sobek et al. (1982) and Sullivan and Sobek
(1982). Sobek et al. (1982) describe modifications to
the Soxhlet reactor developed by them and Singleton
and Lavkulich (1978), which were designed to improve
simulated weathering studies and duplicate field condi-
tions. Davies (1979, 1980) also discusses improving
the efficiency and optimizing the performance of Sox-
hlet reactors. Sobek et al. (1982) credit Pedro (1961)
as the first researcher to use the Soxhlet reactor in rock
weathering studies, with further work reported in
Henin and Pedro (1965). The study by Sullivan and
Sobek (1982) contains a comparison of the leachate
characteristics of Soxhlet reactors and humidity cells.
Additional kinetic test research utilizing Soxhlet reac-
tors to test pyritic coal waste is found in Sullivan et al.
(1986).

Kinetic Test Developments in Central and Western
U. S. and Canada

In other areas of the United States, outside of the
Appalachian Coal Mining Region, kinetic test methods
were being developed and evaluated including the
studies by Infanger and Hood (1980), Hood and Oertel
(1984) and Hood (1984) in Illinois, and Dolhopf
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(1984) and Harvey and Dolhopf (1986) in Montana.
In the Illinois studies, leaching columns were used.
Infanger and Hood (1980) constructed leaching col-
umns from 2 in (5.08 cm) PVC pipe in 7-ft (2.13 m)
lengths, and filled the columns with three, 2-ft (0.61 m)
thick layers of different overburden lithologies, which
were subjected to fifteen leaching cycles of 1-, 2- or 3-
week duration, between the introduction of one liter of
influent water and collection of the effluent sample.
Hood and Oertel (1984) and Hood (1984) constructed
leaching columns using glass tubes 122 cm long by 3.5
cm inside diameter, shown in Figure 7.14, wherein dis-
tilled water was introduced into the columns from the
bottom upward in order to avoid air locks, and a 1-
week total cycle time was selected, using a 2-day rock-
water contact time. Hood (1984) describes one set of
leaching experiments in which “air was not permitted
to enter the column” in order to simulate conditions
below the water table; and a second set of experiments
where the columns were open at the top to simulate
conditions above the groundwater table.

Harvey and Dolhopf (1986) developed a
“computerized automated rapid weathering apparatus”
(CARWA), shown in Figure 7.15, which consists of
three humidity-cell type “weathering chambers or com-
partments” with extensive mechanical and electrical
supporting equipment. In describing the operation of
the CARWA, Harvey and Dolhopf (1986, p. 14) state:

“A bacteria inoculated... 200 gram minesoil
sample (<2mm fraction) was placed into each of
three acrylic weathering compartments. An
automated weathering cycle began by spraying
200 ml of distilled/deionized water into each
compartment. The minesoil solution was me-
chanically agitated for one hour, and then the
water was extracted, under a vacuum suction,
into a holding column. The minesoil was aer-
ated for 30 minutes by an overhead fan to en-
courage oxygenation and partial drying. The
extracted water was discharged into a beaker
positioned on an automatic turntable, and the

next cycle began... The computer control auto-

matically conducted six-weathering cycles of
approximately 2.5 hours each on the samples.
The extracts were monitored for volume, pH

and titratable acidity.”

In Canada, particularly British Columbia, research
on static and kinetic test developments to evaluate
AMD potential was ongoing during the 1970s and
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1980s, including Bruynesten and Duncan (1979),
Bruynesten and Hackl (1984), Ferguson (1985) and
Ferguson and Mehling (1986), which paralleled similar
efforts in the United States described previously in this
section. The British Columbia research is primarily
oriented toward metal mines and associated mine tail-
ings. A static test, named the B. C. Research Initial
Test and described in Bruynesten and Hackl (1984), is
similar in procedure and interpretation to the acid-base
accounting procedure described in Smith et al. (1974)

~ and Sobek et al. (1978). Ifthe B. C. Research Initial

Test indicates the sample to be a potential acid pro-
ducer, the static test is typically followed by a kinetic
test named the B. C. Research Confirmation Test as
described in Bruynesten and Hackl (1984), wherein the
rock sample is placed in a 250-ml Erlenmeyer Flask
with 70 ml of nutrient media and Thiobacillus bacteria
culture. The flask is maintained in a carbon dioxide
enriched atmosphere at a temperature of 35°C and
placed on a gyratory shaker to monitor pH changes
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(see also Ferguson 1985, Ferguson and Mehling 1986,
and Ferguson and Erickson 1986). Additional Cana-
dian kinetic test developments and field applications,
including the use of shake flasks and lysimeters, are
discussed in Duncan (1975), Ritcey and Silver (1981),
Davidige (1984), Halbert et al. (1983), Wilkes (1985)
and Ferguson and Erickson (1988).
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This chronology demonstrates that by the mid-
1980’s a wide variety of kinetic and static tests to pre-
dict AMD had been developed and used throughout the
United States and Canada. Attention then focused on
studies to evaluate and compare the various test meth-
ods to determine which provided the best prediction of
AMD potential, and whether any method produced
accurate and precise pre-mining predictions of post-
mining water quality. Some of the literature cited ear-
lier, including Hanna and Brant (1962) and Sullivan
and Sobek (1982), contain comparisons of two kinetic
test methods. The scientific and legal controversy sur-
rounding various static and kinetic overburden analysis
methods of concern to government research and regu-
latory agencies, and the genuine scientific curiosity to
advance the process of AMD prediction led to a num-
ber of rigorous studies to either compare a wide variety
of test methods or to evaluate overburden analysis test
results over a wide geographic area or differing
lithological units. Caruccio and Geidel (1986 a) con-
ducted an excellent study to compare the results of
humidity cells (with 200 g. of <4 mm. sample), Soxhlet
reactors (with <125 micron particle size), leaching col-
umns (9 cm. diameter, 30 cm. height, with sample of
unspecified particle size), the B. C. Research Initial
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Test, the B. C. Research Confirmation Test, and acid-
base accounting, in order “to determine which one most
closely approximates the observed field conditions™ (p.
147). Plastic tubs (approximately 0.5 m x 0.5 mx 0.3
m deep) and plastic barrels were installed in the field in
order to weather samples with actual precipitation un-
der natural climatic conditions for two years, for con-
trol purposes to compare to the laboratory results
(similar to the field methods described by Renton et al.
1984, 1985). The advantages and disadvantages of all
of these overburden analytical methods, plus the beaker
leachate test (as described by Sobek et al. 1978) were
listed by Caruccio and Geidel (1986 a, Table I, p.

149), who concluded that “All things considered, the
column tests more clearly approximate the observed
field results than the other analytical tests” (p. 153).
They also concluded that the effluent acidity was
markedly higher for finer particle size.

Erickson and Hedin (1988) evaluated overburden
analysis data from 32 surface mine sites in Pennsylva-
nia, West Virginia, Maryland, Illinois, and Kentucky
where overburden samples and post-mining water
quality samples were collected by Engineers Interna-
tional under USBM Contract No. J0328037. Acid-
base accounting analyses and simulated weathering
tests using humidity cells (with 300 g of <2 mm parti-
cles, leached weekly with 300 ml of water) were cor-
related with the actual mine drainage analyses from
these mine sites. Concerning the kinetic test data, the
only significant correlation found was between the sul-
fates in the simulated weathering test and sulfates in
the actual mine drainage. However, the correlation
coefficient of r = 0.4059 when squared, yields a coef-
ficient of determination, r* = 0.1648, which indicates
that sulfate in the test leachate explains only 16.5% of
the variation in the sulfate data for the mine drainage.
Erickson and Hedin (1988) concluded that :

“The results of this study confirmed that the
overburden analysis methods tested do not ade-
quately predict post-mining drainage quality
when used alone. This result is not surprising,
as overburden analytical data is only one com-
ponent of the pre-mining site assessment. Mine
operators and regulatory authorities utilize other
data and past experience in judging the envi-
ronmental suitability of a proposed mine... The
weathering procedure used in this study failed to
yield an accurate prediction of water quality and
failed to delineate boundaries for drainage of
differing acid/alkaline character. The correla-
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tion between sulfate produced during simulated
weathering and sulfate concentrations observed
in the field suggested that pyrite oxidation can
be mimicked in the laboratory. Alkalinity-
generating processes were not mimicked by this
method. Limited data from laboratory weath-
ering showed at least a potential for better
simulation of neutralization processes when the
overburden strata were composited into a single
sample prior to weathering.”

The authors also point out that no leachate sample
from the kinetic tests exceeded 100 mg/L net alkalinity,
while field samples of post-mining drainage had net
alkalinity in the range of 100 to 620 mg/L. The low
PCO; of the laboratory tests is suggested as a cause by
Erickson and Hedin (1988). In a companion study,
Hedin and Erickson (1988) evaluated the relationships
between the initial geochemistry and leachate chemistry
of overburden samples from the same 32 mine sites,
using the humidity cell apparatus in simulated weath-
ering tests to provide the leachate chemistry. Con-
cerning, “the problem of predicting drainage chemistry
on a mine level”, Hedin and Erickson (1988, p. 28)
state: :

“Are the errors calculated and discussed in this
paper responsible for predictive failures? We
think not. The error of our relationships is
about 25%, which is not great enough to ac-
count for the large differences between expected
and actual drainage chemistry observed in our
study... More likely, the failure of the methods
lies in conservative assumptions and design
features that are inappropriate... In our weath-
ering tests, we produced conditions that maxi-
mized pyritic oxidation and minimized
alkalinity. Both of these problems can be justi-
fied when one wishes to make conservative
judgments. However, if accurate predictions are
the goal, the assumptions and methodologies
must be thoroughly reevaluated.”

Comparisons of static and kinetic AMD prediction
techniques in use in Canada and the United States were
also presented in tabular and graphic format and dis-
cussed in Ferguson (1985), Ferguson and Mehling
(1986), Ferguson and Erickson (1986, 1987, 1988),
and Lapakko (1993). Additional comparative over-
burden analyses reports are found in Bradham and
Caruccio (1990) and Caruccio et al. (1993).
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A Plethora of Variations on a Theme

In addition to the papers by Erickson and Hedin
(1988) and Hedin and Erickson (1988), the Mine
Drainage and Surface Mine Reclamation Conference
held in Pittsburgh in 1988 (and published as USBM
Information Circular 9183), featured other papers on
kinetic test developments and applications including
Doepker (1988), Renton et al. (1988), Backes et al.
(1988), Bennett et al. (1988), Watzlaf (1988), Ham-
mack et al. (1988), Stahl and Parizek (1988), Lapakko
(1988), Sullivan and Yelton (1988), Franklin and Zahl
(1988), and Ammons and Shelton (1988). In these
studies a variety of kinetic test procedures were em-
ployed involving leaching columns, humidity cells and
other weathering chambers, Soxhlet reactors, field-
scale barrels, and lysimeters, most of which have al-
ready been described herein. One new development
was the evaluation by Franklin and Zahl (1988) of
EPA’s Toxicity Characteristics Leach Procedure
(TCLP), “to determine what, if any, applicability the
test has in evaluating mine wastes”™ (p. 205). After
using the standard TCLP method and developing modi-
fied TCLP tests, Franklin and Zahl (1988, p. 205)
concluded that: “Based on these results and other
similar research at SRC, it appears that better labora-
tory assessment methods could be developed that more
appropriately aid in the simulation or prediction of
contamination from mine wastes.”

Doepker (1988) constructed leaching columns from
2 £t (0.61 m) and 4 ft (1.22 m) lengths of 3 in (7.62
cm) inside diameter PVC pipe “equipped with ce-
mented couplings and bushings in which perforated
Nalgene plates had been installed” (p. 211) ...”A series
of ten similarly constructed 132 “ (3.81 cm) ID PVC
columns were used to examine the effects of sample
depth and column surface-to-volume ratios” (p. 211).
Additional kinetic test research at the USBM Spokane
Research Center, including a series of at least four
leaching column studies, is reported in Doepker and
O’Conner (1991a, 1991b) and Docpker (1991a,
1991b, 1994). Experimental methods utilized in
Doepker (1994) “included leaching columns, perfo-
rated baskets, and Buchner funnels, coupled with hu-
midity and controlled atmosphere chambers” (p. 55).
A kinetic technique for carbonate species is in Roberts
et al. (1984).

In 1988, the Knoxville, Tennessee Field Office of
OSMRE released an outline of an acceptable proce-
dure for conducting leaching tests as described in
Maddox (1988). This leaching procedure or simulated
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weathering test is designed to augment acid-base ac-
counting results because:

“It is likely that some permit applicants will not
recognize the overburden conditions that may
result in a deficiency requiring a leach test on
overburden samples that have been defined as
nonacidic by the net acid-base account (NAB)...
based on OSMRE, Division of Tennessee Per-
mitting’s experience, it has become obvious
that, in Tennessee at least, the NAB by itself is
not a reliable predictor of acid mine drainage
(AMD) generation... Therefore, whenever there
is no “fizz” but the analysis shows a potential
acidity of 5 or more, an NAB indicating non-
acidic strata is suspect and may require a leach
test... So, even though the NAB indicates an
excess of neutralization capacity, the reaction
kinetics actually occurring under natural weath-
ering conditions may still result in acid produc-
tion. The acid-forming process is quite efficient
because the acidic products of pyrite oxidation
are highly soluble in water and are readily mo-
bilized.”

In this Tennessee OSMRE procedure, an advantage of
using a leaching column is noted, but other appropriate
apparatus may be used, and the test method includes
some features of humidity cell methods.

At the 1990 Mining and Reclamation Conference in
Charleston, West Virginia, Bradham and Caruccio
(1990) presented the results of a comparative analyti-
cal study of Canadian metal mines tailings using acid-
base accounting, humidity cells, leaching columns
(Hood-Oertel type), and Soxhlet reactors. In contrast
to the comparative study by Caruccio and Geidel
(1986a), wherein leaching columns were found to be
the most accurate predictive test, Bradham and Caruc-
cio (1990) found that the humidity cells were the most
accurate predictor, and the leaching columns were the
least accurate. According to Bradham and Caruccio
(1990, p. 19):

“The fine-grained nature of the tailings afforded
high specific retention of fluid, creating airlocks
within the columns that skewed the results.
When the leachate quality predicted and ob-
tained by the various tests was compared to the
actual drainage quality emanating from the sites
from which the samples were collected, the least
accurate were the column tests, next were the
acid/base accounting projections, then the sox-
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hiets, with the weathering cell tests being most
accurate.”

The 1990 Charleston conference proceedings con-
tain other papers using kinetic tests including Halver-
son and Gentry (1990), Hart et al. (1990), Morrison et
al. (1990a, 1990b), and Hammack and Watzlaf (1990).
In the study by Halverson and Gentry (1990), the
leaching column method of Doepker (1988) was used
to conduct weekly leaching episodes with simulated
precipitation for fifty weeks. Morrison et al. (1990b)
used the leaching column method described in Horn-
berger et al. (1981), Waters (1981), Williams et al.
(1982, 1985), Homberger (1985), and Morrison
(1988). In Hammack and Watzlaf (1990), small
leaching columns (i.e. 40 cm length x 2.54 cm ID) and
large leaching columns (i.e. 1.92 m length x 0.25 m
diameter) were used to evaluate pyrite oxidation rates.
Hart et al. (1990) used the Soxhlet extraction proce-
dures previously described in Renton et al. (1973,
1984, 1985, 1988).

Watzlaf (1992) used “small leaching columns” to
evaluate pyrite oxidation of coal waste samples under
saturated and unsaturated conditions. These 5.1 cm
diameter x 46 cm length columns were larger than the
small leaching columns, but smaller than the large
leaching columns used by Hammack and Watzlaf
(1992). Four different leaching scenarios (i.e. combi-
nations of saturated and unsaturated conditions with
distilled water or recycled AMD influents) were evalu-
ated by Watzlaf (1992), who concluded that saturated
conditions can significantly reduce the rate of pyrite
oxidation.

Filipek et al. (1991) developed and evaluated a ki-
netic test method named the “shake flask/humidity cell
test” in order to predict the chemistry of drainage from
exploration tunnels in a massive sulfide deposit in
Maine. The method modified and combined some ki-
netic test features of shake flask tests and humidity cell
tests because, “water discharging from the tunnel is
expected to react with the associated rocks in a manner
somewhere between the two extremes tested by the
shake flask and humidity cell tests.” Filipek et al.
(1991) also evaluated the effect of test-water chemistry
on the results of the kinetic tests using a “simulated
acid-rain® influent water, and the effect of the
rock:water ratio on leachability.

Lapakko and Antonson (1994) conducted a labora-
tory study of the oxidation of sulfide minerals associ-
ated with copper and nickel deposits in the Duluth
Complex in northwestern Minnesota , “to examine the
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quality of drainage generated by potential Duluth
Complex mining wastes” (p. 593). To conduct these
kinetic tests, they used a reactor apparatus shown in
Figure 7.16 (from Lapakko 1994a, p. 272), which was
also used in studies by Lapakko (1988) and Lapakko
(1990). This apparatus and kinetic test procedure is
essentially a humidity cell method, because humidity
and temperature conditions are controlled and moni-
tored between weekly flushing episodes. Lapakko and
Antonson (1994) reported on leachate data from 150
weeks of leaching experiment duration, as Lapakko
(1988) considered kinetic test performance for 70
weeks duration, and Lapakko (1990) demonstrated
that some samples require at least 50 to 80 weeks of
laboratory accelerated weathering before NP is deleted
and actual acid production occurs.

Upper
segment
(reactor)

Perforated plastic
plate covered with
a glass fiber filter

Receiving
flask

Research Center of USBM, conducted humidity cell
tests as part of an effort to develop a “geochemical
predictive model for acid mine drainage (AMD) from
waste rock associated with metal mining” (p. 608).
They used a humidity cell array described as follows:
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“...comprised of sixteen individual cylindrical
cells, each 20.32 ¢cm long, with an inside di-
ameter (I.D.) of 10.16 cm. Waste-rock charges
for each cell are comprised of 1,000 g of sample
crushed to 100 % passing 1/4 inch. The test
protocol is comprised of weekly leach cycles
that include 3 days of dry air and 3 days of wet
air pumped up through the sample, followed by
a drip-trickle leach with 500 ml of de-ionized
water on day 7. Duration of the leach is ap-
proximately 2 hours. Bureau tests are continued
beyond the 20-week duration currently used in
commercial practice; the rationale is to evaluate
calculated rates of NP depletion and subsequent
acid production from samples whose effluents
may appear benign at the end of 20 weeks of
testing”. (p. 612)

In the study by White and Jeffers (1994), the hu-
midity cell test results for 51 weeks of leaching cycles
were reported and sulfate release rates after 21 weeks
and 51 weeks were compared. From combined static
and kinetic test results it was predicted that some sam-
ples may initially have neutral to alkaline leachates, but
because their acid-producing potentials were greater
than their neutralization potentials in acid-base ac-
counting tests, AMD should develop after 110 through
130 weeks of laboratory accelerated weathering. Ac-
cording to White and Jeffers (1994, p. 628):

“The ultimate goal of this modelling approach is
to enable the mine operator to use short-term
laboratory static- and kinetic-test data along
with field measurements to make long-term pre-
dictions about rates of AP and NP depletion and
consequent acid-generation behavior.”

This chronology concludes with the publication of
the proceedings of the International Land Reclamation
and Mine Drainage Conference and Third International
Conference on the Abatement of Acidic Drainage held
in Pittsburgh, PA in 1994. The proceedings were pub-
lished in four volumes (USBM Special Publication No.
SP-06A-94 through SP-06D-94) and total 1648 pages.
A wide array of mine drainage and mine reclamation
subjects were presented in a total of 186 papers, of
which at least 45 include kinetic test developments,
evaluations, and applications. Of these papers, at
least 21 involve the use of leaching columns including
the work of Moran and Hutt (1994b), St-Arnaud
(1994), Davé and Vivyurka (1994), Rich and Hutchin-
son (1994), Day (1994), Evangelou (1994), Aachib et
al. (1994), Kuyucak and St-Germain (1994a, 1994b),
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Rose and Daub (1994), and Stromberg et al. (1994).
Of the five kinetic test papers involving the use of hu-
midity cells, Pool and Balderrama (1994) from the
USBM Reno Research Center, provided an excellent
evaluation of humidity cell parameters; while addi-
tional humidity cell testing is described in Moran and
Hutt (1994a), White et al. (1994), and Domvile et al.
(1994). Two papers incorporate the use of Soxhlet
reactors (Adams et al. 1994 and Rich and Hutchinson
1994), in combination with other test procedures. At
least six test kinetic test papers involve the use of a
field scale apparatus such as a barrel, test pile, or leach
pad, including studies by Ferguson and Robertson
(1994), Donovan and Ziemkiewicz (1994), Moran and
Hutt (1994b), Lapakko (1994b), and Ziemkiewicz and
Meck (1994). Thirteen additional papers contain some
type of kinetic testing involving a wide variety of appa-
ratus and procedures including beakers (Miller et al.
1994) reactor vessels (Lapakko 1994a, Kuyucak and
St-Germain 1994a and 1994b, and Wildeman et al.
1994), shake flasks or batch flasks (St-Amaud 1994,
Kuyucak and St-Germain 1994a), bubbler tanks
(Adams et al. (1994), Buchner funnels and leaching
racks (Gentry et al. (1994), the Ontario Regulatory
Extraction Procedure (Rao et al. 1994), the Sequential
Extraction Analysis Procedure (Prairie and McKee
1994, Hakansson et al. 1994), and the TCLP (Boyle
and Smith 1994).
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Chapter 8

INFLUENCE OF GEOLOGY ON POSTMINING WATER QUALITY:
NORTHERN APPALACHIAN BASIN

Keith B.C. Brady', Roger J. Hornberger” and Gary Fleeger®
'Department of Environmental Protection, Harrisburg, PA 17105; “Department of Environmental Pro-
tection, Pottsville, PA 17901, *Pennsylvania Geological Survey, Harrisburg, PA 17105

Summary

Mining accelerates the weathering of coal overbur-
den. The weathering products of two minerals groups,
iron sulfides and calcarecus carbonates, dominate the
chemical characteristics of postmining water. These
minerals need only be present in an abundance of a few
percent or less to be significant. By comparison the
other 95% or so of overburden minerals play a minor
role. The most important factor as to whether or not a
site will produce alkaline drainage is the presence or
absence of calcarcous minerals. Pyrite, although nec-
essary for acid formation, is of secondary importance,
because if sufficient carbonates are present postmining
water will be alkaline.

The coal-bearing rocks in Pennsylvania are from
the Pennsylvanian and Permian? Periods of geologic
time. The rocks of the Bituminous Coal Field of west-
ern Pennsylvania are divided, from oldest to youngest,
into the Pottsville, Allegheny, Conemaugh, Mononga-
hela, and Dunkard Groups. The majority of mineable
coal occur in the Allegheny and Monongahela Groups.
Several lithologic trends can be observed in this se-
quence of rocks. The clay/shale content increases up-
ward from a low of about 25% in the Pottsville Group
to highs of 70 to 80% in the Dunkard Group. In gen-
eral there is a inverse relationship with sandstone, with
sandstone increasing from ~20% or less in the higher
Groups to a high of 50% in the Pottsville. The per-
centage of calcareous rocks increases upward. The
Pottsville Group has less than 1% calcareous rock.
The lower Allegheny is less calcarcous (6%) than the
upper Allegheny Group (14%). Rocks of the Cassel-
man Formation in the Conemaugh Group and higher
are greater than 50% calcareous. The percentage of
sandstone that is calcareous generally reflects the per-
centage of overall rock that is calcareous. The upper-
most Dunkard Group rocks contain the least amount of
siderite, whereas over 20% of the strata in the Alle-
gheny Group and Glenshaw Formation contain siderite.

Within the Allegheny and Pottsville Groups sideritic
rocks are more abundant than calcareous rocks.

The important depositional environments, from a
mine drainage standpoint, are the location of marine
zones and distribution of calcareous rocks. The marine
rocks arc frequently associated with high-sulfur strata,
but can also have calcareous zones. Brackish rocks
tend to have high sulfur and lack calcareous minerals.
Marginally brackish (paralic) rocks frequently have
less sulfur than their marine and brackish counterparts.
Truly freshwater sediments tend to have calcareous
minerals and limestone.

The strata in the Anthracite Region are divided,
from oldcst to youngest, into the Pottsville and
Llewellyn Formations. The Pottsville Formation is
entirely of a nonmarine depositional environment. As
in western Pennsylvania, the dominant lithology of the
Pottsville is sandstone and conglomerate, although the
Pottsville of the Anthracite Region contains significant
pebble conglomerates. The Pottsville contains up to 14
coal beds, but most are not mineable. The Liewellyn
Formation consists predominantly of sandstone, but
also contains conglomerates, plus lesser amounts of
finer-grained rocks and coals. There are up to 40
mineable coals in the Llewellyn, the thickest and most
persistent occur in the lower part of the formation.

The Llewellyn and Pottsville Formations are believed
to be nonmarine with the exception of the Mill Creek
marine zone in the Northem Field. In addition to this
marine zone, other calcareous rocks have also been
found in the Northern Ficld. Some of the water quality
reflects this source of alkalinity. Although
stratigraphic studies have not yet identified calcareous
rocks in the Southern and Western Middle Fields,
highly alkaline mine waters imply that calcareous rocks
exist. The lack of alkaline drainage in the Eastern
Middle Field suggests a dearth of calcareous strata in
this anthracite field.
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Pleistocene glaciation came as far south as the
northwestern corner of Pennsylvania’s bituminous coal
field. Tills, where calcareous, can contribute signifi-
cantly to the alkalinity of postmining water quality.
Tills in the Northern Anthracite Field are not calcare-
ous and do not contribute alkalinity to water.

Sulfur in sedimentary rocks occurs in three forms:
sulfide (e.g., pyrite), sulfate, and organic. The oxida-
tion of pyrite results in the formation of sulfuric acid
and iron. This acid can dissolve other minerals, re-
leasing other ions such as aluminum, manganese and
magnesium. Sulfate minerals are typically weathering
products of pyrite oxidation. Frequently these sulfate
salts are essentially stored acidity and will produce
acid when dissolved in water. Organic sulfur is gener-
ally assumed to produce little acid.

The most reactive carbonates in terms of their abil-
ity to neutralize acid are calcite and dolomite. The
iron-carbonate, siderite, is a common mineral through-
out the Pennsylvanian and Permian? strata of Pennsyl-
vania, but it does not generate alkalinity. Calcite and
dolomite not only neutralize acidity, but it appears that
they can also contribute to the inhibition of acid pro-
duction.

The presence or absence of calcareous minerals and
pyrite is a function of several geologic processes. The
paleodepositional environment and paleoclimate during
the Pennsylvanian Period were important in determin-
ing the original mineralogic composition of strata.
Paleoclimate influenced pyrite and carbonate concen-
trations for terrestrial rocks. For example, wet cli-
mates typically yielded less pyrite than dry climates
and dry climates favored deposition of freshwater lime-
stones. Rocks deposited in marine environments often
have high sulfur and high neutralization potential.
Brackish environments generally produce high sulfur
with no calcareous minerals, although siderite can be
present. High sulfur occurs in marine and brackish
environments because of abundant sulfate ions in ma-
rine waters. This sulfate served as the source of pyritic
sulfur. Marginally brackish environments are gener-
ally lower in sulfur and have little neutralization po-
tential. Freshwater (terrestrial) deposits are often
calcareous and frequently contain limestones. More
recent geologic processes such as glaciation and surfi-
cial weathering have also influenced the mineralogy of
coal overburden. Tills, if calcareous and of sufficient
thickness, can contribute alkalinity to mine waters.
Weathering by oxidation removes pyrite and by disso-
lution removes carbonates The relative depth of re-
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moval of these two mineral groups can be an important
factor in determining the water quality potential of a
mine site.

The geologic controls on coal overburden that have
and are operating in Pennsylvania have resulted in
overburden that can contain a wide range of concen-
trations of pyrite and calcareous minerals. Mine
drainage quality reflects this variable mineralogy; wa-
ter can be significantly alkaline to severely acidic.

Within Pennsylvania’s Bituminous Coal Field, mine
drainage problems differ by stratigraphic horizon and
geographic region. Acid problems are more significant
in the lower Allegheny Group than in higher strata.
Regional variations are often due to paleodepositional
environment. For example, lower Allegheny overbur-
den deposited in marine, brackish-marine, to margin-
ally-brackish environments, will differ in the amount of
pyrite and amount and type of carbonates present. The
highest alkalinities are associated with the thick fresh-
water limestone sequences of the Pittsburgh Formation
(Monongahela Group) in the southwestern corner of
Pennsylvania, the thick marine Vanport limestone of
the lower Allegheny Group in the central to northwest-
ern area of the bituminous region, and the freshwater
limestones of the upper Allegheny Group in areas
where these limestones and associated calcareous
shales are abundant. In addition, significant alkalinity
concentrations occur in the Conemaugh Group where
marine limestones are present, and the lower Alle-
gheny Group mines in northwestern Pennsylvania
where the overburden includes calcareous tills.

The highest acidity concentrations are associated
with overburden: (a) of the Clarion and lower Kittan-
ning coals, particularly where black brackish shales
and thick marine shales predominate in the overburden,
(b) in the Pittsburgh Coal and Waynesburg Coals of
the southwestern portion of the bituminous region, it
areas where the carbonate strata are absent or lack
appreciable thickness, and (c) of Allegheny Group
coals where sandstone predominates. The wide rang
of pH and the range in alkalinity and acidity concen-
trations for each stratigraphic group documents that
some strata within each group has the potential to pr
duce alkaline and acidic drainage.

Overall, mine water in the anthracite and bitumi-
nous regions has a bimodal distribution of pH. Wat
is either acidic or circumneutral. This is because
Pennsylvanian Period rocks, at least in western Penn
sylvania, can have significant concentrations of pyri
and calcareous carbonates. Calcareous overburden
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produces alkaline drainage and pyrite-rich and carbon-
ate-poor overburden produces acidic drainage in the
absence of appropriate pollution prevention techniques.

Regional-scale water quality variations are seen in
the Anthracite Region. The most obvious being an
absence of alkaline discharges in the Eastern Middle
Field. The Eastern Middle Field also lacks severely
acidic mine drainage. The Northern Field has propor-
tionally more water with a pH above 5, than below 5.
This is consistent with the finding of calcareous rocks
in the Northern Field. The Western Middle and South-
ern Fields show a wide range of pH values. Combined
data for all the anthracite fields display a bimodal dis-
tribution for pH similar to that for the Bituminous
region.

An understanding of mine site geology is necessary
for developing a representative drilling program, for
providing information as to the acid or alkaline pro-
ducing potential of strata, and for design of a ground-
water monitoring program. Also, knowledge gained
from these geologic factors can be used in developing
site specific pollution prevention techniques such as
material handling and calculation of alkaline addition
rates. Geologic information is essential for determin-
ing the economic feasibility of a proposed mine site.

Introduction

Geologic factors play a major role in the kind of
water quality produced by a surface coal mine. This
chapter examines those geologic factors with respect to
the northern Appalachian Basin. Surface mining ac-
celerates weathering by exposing fresh rock surfaces
which contain minerals not at equilibrium with the
newly mined environment. The two most important
groups of minerals, in terms of postmining water qual-
ity impacts, are carbonates and sulfides. Weathering
of the carbonates produces alkalinity and weathering of
sulfides produces acidity. Other major ions can be
calcium, sulfate, and iron. The weathering of other
minerals also contributes to the composition of mine
drainage, especially under low pH conditions. Some of
these ions include manganese, magnesium and alumi-
num. The minerals available for weathering, and the
resultant water quality, is to a large extent a function
of geology. Some minerals were present at the time of
deposition of the coal and enclosing sediments, while
others are the result of more recent processes. More
recent processes include near-surface weathering and
effects from Pleistocene glaciation, such as deposition
of till and glacial erosion.
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Although acid mine drainage (AMD) is not unique
to the northern Appalachians, the problem is more
severe in this region than in any other coal producing
region of the United States. Within Pennsylvania mine
drainage problems differ by geographic region and
stratigraphic horizon. Over the years some rules of
thumb have been developed relating regional and
stratigraphic geology to postmining water chemistry in
Pennsylvania. An understanding of mine site geology
is important in developing a representative drilling
program, for providing information on the acid or al-
kaline producing potential of strata, and for design of a
groundwater monitoring program. Also, knowledge
gained from these geologic factors can be used in de-
veloping site-specific pollution prevention techniques,
such as overburden handling and calculation of alka-
line addition; in any case this geologic information is a
necessary part of economic determinations.

All mine drainage prediction tools, and some of the
prevention tools, in one way or another, require an
understanding of the site’s geology. For example,
many of the factors pertaining to the proper interpreta-
tion of previous mining as a prediction tool (Chapter 9)
are related to an understanding of geologic similarities
and differences between mine sites. Premining
groundwater quality (Chapter 10) is dependent on the
mineralogy of the rocks through which the water flows.
Strategies to obtain representative samples for acid-
base accounting (Chapters 6 and 11) and kinetic tests
(Chapter 7) require an understanding of lateral and
vertical facies changes of rock units and an under-
standing of the depth of weathering. Special handling
(Chapter 14) requires a knowledge of the site stratigra-
phy and alkaline addition (Chapter 13) requires a
knowledge of the relative amounts of pyrite and car-
bonates.

Pennsylvania During the Pennsylvanian Period

Pennsylvania during the Pennsylvanian Period was
part of the “supercontinent” called Pangea. The equa-
tor was just north of present-day Pennsylvania
(Edmunds, et al.,1998) (Figure 8.1), and the climate
was tropical (Cecil et al., 1985). A mountain range
existed in present-day New Jersey and southeastern
Pennsylvania, which was the result of the converging
African and North American continental plates and
collisions of micro-continents with the North American
plate (Faill, 1997b). A further consequence of the
convergence and collisions was the formation of an
ever deepening
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foreland basin. This foreland basin is preserved as the
present Appalachian basin. Sediments, eroded from
mountains to the east and highlands to the north, were
deposited in the basin (Figure 8.1) and became the coal
and associated rocks of the coal fields of Pennsylvania
(Figure 8.2).

Cyeclicity in Pennsylvanian Period strata is a com-
mon phenomena in the United States (Cecil and Edgar,
1994). This cyclical pattern has been termed a
"cyclothem" (Wanless, 1931). The “ideal” cyclothem
is illustrated in Figure 8.3. The “ideal” cyclothem is a
rare phenomena in Pennsylvama. Despite this, an
overall cyclicity seems to be present. For example, in
the Allegheny Group, the major coals are typically
separated by ~50 ft (15 m) of sediments. The
stratigraphic sequences associated with some of the
Conemaugh marine invasions (¢.g., Brush Creck and

There appear to have been two major controls on
regional cyclicity. One of these was basin subsidence
due to collision between the North American and Afri-
can plates. A second factor was climatic controls on

sea level. Although, during the Pennsylvanian, the area
of present day eastern North America was located near
the equator and had a tropical climate, the southern
polar regions of Pangea were experiencing widespread
glaciation (Crowell, 1978; Veevers and Powell, 1987).
Waxing and waning of continental glaciers resulted in
episodic sea level changes, similar in amplitude to
those during the Quaternary (~100 m; Heckle, 1995).
Klein and Willard (1989) evaluated the relative im-
pacts from these two mechanisms on the Pennsylvanian
Period coal basins of the United States. They attribute
the control of cyclothems in the Western Interior Basin
to repeated transgressions and regressions of a mid-
continent sea. These changes in sea level were caused
by glaciation. Klein and Willard conclude, based on
the more clastic nature of Appalachian sediments and
the deeper basin warping, that the Appalachian Basin
was affected most by tectonic controls. They also
invoke a combination of transgressive-regressive cycles
and tectonism as controls on cyclicity in the Illinois
basin.

Two more factors have been proposed to explain
the distribution of coals and intervening sediments.
These are the “deltaic” model of Ferm (1970, 1974)
and Donaldson (1969, 1974, and 1979) and the
“climatic” model of Cecil et al. (1985) and Donaldson
et al (1985). The deitaic model accounts for rapid
facies changes that occur over very short horizontal
distances. These rapid changes are due to repetitive
channel switching, as in the modern Mississippi delta.
The climatic model explains the marked vertical
stratigraphic, sedimentological, and mineralogic varia-
tions from the beginning to end of Pennsylvanian sedi-
mentation, throughout the Appalachian Basin, and
explains chemical and physical changes in coals
through time. For example the red beds found in the
Conemaugh Group are attributed to dry conditions.
The widespread freshwater lake deposits of the upper
Allegheny and Monongahela Groups are also indicative
of dry conditions (Cecil et al., 1985). Skema and
Lentz (1994) contend that deposition during the Penn-
sylvanian, within the region of present-day Pennsylva-
nia, was complex. They conclude that multiple factors
were at work. For example, Cecil et al.’s climatic
model explains the widespread development of redbeds
and freshwater limestones, and the glacial-custatic
model is consistent with widespread marine deposits in
the lower Allegheny Group and Glenshaw Formation.
The discontinuous nature of non-marine beds and
abrupt facies changes imply more localized control,
which Skema and Lentz (1994) attribute to “deposition
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Table 8.1 Tabulation of stratigraphic horizons that were evaluated for construction of Figure 8.2. X indicates complete
section was represented in the drill core; * indicates a portion of the section was represented.

CoreNo. C1 C2 €3 C4 C5 C6 C7 _C8 €9 Clo Cl1 €12 Ci3
Dunkard X X *
Monongahela X X X
Conemaugh X X X X * X * X
Allegheny X X X X X X X X X * X X
Pottsville X X X X X X X X X

on a fluvially prograding coastal plain” (p. 33). This
process along with compactional subsidence explains
much of the abrupt lateral stratigraphic changes ob-
served in coal overburden. In summary, sedimentation
in the northern Appalachians was complex and con-
trolled by both basin-wide and local factors.

Pennsylvanian and Permian(?) Stratigraphy of
Western Pennsylvania

A generalized stratigraphic column of the Pennsyl-
vanian and Permian(?) units of western Pennsylvania is
depicted on Figure 8.2. Shown are the groups and
formations, principal coals, marine zones, and major

freshwater limestones. Additionally, lithologic infor-
mation that is important to mine drainage quality is
portrayed.

The lithologic descriptions of Figure 8.2 are based
on an examination of 13 core logs in the files of the
Pennsylvania Geologic Survey. Figure 8.4 shows the
locations of the cores and Table 8.1 shows the forma-
tions that occurred within each core. The core logging
was very detailed, with stratigraphic units as thin as
0.05 ft (1.5 cm) identified. For the purposes of this
study, lithology was simplified to clay, shale, siltstone,
sandstone, limestone, coal, and boney coal. Particular
attention was paid to units that were calcareous and
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sideritic. Percentages of select lithology and calcare-
ous and sideritic attributes are depicted by group or
formation. In some instances, such as the Allegheny
Group and Waynesburg Formation, these have been
subdivided to provide more detail because of known
differences in stratigraphy withm the group/formation.
The histograms should be viewed as semi-quantitative.

In addition to the core holes, overburden analysis
drill holes with percent sulfur and neutralization po-
tential (NP) were obtained from the permit files of the
Department of Environmental Protection’s District
Mining Offices. Percent sulfur furnishes an indirect
estimate of pyrite content and neutralization potential
furnishes an indirect estimate of calcareous carbonates
(e.g., the minerals calcite and dolomite). NP in some
instances may also reflect siderite. Pyrite and calcare-
ous carbonates are the minerals that have the greatest
influence on mine drainage quality. Examples are
provided for all the major coals and some of the minor
coals mined in Pennsylvania. The figures depicting
stratigraphic logs show only total percent sulfur values
greater than 0.25 percent, and neutralization potential
(NP) values greater than 15 parts per thousand (ppt)
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CaCO;. This has been done for clarity of the figures
and because lower valucs typically have minimal influ-
ence on water quality. A key to these logs is shown in
Figure 8.5
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Glass et al. (1977) dedicated their report to George
Hall Ashley (1866-1951) a former State Geologist of
Pennsylvania and “life-long combatant with the per-
plexing rocks of southeastern Clearficld County.”
They point out that their work is built upon his foun-
dation and that “(t)hc geology was not as difficult as
you thought, Dr. Ashley - it was worse!” The
stratigraphy of the Pennsylvanian of Pennsylvania is
not as simple as is often assumed. For most of the past
150 years stratigraphic correlations were made using
the coal seams. The group-level boundaries arc based
on coal seams. The Allegheny Group, for example,
was designed to contain all the mineable coals within
that section of the Pennsylvanian, and the Pittsburgh
coal defines the base of the Monongahela Group.
Many coal seams are not continuous over large areas,
some are only local. A good example is the Brookville
coal, which marks the base of the Allegheny Group.
This coal can only be precisely defined in the area
where it was first described. Readers of this chapter
will hopefully get some feel for the fact that the real
world is not simple. Recent work by the Pennsylvania
Geologic Survey has relied on laterally persistent units
such as marine zones for correlation. This has proven
to be much more reliable. As will be shown, many of
these marine zones are quite extensive.

Whether to refer to the Pottsville and Allegheny as
formations or groups 1s still in dispute and is not con-
sistent in the literature. We have, for the most part,
used the term “group.” Resolution of which is the
proper designation must be left to others. For a
broader discussion of the Pennsylvanian stratigraphy,
consult Edmunds et al. (1998). The quotes below from
Edmunds et al. have had metric conversions added.

Pottsville Group

The Pottsville Group is variable in thickness. It is
dominated by sandstone, and the coals are discontinu-
ous. Because of the discontinuous nature of these
coals, and the fact that they are often split with numer-
ous partings, mining 1s not common in the Pottsville
Group. The principal coal that is mined is the Mercer.
This is actually a coal zone rather than a single coal.
The Mercer clay, below the Mercer coal, has also been
mined in some areas.

Edmunds et al. (1998) discuss the Pottsville of
western Pennsylvania in terms of strata below the Mer-
cer coal and above the Mercer coal.

“The Pottsville Formation in western Pennsyl-
vania ranges from 20 ft (6 m) to at least 250 ft
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(75 m) in thickness. Its basal contact is appar-
ently everywhere disconformable and from south
to north overlies increasingly older Mississip-
pian and possibly uppermost Devonian

rocks.... The base of the Brookville coal marks
the upper boundary of the Pottsville Formation”
(Edmunds, et al | 1998, pp. 150-151).

“In some places, the Pottsville 1s particularly
thin, mainly because of depositional overlap...
(which) is believed to reflect trends in the topo-
graphic relief of the pre-Pottsville erosion sur-
face” (Edmunds, et al., 1998, p. 152).

V. Skema (Geologist, PA Geol. Survey, 1997, per-
sonal communication) has observed a complete ab-
sence of Pottsville rocks on areas of pre-Pottsville
topographic highs in portions of Clinton County.

Edmunds, et al. (1998) state that

“In Pennsylvania, the pre-Mercer Pottsville is
entirely nonmarine. Its thickness varies from 0
to as much as 175 ft (53 m).... The upper part
of the Pottsville Group, commencing with the
lowest Mercer coal or its underclay, is a very
complex highly variable sequence between 20 (6
m) and approximately 80 feet (24 m) thick. ...
(Dn Mercer and adjacent countics, it contains
two marine limestones. Shales containing ma-
rinc or brackish-water fauna occur widely, if ir-
regularly, throughout western Pennsylvania” (p.
153).

Figure 8.6 shows examples of Mercer coal over-
burden from Clarion and McKean Counties, PA. The
Clarion County drill holes (DH 201-1, 201-2, and 201-
3) are from the same mine site and all within a hundred
or so acres (~40 ha). These holes illustrate the lateral
and vertical vanation of the Mercer coal zone. For
example in hole DH 201-3 there are three coals, in DH
201-1 the zone is represented by six coals. The lateral
correlation of any single coal can not be assured from
drill hole to drill hole. The acid-base accounting data
shows no significant calcareous strata (i.e., no NP > 30
ppt CaCQs), but there are frequent high sulfur (sulfur
> 0.5%) strata. As with the coals, the high sulfur rock
units are not laterally continuous and they vary greatly
in thickness. Discontinuous units, such as those shown
in Figure 8.6 create problems for coal reserve studies
because it is difficult to determine the lateral extent or
thickness of a particular coal. Similarly, this geologic
complexity makes overburden sampling very difficult.
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A thorough understanding of mine site geology is nec-
essary to insure that representative samples are se-
lected. Complex stratigraphy can also make mine
drainage prevention plans, such as special handling and
alkaline addition, hard to design and implement.

Drill hole DH 177-9, from McKean County (Figure
8.6) contains onc of the Mercer marine zones. This
zone has a NP of 461 ppt CaCO;. The two McKean
County holcs show more lateral continuity of the coals
than did the Clarion County site. The marine zone,
however, occurs in only the onc hole. It is unknown
whether the NPs from 30 to 40 ppt CaCO:s equivalent
are calcarcous minerals or sidente.

Figure 8.2 shows the unconformable nature of the
Pottsville Group. The Pottsville is dominated by sand-
stone, and is marked by a near absence of calcareous
strata. Siderite occurs in about 13% of the strata.
This lack of calcareous strata probably accounts for
acid mine drainage problems that are often associated
with mining of Pottsvillc coals and underclays.

Table 8.2 (Located in pocket at back of book).
Postmining water quality of Pennsylvania Bituminous Coal
Region by stratigraphic interval.

Typical examples of mine dramage quality of
Pottsville Group coals and most other coal-bearing
stratigraphic sections of the bituminous coal region of
western Pennsylvania are shown in Table 8.2 (located
in pocket at back of book). The water quality data
contained in Table 8.2 were obtained from the surfacc
minc permit files of the Department of Environmental
Protection’s District Mining Offices. Whenever possi-
ble, the water quality data were obtained from the same
permit files as the overburden analysis data shown on
the drill logs in the figures contained in this chapter.
This enables a direct comparison of the percent sulfur
and NP data used to predict mine drainage quality,
with the actual water quality monitored at the mine
site. In some cases where during-mining and postmin-
ing water quality data were lacking for a site, the wa-
ter quality data were obtained from nearby sites on the
same coal seams. The relationships between the
stratigraphic data described in this section and the mine
drainage data contained in Table 8.2 and related tables
arc more fully described later in this chapter.

Allegheny Group

The Allegheny Group is one of two groups within
the Pennsylvanian that contains the majority of cco-
nomically mineable coals. For the purpose of discus-
sion, the Allegheny has been divided into the upper and
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the lower Allegheny. The lower Allegheny extends
from the base of the Brookville coal to the base of the
Johnstown limestone (or upper Kittanning coal where
the limestone is absent). The upper Allegheny extends
from the base of the Johnstown limestone to the top of
the upper Freeport coal. This division is made because
“marine units occur only below the upper Kittanning
underclay”... “and, with minor exceptions, nonmarine
limestones occur only at or above that unit” (Edmunds,
et al., 1998, p. 154). This distinction of “marine” and
“nonmarine” is to a large extent based on the work of
Williams (1960). Williams defined four faunal groups,
inferred as “fresh-water”, “restricted marine or near-
shore marine”, and two marine groups, one having a
more diverse fauna than the other. Williams also relied
on the geochemical investigations of Degens et al.
(1957, 1958) in defining his depositional environments.

Williams (1960) interpreted the rocks 1n the Alle-
gheny Group above the upper Kittanning coal (and
including the Johnstown limestone below the coal) to
be freshwater. This interpretation was based on fossil
Esterids (now referred to as conchostracans or “clam
shrimps™). Conchostracans are found above the upper
Kittanning, lower Frecport, and upper Freeport coals
(¢.g., Williams, 1960; Edmunds, 1968). New analysis
and interpretations of the ecology of conchostracans
during the Pennsylvanian Period support a marginally-
brackish environment. Thus, conchostracan-bearing
sediments are not completely devoid of marine influ-
ence and therefore some marine sulfate would be avail-
able for reduction to sulfide sulfur (and pyrite). This is
consistent with the sulfur content of the upper Kittan-
ning and Frecport coals and roof rocks. The assign-
ment of conchostracans as an indicator of freshwater
depositional environments was debated at the time
Williams wrote his paper, and is acknowledged by
Williams. A detailed discussion of this topic is found
at the end of this chapter in the Appendix.

Although conchostracan-bearing sediments appar-
ently had some marine influence, it was less than that
of brackish or truly marine sediments and this is often
reflected in the lesser amount of sulfur and the thinner
sequences of high-sulfur strata associatcd with con-
chostracan-bearing rocks. Marginal-brackish facies
would be exposed to saline influences for less time
during transgressive-regressive cycles than marine or
brackish sequences; thus the thinner zone of high sulfur
rock.

According to Edmunds et al. (1998) the Allegheny
Group:
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“was specifically defined to include all of the
economically significant coals present in that
part of the Pennsylvanian sequence. The thick-
ness of the formation is between 270 (82 m) and
330 feet (100 m) in Pennsylvania, and there i1s
no obvious regional trend. The Allegheny For-
mation is a complex, repeating succession of
coal, limestone, and clastics, ranging from clay-
stone or underclay to coarse sandstone....No in-
dividual bed or lithosome is universally
persistent, but some coals, marine shales, and
limestones seem to be fairly cortinuous over
thousands of square miles (thousands of square
kilometers). The group is fairly umform in its
lithologic diversity.. The Allegheny Formation
contains six major coal zones. The coal in each
ZONE may exist as a single, more-or-less con-
tinuous sheet, as a group of closely related indi-
vidual lenses, or as a multiple-bed complex in
which the various beds can be separated by tens
of feet or merge into a single thick coal” (pp.
153-154).

Because the Allegheny Group is extensively surface
mined, and some portions of and arcas within this for-
mation have created acid mine drainage, the Depart-
ment has an extensive database of acid-base
accounting data for the Allegheny Group. For the
purposes of simplifying discussion, the overburden
above the upper Freeport, although part of the Glen-
shaw Formation of the Conemaugh Group, is included
in the discussions as part of the upper Allegheny
Group.

Lower Allegheny -The base of the lower Allegheny
is defined as the base of the Brookville coal. This 1s
not a useful working definition because the Brookville
coal is not always present so that the base of the Alle-
gheny may be difficult or impossible to define. What
is often called the Brookville is probably often correla-
tive with a lower Clarion coal. Thus, the base of the
lowest Clarion coal often substitutes as a working defi-
nition. The Clarion and Brookville coals are not dif-
ferentiated in this discussion.

Marine units occur over large areas and at several
stratigraphic horizons within the lower Allegheny
Group. The paleoenvironment of the marine zones can
vary regionally and vertically. A good example of this
is the Vanport horizon which occurs above the Clarion
coal. The marine limestone facies covers an area of at
least hundreds of square miles (km?) and is over 20 ft
{6 m) thick in the center of the basin. A maximum
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thickness of over 40 ft (12 m) has been recorded for a
small area in northeastern Lawrence County. Core
logs in the files of the PaGS were examined to deter-
mine the extent of the Vanport zone south of the area
mapped by Williams and Keith (1963). The presence
of the Vanport marine horizon cannot be confirmed for
the southwestern comner of the state because sandstone
typically occupices this horizon. This sandstone may
indicate non-deposition of limestone and the presence
of distributary channels that emptied into the Vanport
sea. Alternatively, but less likely, the sandstone may
occupy channels that cut through and removed the
limestone.

Clarion Coal Qverburden and the Vanport Lime-
stone - Where present, the Vanport can be a nearly

pure limestone. Figure 8.7 shows the Vanport lime-
stone in drill hole DH 23-6. Sitc locations for the drill
logs with overburden chemistry are shown in Figure
8.4. The Vanport in DH 23-6 has a NP of 999 ppt
CaCO;. The Vanport in DH-4 in Figure 8.39
(presented in the section on glacial sediments) is
greater than 920 ppt CaCO;. The rocks below the
Vanport are high sulfur (up to 4.1 % in DH 23-6 and
up to 5.2% in DH-4). The high sulfur strata are 10 to
30 ft (3 to 10 m) thick. These high sulfur units are
associated with NPs that are typically less than 35, but
as high as 73 ppt CaCO;. Thesc low NPs may be due
to siderite. These two logs represent, from the coal to
the limestone, a transgressive sequence. The lower
shale units have marginal marine (brackish) or shallow
marine fossils and the limestone represents maximum
transgression in Appendix for description of faunal
facics). In drill hole DH 23-6 the high sulfur strata are
associated with marine fossils. The strata for a drill
hole in Black Lick Township, Indiana County (logged
by Al Glover and Vic Skema, Pennsylvania Geological
Survey) nicely show this transgressive sequence from
brackish to marine conditions. Glover found Lingula
and Dunbarella fossils immediately above the Clarion
coal. These arc indicative of brackish waters and rep-
resent the earliest portion of the marine transgression.
Above this is a sandier zone that is bioturbated with
siderite-filled burrows, typical of marine or brackish
environments. Marine fossils and siderite concretions
occur near the top of this umt. The next unit upward
contains marine brachtopods, some of which are pyri-
tized. This unit is overlain by the Vanport limestone
which contains crinoids, an indicator of deeper, less
muddy and consistently saline marine water.
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oH 23-6 Vanport limestone. Median pH for areas without the
limestone is 3.6 and with limestone is 5.0. Many of the
mines were probably “pre-Act” and unreclaimed, and
thus may be producing poorer quality water than
would be produced by modern mining methods.
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The Vanport horizon, which occurs above the
Clarion coal, is often laterally (and vertically) transi-
tional from marine to brackish conditions. Figure 8.8
and Figure 8.9 show regional changes in thickness of
the Vanport limestone and the location of other con-
temporaneous facies in a portion of western Pennsyl-

vania. In Butler County, where the Vanport is thick Lower Kittanning to Middle Kittanning Interval -
and in close proximity to the coal (Figure 8.9), mining Williams (1960) and Williams and Keith (1963) de-

of the Clarion coal will result in alkaline drainage. termined, using fossils, that the lower Kittanning (LK)
Where the Vanport-cquivalent facies are brackish shale ~ was overlain by rocks deposited under marine, brack-
and the shale lacks calcareous minerals, such as in ish (marginal marine) and freshwater depositional envi-
Clearfield County, the mine water is typically acidic. ronments. The marine and brackish rocks are formally
Figure 8.10 shows the distribution of pH for Clarion referred to as the Columbiana shale. They published
coal mine drainage from areas with and without the maps showing the distribution of LK paleoenviron-
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ments. A revised map is presented in Figure 8.11.
This map was derived from more recent published and
unpublished studies by the Pennsylvania Geologic
Survey (PaGS), and discussions with PaGS geologists
(in particular, V. Skema and J. Shaulis), and BMR.
studies. The locations of LK drill holes discussed be-
low are shown on this map. The faunal facies used to
construct Figure 8.11 are discussed in the Appendix.
The drill holes provide examples of sulfur and neutrali-
zation potential for coal and overburden deposited
under different depositional environments.

maximum). They also show NP’s in the range of 15 to
40 ppt CaCO;. X-ray diffraction analyses indicate that
calcite is the only carbonate present (R. Smith, PaGS,
personal communication, 1996). The water associated
with lower Kittanning mines in this area is alkaline
despite the lugh sulfur overburden.

HUNTINGDON

BROAD TOP
% JFIELD
BEDFORD gs%,

FULTON ) FRANKI

Yi7? Marine
§ ®erackish
& Marginally Brackish

Figure 8.7 shows overburden of marine origin.
Drill cores DH 23-6 and DH 18-1 contain marine
brachiopods (e.g., Mesolobus) in the black carbona-
ceous shale overlying the lower Kittanning coal. The
carbonate minerals siderite, dolomite and calcite were
all identified within this zone at this site (Cravotta et
al,, 1994). High sulfur, identified as pyrite by Cra-
votta et al., is associated with the brachiopod-bearing
rocks. The drill cuttings analyzed by Cravotta et al.
did not encounter the highest NP zone located a few
feet above the lower Kittanning coal. This zone with
NP’s over 100 ppt CaCO,; is probably calcite or dolo-

mite. The alkaline postmining water quality confirms
that calcarcous minerals are present.

Ha. o
liams and

978). Wil

The lower Kittanning overburden is also marine in
northeastern Armstrong County and southern Jefferson
County (Figure 8.12). The drill logs show 30 or more
feet (10+ m) of rock with over 0.5 % sulfur (2.37 %
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Figure 8.13 and Figure 8.14 show sulfur and NP for
the lower Kittanning in Clearficld County where the
overburden was deposited in a brackish depositional
environment. Typically the shale above the coal is
high in sulfur. Guber (1972) found that the high sulfur
rocks often contain the brachiopod Lingula. Guber’s
findings are discussed in more detail in a later part of
this chapter. Lingula, as discussed in Williams
(1960), is indicative of brackish environments. Geo-
logic reports for the areas of the drill holes shown in
Figure 8.13 and Figure 8.14 describe brackish fossils
above the lower Kittanning coal (Glen Richey Quad-
rangle, Edmunds, 1968; Luthersburg Quadrangle, Ed-
munds and Burg, 1971; Ramey Quadrangle, Glass, et
al., 1977). The high sulfur zones shown in Figure §.13
near the middle of the shale above the LK coal in holes
OB-1 (0.92 % S), OB-4 (4.4 % S) and near the top of
the shale unit in A-8 (1.15 % S) contain Lingula. The
NP that is present is probably due to siderite, the ex-
ception being the base of the sandstone and immedi-
ately adjacent shale in A-8, which is likely calcareous.
LK mines in the brackish areas of Clearfield County
are notorious for producing acid mine drainage.

Williams (1960) shows a small portion of the LK
roof rock in northeastern Cambria County as having
been deposited in what he defined as a freshwater de-
positional environment, based on the presence of con-
chostracans. Recent investigations by J. Shaulis and
V. Skema (personal communication, 1997) have con-
firmed the presence of conchostracans in extreme
northern Somerset County. Fossil fauna however are
rare (Figure 8.11). LK overburden chemistry in this
region does appear to be different from the other areas
discussed above (Figure 8.15). Sulfur is seldom above
0.5 percent. The small amount of NP (between 15 and
36) may be siderite because the postmining water is not
alkaline. Mines from these areas tend to produce mild
acid mine drainage, with pH ~4 and acidity ~100
mg/L.

Middle Kittanning to Johnstown Limestone Interval
- The middle Kittanning (MK) coal is overlain by ma-
rine or brackish sediments over most of Pennsylvania’s
bituminous coal field. The exception is an area around
Cambria County where the MK overburden has con-
chostracans or no fossil fauna. The marine zone is
formally referred to as the Washingtonville Shale. Fig-
ure §.16 is a map of paleodepositional environments
for the rocks overlying the middle Kittanning coal.
The northern portion of this map is from Williams
(1960) and the southem portion is derived from drill
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M

hole data made available by the PaGS and PaGS pub-

lications. This MK horizon, in a PaGS drill hole in
northwestern Washington County, is represented by a
coquina limestone. This was probably the deepest part
of the MK “basin” in what is now Pennsylvania. Fau-
nal facies used to construct this map are discussed in
the Appendix.

The “MK” is a coal zone in many areas rather than
a distinct coal seam. Over much of Clearfield County
there are typically two to four “splits” of the MK. For
example, in the Hazen, Reynoldsville, Falls Creek, and
DuBois quadrangles the MK consists of a “middle
Kittanning™ that is typically two feet (0.7 m) thick and
up to 42 inches thick (1.1 m) (Glover and Bragonier,
1978). This is the MK coal that is mined locally. This
however is not the coal that the marine zone overlies.
The marine zone overlies a “middle Kittanning rider”
coal and the marine zone is about 30 ft (10 m) above
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den is similar to that observed above the LK. The zone
with an NP of 151 in the sandstone of drill log 560A3
is probably calcareous.

Figure 8.15 shows the MK in the area of the Figure
8.16 map where the MK is overlain by conchostracan-
bearing shales. The highest sulfur in the overburden in
drill log OB-1 is only 0.66 percent. This low sulfur is
consistent with sulfur values from the conchostracan-
bearing depositional environment for the LK coal.
Further work needs to be done to establish relation-
ships between concentrations of sulfur and carbonate
minerals and depositional environment.

Upper Allegheny - The base of the upper Alle-
gheny, as defined for this chapter, is the bottom of the
Johnstown limestone. It is realized that this
“limestone™ is often transitional with the sediments
below and does not occur everywhere, although it is
remarkably persistent over much of the Bituminous
Region and can be a good stratigraphic marker bed.
Where the Johnstown limestone does not occur the base
of the upper Kittanning coal substitutes as the base of
the upper Allegheny. The reason for this stratigraphic
break in the Allegheny is that this sequence includes
nearly all the freshwater limestone units in the Alle-
gheny Group. Fauna in the freshwater limestones is
generally dominated by ostracods, spirorbis, and fish
remains. This fauna is completely different from the
fossils found in upper Allegheny coal-roof rock. Typi-
cally the only fossil fauna found in the rock above the
coals in the upper Allegheny are conchostracans. The
separate depositional environments of the roof-rock
and the freshwater limestones is evidenced not only by
the different faunas, but also by position and composi-
tion. The freshwater limestones are usually found be-
low the coals, whereas the conchostracan-bearing rocks
are above the coals. The “limestones™ are highly cal-
careous and lack carbonaceous material, whereas the
roof-rocks may not be calcareous at all and are often
black due to abundant carbonaceous matter. It would
appear that during the time of deposition of the upper
Allegheny, coal deposition was followed by a margin-
ally brackish transgression. Eventually truly freshwa-
ter sediments were deposited, including the freshwater
limestones.

The Johnstown limestone is shown in Figure 8.17
and Figure 8.18. The Johnstown limestone has NP
greater than 900 ppt CaCO; in LH-3 and 700 or
greater in the other two drill holes in Figure 8.18. The
high NP values are in the range of those of the marine
Vanport limestone for “purity.” Sometimes the John-
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stown horizon 1s not a true limestone, but a calcarcous
claystone or shalc (c.g., the zone just below the upper
Kittanning coal in OB-9, Figure §.17). Hole #101 in
Figure 8.19 does not show a calcareous zone below the
UK. This may simply be because the Johnstown lime-
stone occurs below the bottom of this drill hole. The
drill logs in Figure 8.20 are from an area where the
Johnstown limestone does not occur. The limestone
does occur, however, about a mile (1.6 km) west of
these drill holes.

The interval between the UK coal and the lower
Freeport (LF) coal often includes a calcareous zone
bencath the LF coal. Where this zong is a limestone, it
is referred to as the lower Freeport limestone, The in-
terval between the LF and upper Freeport (UF) is
similar to that of the underlying UK-LF interval. A
widespread limestone or calcareous shale/claystone
unit also lies beneath the UF coal. The rocks between
the UK and LF, and LF and UF, as well as the over-
burden above the UF arc portrayed in Figure 8.17,
Figure 8.18, Figure 8.19, Figure 8.20, and Figure 8.21.
The fauna of the Johnstown limestone, and LF and UF
limestones are interpreted as freshwater in origin.

The lateral distribution of individual freshwater lime-
stones in the Allegheny Group can be quite extensive,
covering hundreds of square miles. The limestone is
variable in thickness, and frequently there are areas
where the limestone 1s absent. One freshwater lime-
stone, the upper Freeport limestone, has been studied
by Wiltiams et al. (1968) and Weedman {(1988). This
limestone occurs between the lower and upper Freeport
coals. Their findings illustrate the variability in thick-
ness and distribution of an upper Allcgheny limestone.
Williams et al. (1968) looked at an area of approxi-
mately three 7.5 minute quadrangles in Clearfield
County, and Weedman (1988) studied an area which
covered slightly more than four 7.5 minute quadrangles
in Indiana county  Observations by the authors con-
firm that this limestone is present, and persistent, be-
tween their two study areas. In Clearfield County, the
thickness ranged from absent (where replaced by chan-
nel sandstone) to greater than 4 f (1.2 m). Figure 8.22
shows the area studied by Weedman. The isopach map
shows the variability in thickness that is typical of the
upper Freeport limestone. Williams et al. (1968) indi-
cate that the limestone in rare instances approached
100% calcium carbonate. Our experience is that these
limestones are often “dirty” with a high component of
clay and silt. At places this stratigraphic interval is
represented by calcareous rocks with less than 50%
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o08-9 Conemaugh Group

The Conemaugh Group “is stratigraphically defined

as the rocks lying between the upper Freeport coal ho-

Brush Creek Marine Zone  rizon and the Pittsburgh coal. The thickness of this

Brush Creek coal interval ranges from 520 feet (158 m) in western
Washington County to 890 feet (270 m) in southern
Somerset County. A gradual ¢astward thickening of
the Conemaugh is apparent” (Edmunds et al., 1998, p.
154). The Conemaugh is subdivided into a lower for-
mation called the Glenshaw, and an upper formation
called the Casselman. The division is made at the top
of the Ames marine limestone. Mineable coals are un-
common in the Conemaugh.

14.71

sw - Upper Freeport limestone

<

tower Freepoit coal

Upper Kittanning coal

=z Johnstown limestone

calcium carbonate, and therefore by definition not a
limestone, although they are often referred to as lime-
stones on drillers” logs.

In addition to freshwater limestones, the upper Al-
legheny Group frequently contains an abundance of
calcareous claystones, mudstones and siltstones. Figure
8.20 shows a stratigraphic section in Fayette County,
between the upper Kittanning and lower Freeport
coals. Much of this interval is calcareous (NP > 100;
i.e., >10% CaCQs), but only small portions could be
classified as limestone (> 50% CaCO0s).
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Glenshaw Formation - The Glenshaw contains
several widespread marine zones (see Figure 8.2).
There are possibly as many as seven marine zones
within the Glenshaw (Skema, personal communication,
1997). The Glenshaw is thickest in Somerset and
southern Cambria counties, where it reaches 400 to
420 ft (122 to 128 m). It is thinnest near the Ohio bor-
der where it is about 280 ft (85 m) thick (Edmunds et
al., 1998).

The Brush Creek limestone facies is present within
most of its outcrop belt in western Pennsylvania. An
area of more clastic shale and siltstone occupies the
limestone horizon in Washington, southern Allegheny,
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northern Westmoreland, southern Indiana, and Cam-
bria Counties (Skema et al., 1991). The Brush Creek
coal, which occurs below the marine zone, is typically
thin and not mined over much of western Pennsylvania.
The coal is sometimes mineable in portions of the
south-central and southeastern sections of the bitumi-
nous coal fields of Pennsylvania Figure 8.23 shows
Brush Creck overburden from Wharton Township,
Fayette County and Figure 8.24 and Figure 8.17 show
overburden from Jackson Township, Cambria County.
The rock above the coal, in each area, has relatively
high sulfur (> 0.5%) and relatively high NP (> 30 ppt
CaCO0s). A true limestone is not present in any of
these holes, the highest NP being 345 ppt CaCOzin
OB-9 from Cambria County. Because the limestone or
a calcareous facies is typically present where the Brush
Creek coal is of mineable thickness, the drainage is
generally alkaline.

Figure 8.25 shows overburden for the lower and
upper Bakerstown coals. The Woods Run marine zone
overlies the lower Bakerstown coal, although in Som-
erset County it is poorly developed and is represented
by a brackish facies containing Linguia and Dun-
barella (J. Shaulis, personal communication, 1997).
Just below the upper Bakerstown coal a freshwater
limestone sometimes occurs. This is evident in DH-12.
The upper Bakerstown coal is commonly overlain by a
black shale with abundant conchostracans in Somerset
County (Shaulis, personal communication, 1997).

This zone is the stratigraphic equivalent of the Noble
marine zone, which is a restricted marine to brackish
shale in some other portions of the bituminous field
(Edmunds, et al., 1998).

The overburden above the lower Bakerstown coal is
similar to lower Allegheny coal overburden with a
brackish depositional environment. It is characterized
by sulfur greater than 0.5 percent and NP generally 30
ppt CaCOs or less. The zones with higher NP, above
the brackish zone, may be freshwater calcareous zones
related to the freshwater limestone. Unfortunately it is
hard to evaluate the overburden above the upper Bak-
erstown. The upper Bakerstown coal in Hole 11 F is
only about 10 ft (3 m) below the surface. Holes DH-3
and DH-12 have sandstone and shale, respectively,
above the coal. Both show some zones with elevated
sulfur, but the sulfur in these drill holes is always less
than 1.0 percent. NP is negligible. More comparisons
need to be made, but this overburden looks similar to
the lower Kittanning overburden in castern Cambria
County where conchostracans occur.
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Casselman Formation - “The thickness of the Cas-
selman Fonmation ranges from 230 feet (70 m) in the
extreme western part of the Appalachian Plateaus
province to 485 feet (148 m) in southern Somerset
County” (Edmunds, et al., 1998, p. 156). With the ex-
ception of the marine shales above the Ames limestone,
and the Skelly horizon, which occurs about 30 to 60 ft
(9 to 18 m) above the Ames marine zone, the Cassel-
man is made up of exclusively fresh water rocks. Red-
beds, which are regionally discontinuous, are scattered
throughout the Casselman in the western portion of
Pennsylvania. “Eastward they become thinner and
fewer in number. This trend continues into eastern
Somerset and Cambria Counties, where large areas of
the Casselman Formation are completely devoid of red
beds. Conversely, coals are nearly absent or very thin
in the west but increase in quantity eastward. In Som-
erset County, a few coals are thick enough to mine”
(Edmunds, et al., 1998, p. 156).

Very little coal is mined in the Casselman Forma-
tion. Figure 8.25 shows overburden for the Wellers-
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burg coal which is of mineable thickness only in the
Wellersburg syncline of Somerset County (equivalent
to the Georges Creek Field in Maryland). Although the
overburden contains some strata with sulfur greater
than 0.5 percent, the overburden is largely calcareous.
Figure 8.26 displays chemical data for overburden
above and below the Morantown coal, the uppermost
coal in the Casselman. This coal is only mined in
Somerset County. Shaulis (1993) feels the Morantown
is actually a lower split of the Pittsburgh coal, which
would place the coal in the Monongahela Group. One
of the reasons cited for this stratigraphic placement is
the presence of the freshwater limestone below the Mo-
ramtown. This limestone occurs in OB-A in Figure
8.26 with an NP of 524. Whatever the stratigraphic
position, the overburden in the two examples from
Somerset County exhibits low sulfur and some neu-
tralization capability. The Morantown, when it is pres-
ent, is mined in conjunction with the Pittsburgh coal.
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Monongahela Group

“The Monongahela Group extends from the
base of the Pittsburgh coal to the base of the
Waynesburg coal. It is divided into the Pitts-
burgh and Uniontown Formations at the base of
the Uniontown coal. The group is about 270 to
400 feet (82 to 122 m) thick in Pennsylvania,
increasing in thickness irregularly from the
western edge of the state to western Fayette
County....It is entirely nonmarine” (Edmunds, et
al., 1998, p. 156).

The Monongahela Group is

¢ ..dominated by limestones and dolomitic lime-
stones, calcareous mudstones, shales, and thin-
bedded siltstones and laminites... The only sand-
stone of significant thickness within the forma-
tion lies directly above the Pittsburgh coal
complex. A major fluvial charmel system,
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flowing north to northwest through what is now
Greene and Washington Counties, deposited an
elongate sandstone body up to 80 feet (24 m)
thick and several miles (kms) wide” (Edmunds,
et al., 1998, pp. 156-157).

This sandstone channel is shown in Figure 8.27.
The mineable coals in the Monongahela Group are re-
stricted to the lower portion of the group. The number
of mine sites with overburden data for the Mononga-
hela Group in the files of the Department of Environ-
mental Protection are few in number. This is not
because the Monongahela coals are rarely mined, it is
because mining almost always produces alkaline drain-
age, and water quality from previous mining is used as
the prediction tool.

Pittsburgh Formation - The lower half of the

Pittsburgh Formation contains the majority of mineable
coals in the Monongahela Group. The Pittsburgh coal,
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Approximate Sandstone Thickness

6- 12 Meters

- > 12 Meters

which defines the base of the formation and group is
unusually continuous, covering thousands of square
miles (km®) and is unusually thick (5 to 10 ft; 1.5to 3
m) for a coal of western Pennsylvania. The other ma-
Jor coals are the Redstone and Sewickley. In Somerset
County an additional coal, the Blue Lick, occurs be-
tween the Pittsburgh and Redstone coals. Shaulis
(1993) believes the Blue Lick coal is a split of the
Pittsburgh coal.

Pittsburgh Coal to Redstone Coal Interval - Pitts-

burgh coal overburdén varies from sandstone to lime-
stone to shale. Figure 8.28 is a reconstruction of
paleodepositional environments during the time of
deposition of the Pittsburgh coal overburden.
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Sandstone was deposited in the distributary channel
running through the southwestern corer of Pennsylva-
nia. An isopach map of the thickness of this channel is
shown in Figure 8.27. Limestone or shale was depos-
ited in the lakes and on the mud flats. Some examples
of the distribution of Pittsburgh Formation limestones
in Greene County, PA and northern West Virginia, are
illustrated by Figure 8.29, Figure 8.30, and Figure
8.33. Figure 8.29 is an isopach map of the Redstone
limestone. Figure 8.30 is a cross-section of the Pitts-
burgh/Redstone mterval. This cross-section is oriented
east-west and approximately parallels the Pennsylva-
nia-West Virginia border shown on Figure 8.29. The
Redstone limestone is “patchy™, which may simply be
due to variable carbonate content of the lake-deposited
sediments. The intervening shales may be a lateral,
less calcareous, facies of the freshwater limestone.

The drill logs shown in Figure 8.31 are from an area
east of the major channel shown in Figure 8.27
(isopach map of Pittsburgh sandstone), but they show
the nature of the Pittsburgh overburden when it is
sandstone. It is characterized by some high sulfur
strata, especially the shale portions of OB-2, and some
calcareous zones within the sandstone (e.g., the zone in
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NORTH

OB-1 with a NP of 115 ppt, and the zone in OB-2 with
a NP of 122 to 169 ppt). The overburden in Somerset
County (Figure 8.26) is shale in holes OB-A and OB-
C, and a mixture of sandstone and shale in OB-5. The
overburden is slightly calcareous with NP’s commonly
in the range of 30 to 70 ppt. This is true whether the
overburden is sandstone or shale. The overburden
from the Somerset County sites is lower sulfur than
that in Westmoreland County. Pittsburgh coal mines
can produce acid and alkaline water (see Table 8.2).
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The Redstone/Sewickley interval is shown in Figure
8.32. This zone contains strata with sulfur greater
than 0.5 percent, however, abundant limestone and
other calcareous rocks are present. Although limestone
occurs above the Sewickley in OB-3, this log is not
typical of overburden further west in Pennsylvania. To
the west this interval is typically occupied by a very
thick limestone, known as the Benwood. The Benwood
is the thickest limestone in the Monongahela Group

Blue Lick Coal to Sewickley Coal Overburden -
The Pittsburgh coal often has a rider coal positioned

approximately 5 to 50 ft (1.5 to 16 m) above it. This
rider coal is usuaily thin and not economically signifi-

cant. However, in Somerset County the coal at this
stratigraphic horizon, named the Blue Lick, attains
mineable thickness. The Blue Lick coal is usually
overlain by calcareous units and produces alkaline
drainage. Blue Lick coal overburden NP values are
shown in OB-C, Figure 8.26. OB-C shows onlya
small amount of strata with sulfur greater than 0.5 per-
cent. There is a zone of calcareous rock, including
limestone, above the Blue Lick rider coal.
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and can be 60 or 70 £t (18 to 21 m) thick. Figure 8.33
is a facies map showing the Benwood interval at 55
feet (16.8 m) above the Sewickly coal.

Pittsburgh Formation Limestones - Figure 8.33 il-
lustrates the lateral persistence that many Mononga-

hela lacustrine limestones exhibit. The lakes in which
these laterally extensive limestones were deposited had
to have been very large. For example the Benwood
limestone above the Sewickley coal covers more than
4,000 square miles (10,000 km?®) (Berryhill, et al.,),
and Eggleston (1993) notes that the Redstone limestone
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extends from Somerset County, PA to as far south as
Cabell County, WV, and as far west as Morgan
County, OH. Figure 8.32 illustrates the NP for the
Redstone and Fishpot limestones, and an unnamed
limestone above the Sewickley coal. The highest NP
for the Fishpot in OB-3 is 735 ppt.

Eggleston (1993) concludes that the Redstone lime-
stone was deposited in a “very shallow lake that was
subject to periodic subaerial exposure during drier pe-
riods.” As evidence of drying she refers to desiccation
breccia, root traces, and lack of original bedding. Evi-
dence of shallow depositional conditions include
rounded intraclasts, broken and nested shells, and bio-
turbated limestone. Berryhill et al. (1971) arrived at
similar conclusions, using similar cvidence, concerning
the depositional environment of other limestones in the
Monongahela and Dunkard Groups. Berryhill et al.
suggest that the limestones were deposited in shallow
lakes, where water depth “probably never exceeded a
few fect” and that “(n)either fossil evidence nor physi-
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cal properties of the rocks indicates any influence of
marine conditions” (Berryhill et al., 1971, p. 34). In
addition to the limestones, the sandstones and shales of
the Monongahela Group are also often calcarcous
(Figure 8.2). The environmental interpretations of Eg-
gleston (1993) are consistent with the paleoclimatic
interpretations of Cecil et al. (1985) and Donaldson et
al. (1985) for this stratigraphic interval.

Berrvhill et al. (1971, p. 16) found that of 50 limestone
samples from the Monongahela and Dunkard Groups,
34 were classified as limestone or magnesium lime-
stone (< 10% dolomite, > 90% calcite), 13 were dolo-
mitic limestone (10% to 50% dolomite, remainder
being calcite) and three were calcitic dolomite (50% to
90% dolomite). The clay content is generally greater
than 10%, thus the limestones are classified as marly.
The ratio of calcium to magnesium varies both from
bed to bed and also vertically and laterally within a
single bed.
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207 6 08-1 The Dunkard is generally composed of fine-grained
éé 0B-2 clastics which are frequently calcareous. Thick lacus-
L= trine limestones are especially prevalent in the Wash-

ington Formation. The only significant interval with
sandstone is above the Waynesburg coal (Figure 8.2).
This sandstone is often, but not always, calcareous.
The Dunkard Group data represented in Figure 8.2 is
all from Greene County. A comparison of this data
with the study by Berryhill et al. (1971) for Washing-
ton County shows some differences in abundance of
lithologies. For example Berryhill et al. show that
33% of the Group is limestone, whereas this study
found only 6.2% limestone. This is probably largely
attributable to a facies change between Washington
and Greene Counties. Skema (personal communica-
tion, 1997) reports that the Upper Washington and
Lower Washington Limestones, which are thick in
Washington County are barely present in Greene
County.
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Dunkard Group

The Dunkard Group is found only in the most
southwestern corner of Pennsylvania in Greene and
Washington Countics. It is made up of Waynesburg,
Washington and Greene Formations (Berryhill et al.,
1971). The Dunkard reaches a maximum thickness of
about 1120 £ (340 m) in Greenc County and the upper
surface is the modern day erosional surface. The lower
boundary of the Dunkard Group is defined as the base
of the Waynesburg coal, which is the only coal rou-
tinely mined in the Dunkard.

Redstona coal
Redstone imestone
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As mentioned, the only coal routinely mined in the
Dunkard is the Waynesburg. For purposes of this
study the Waynesburg Formation has been divided into
upper and lower members. This is because in recent
years mining has generally been restricted to only the
Waynesburg, thus not disturbing strata above the
Waynesburg ‘A’ coal. Also, the Waynesburg overbur-
den is lithologically different. As shown in Figure 8.2,
much of the Waynesburg overburden is sandstone, and
much of this sandstone is calcareous. The Waynes-
burg ‘A’ and its overburden are notorious for produc-
ing poor quality water. Figure 8.34 shows the
Waynesburg coal overburden. The shale above the
coal can be high sulfur as illustrated in drill hole Fox
#3. The three drill logs in Figure 8.34 illustrate the
variability in overburden chemistry for this unit. Of
the three holes, the sandstone is only calcareous in PS-
3. The finer-grained calcareous zones, near the tops of
drill holes Fox #3 and Fox #4, would not be encoun-

8-29

tered unless more than 50 or 60 ft (15 or 20 m) of
cover is mined. Where the sandstone is calcareous,
mines produce alkaline drainage, where it is not cal-
careous mining results in acid mine drainage.

Pennsylvanian Stratigraphy of Pennsylvania’s
Anthracite Region

The stratigraphy of the anthracite region of eastern
Pennsylvania has not been studied as extensively as
that of Pennsylvania’s bituminous coal region. Geo-
logic and mining engineering work done in the anthra-
cite region over the past 150 years, however,
documents some significant stratigraphic differences
between the anthracite and bituminous coal regions.
The anthracite region is comprised of four coal fields
as shown on Figure 8.4: The Northern Field, the East-
e Middle Field, the Western Middle Field, and the
Southern Anthracite Field.

The four anthracite coal fi¢lds are located within
the Valley and Ridge Physiographic Province and the
orogenic activity in this province since the Pennsylva-
nian Period has resulted in: () the increase in rank of
the coals due to metamorphism (as compared to time-
equivalent coal beds in the Appalachian/Allegheny
Plateau Province of the bituminous region), and (b) the
preservation of the anthracite coal fields within synchi-
nal basins which are essentially surrounded by sand-
stone/conglomerate ridges that are more resistant to
erosion than the coal and associated finer-grained
sedimentary rocks. A comprehensive description of the
geologic history of the north-central Appalachians, is
contained in Faill (1997a, 1997b, 1998a, 1998b). The
most recent orogenic episode, the Alleghenian, com-
menced in the Early Permian (Faill, 1997b). Faill
(1997a, p. 552) states that “(l)ate in the Allegheny
orogeny, rock thrust northward over the Carboniferous
rocks in the Anthracite region of northeastern Pennsyl-
vania caused anthracitization of the underlying coals.”

Much of the Southern and Western Middle Fields
has been geologically mapped by Wood and associates
(e.g., the Minersville Quadrangle, Wood, et al., 1968,
and related cross sections). The maps depict the syn-
clinoria and other complex geologic structures. The
geologic structure and stratigraphy of the Southern
Anthracite Field are described in Wood et al. (1969)
and the depositional and structural history of the entire
Anthracite Region are presented in Wood et al. (1986).
The complexity of the geologic structure, resulting in
nearly vertical beds of coal and other rocks in some ar-
cas of the anthracite fields, has impeded the acquisition
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of stratigraphic data from routine exploration drilling.
Detailed mine maps of the abandoned underground
mines and cross-sections through vertical shafts and
nearly horizontal tunnels have added to the under-
standing of the structure and stratigraphy of the an-
thracite coal ficlds, however most stratigraphic efforts
have been directed toward coal seam delineation.

The Pennsylvanian age rocks of the anthracite re-
gion of Pennsylvania have been divided into two major
formations, the Pottsville and the Llewellyn. General-
ized columnar sections of the Pottsville and Llewellyn
Formations are shown on Figfire 8.35.

Pottsville Formation

The Pottsville Formation ranges in thickness from a
maximum of approximately 1600 ft (490 m) in the
Southern Field to less than 100 £ (30 m) in the North-
emn Field. The Tumbling Run and Schuytkill Members
of the Formation are not present in the Northern An-
thracite Field (Wood et al., 1969, 1986; Meckel, 1967,
1970; and Edmunds et al. 1979, 1998).

The Pottsville Formation contains up to 14 coal
beds in some areas, but most are relatively discontinu-
ous and only a few persist outside of the Southern
Field (Edmunds et al. 1998). Figure 8.35 shows the
mineable coals of the Pottsville Formation. The
Lykens Valley Coal Numbers 4 through 7 are within
the Tumbling Run Member; the Lykens Valley Coal
Numbers 1 through 3 are within the Schuylkill Mem-
ber; and the Scotty Steel and Little Buck Mountain
Coals are within the Sharp Mountain Member of the
Pottsville Formation (Figure 8.35). The base of the
Buck Mountain Coal is considered the top of the
Pottsville Formation in eastern Pennsylvania; however,
the Buck Mountain coal is generally correlated with the
lower Kittanning Coal within the lower Allegheny
Group in western Pennsylvania (see Edmunds et al.,
1998). The type section of the Pottsville Formation
(located near Pottsville) is described by C.D. White
(1900) and more recently by Wood et al. (1956) and
Levine and Slingerland (1987).

The Pottsville Formation in eastern Pennsylvania is
entirely of a nonmarine depositional environment
(Edmunds et al., 1998). As in western Pennsylvania,
the dominant lithology of the Pottsville Group is sand-
stone and conglomerate; but the Pottsville Formation of
the Anthracite region contains significant pebble con-
glomerates derived from an orogenic source area to the
southeast (Meckel, 1967, 1970; Edmunds ¢t al. 1998;
and Faill, 1997b). The Tumbling Run Member is
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composed of approximately 55% conglomerate and
conglomeratic sandstone, about 30% fine- to coarse-
grained sandstone, and about 15% shale and siltstone.
Conglomerate and conglomeratic sandstone comprise
about 50% of the Schuylkill Member, and the sand-
stone in the member ranges from very fine to very
coarse, constituting approximately 30% of the member.
The Sharp Mountain Member in most of the Southem
Aunthracite Field is composed of about 45% conglom-
erate, 25% conglomeratic sandstone, 15% sandstone,
5% siltstone, 9.5% shale, and 0.5% anthracite (Wood
et al. 1969, 1986). The carbonate content of the rocks
has not been determined.

Llewellyn Formation

The Llewellyn Formation is as much as 3500 feet
(1050 m) thick. The maximum known thickness of the

Pennsylvanian in Pennsylvania is approximately
4400 ft (1340 m) near the town of Llewellyn in
Schuylkill County (Edmunds et al., 1998). The
Llewellyn Formation contains up to 40 mineable coals
(Edmunds et al., 1998), most of which are shown on
Figure 8.35. The thickest and most persistent coals
occur in the lower part of the Llewellyn Formation,
particularly the Mammoth coal zone. The Mammoth
coal zone typically contains 20 ft (6 m) of coal and
thicknesses of 40 f to 60 ft (12 to 18 m) are not un-
usual. A local thickness of greater than 125 ft (38 m)
has been reported in the Western Middle Field. This
was attributed to structural thickening in the trough of
the syncline. The nomenclature and stratigraphy of the
coal bearing rocks of the Llewellyn Formation in the
Northern Anthracite Field are different than in the
Southern and Middle Fields (Figure 8.35).

The dominant lithology of the Llewellyn Formation
is sandstone, including conglomerate units, as in the
Pottsville Formation. According to Edmunds et al.
(1998, p. 159): “Lithologically, the Llewellynis a
complex, heterogeneous sequence of subgraywacke
clastics, ranging from conglomerate to clay shale and
containing numerous coal beds. Conglomerates and
sandstones dominate”. The Llewellyn Formation in the
Southern and Middle Fields is believed to be entirely
continental in depositional environment (i.e., lacking
any marine beds). The Llewellyn Formation in the
Northern Field, however, contains one known marine
bed, the Mill Creek Limestone (Figure 8.35). 1.C.
White (1903) suggested that the Mill Creck was cor-
relative with the Ames limestone of western Pennsyl-
vania. This belief is generally held to the present. The
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Mill Creek Limestone is a one- to three-ft (0.3 mto 1
m), richly fossiliferous marine limestone (Chow,
1951). The Llewellyn Formation contains several
other nonmarine limestones in the Northern Field in-
cluding the Cannal and Hillman limestones (Chow,
1951, and Edmunds et al., 1998). Additionally, Inners
and Fabiny (1997) have identified calcareous paleosols
(“calcrete”) in the uppermost Llewellyn Formation in
the Northern Field. They have tentatively correlated
this portion of the stratigraphy with the Conemaugh of
western Pennsylvania. The calcretes are indicative of
“seasonally semi-arid conditions” (Inners and Fabiny,
1997, p. 85). The calcretes are often associated with
siderite. Kochanov (1997) has found calcareous sand-
stones in the lower part of the Llewellyn in the North-
em Field. Siderite nodules are also common in the
lower Liewellyn (Kochanov, 1997, personal communi-
cation).

The identification and mapping of limestone and
other calcareous rocks in the Southern and Middle
Fields have not been reported in the literature; how-
ever, some large mine pool discharges such as the
Wadesville Colliery (see Table 8.14), have alkalinity of
several hundred milligrams per liter, which must be at-
tributed to some carbonate minerals in the overburden.
Discharges in the Eastern Middle Field have little if
any alkalinity (see Table 8.14). This strongly suggests
a lack of calcareous rock in this coal field. Study of
carbonate minerals and identification of calcareous
lithologic units in the Southern and Middle Fields is
needed.

Pleistocene Sediments

Based on permits issued by the Department of En-
vironmental Protection in glaciated regions in north-
western Pennsylvania, glacial sediments are most likely
to be encountered where mining of the
Brookville/Clarion, lower Kittanning and middle Kit-
tanning coals takes place. These sediments affect mine
water quality because they contain calcareous clasts.
Lower Freeport permits have also been issued in glaci-
ated regions. For Clarion/Brookville coal mines, it can
be difficult to assess the impact of glacial sediments on
postmining water quality because the Vanport lime-
stone is often part of the overburden. Figure 8.36
shows the area of overlap of glacial sediments, Van-
port limestone, and coal areas. The Vanport limestone
becomes thinner and more discontinuous near its north-
emn limit.
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Glacial overburden in surface coal mines can exert
a different influence on mine drainage quality than does
bedrock. The texture, composition (mineralogy), and
structure of glacial overburden differs from that of
bedrock. Much information on the glacial geology and
sediment composition exists for northwestern Pennsyl-
vania.
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Because of a lack of carbonate source rock, glacial
sediments in northeastern Pennsylvania are typically
low in carbonate. The only exception is in an area near
the Delaware River, east of the anthracite fields
(William D. Sevon, personal communication, 1994;
Epstein, 1969). Several overburden holes have en-
countered till in the semi-anthracite Bernice Basin,
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Sullivan County. The till ranges in thickness from 0 ft
(m) to 32 ft (9.8 m). The highest NP and sulfur (out of
32 samples) was 3 ppt CaCOj; and 0.04 percent re-
spectively, i.e., negligible. There are no overburden
analyses of glacial sediments in the anthracite coal
fields. Duane Braun (Bloomsburg University, personal
communication, November 18, 1997) has done field
work in the northern Field and has not observed any till
reacting visibly to HCl. Available data suggests that
glacial sediments are generally not a source of NP in
northeastern Pennsylvania. Therefore, glacial sedi-
ments in northeastern Pennsylvania will not be dis-
cussed further.

Northwestern Pennsylvania has been glaciated a
number of times during the Pleistocene. At least 8 tills
have been identified on the Appalachian Plateau of
northwestern Pennsylvania (White and others, 1969)
and northeastern Ohio (White, 1982) (Table 8.3). The
glaciations range in age from pre-Illinoian (> 500,000
ya) to late Wisconsinan (about 15,000 ya). Generally,
each advance was less extensive than the previous.
The last glacier to advance into Pennsylvania, the
Ashtabula advance, stopped at the northwestern edge
of the Appalachian Plateau, just south of Lake Erie.
The Titusville glaciation deposited the bulk of the gla-
cial sediment in northwestern Pennsylvania. Stacking
of multiple Titusville sheets makes up the bulk of the

main end moraine, the Kent Moraine (White and oth-
ers, 1969; White, 1982).

Table 8.3 Pleistocene tills, from youngest to oldest and
car