
PENNSYLVANIA DEPARTMENT OF  ENVIRONMENTAL RESOURCES 

PETER S. DUNCAN 

 SECRETARY OF ENVIRONMENTAL  RESOURCES 

QUAKAKE TUNNEL DEMONSTRATION PROJECT 

LIMESTONE NEUTRALIZATION OF ACID MINE DRAINAGE  

CARBON COUNTY PA., 

PROJECT NO. SL 135710 

DECEMBER 1982 

PREPARED BY: 
GEO-TECHNICAL SERVICES INC. 

Consulting Engineers and Geologists 

HARRISBURG , PENNSYLVANIA 



DEPARTMENT OF ENVIRONMENTAL RESOURCES 
REVIEW NOTICE 

 This Report, prepared by outside Consultants, has been reviewed by the Pennsylvania 
Department of Environmental Resources and approved for publication. The contents indicate the 
conditions that are existing as determined by the Consultant, and the Consultant's 
recommendations for correction of the problems. The foregoing does not signify that the contents 
necessarily reflect the policies, views, or approval of the Department. 

 

 

 

 

 

 

 

 

 



PREFACE 
 
 
Discharges of Acid Mine Drainage (AMD) from abandoned strip and deep mines are major 
sources of pollution of Commonwealth waters. The total acid load entering Pennsylvania's 
streams has been estimated to fee in excess of 2500 tons per day. The adverse economic and 
environmental impacts of this pollution load have been documented in prior reports. 
 
The Pennsylvania Department of Environmental Resources, under the "Operation Scarlift" 
program, created as part of the "Land and Water Conservation Act" of 1968, is actively engaged 
in the abatement of AMD discharges. The program consists of determining the location and 
magnitude of AMD discharges, the economic feasibility of alternative abatement methods, design 
of selected abatement facilities and implementation of the program through construction and 
operation. Emphasis is properly placed on implementing permanent abatement measures which 
eliminate the sources of AMD. However, 100% source abatement is not an achievable short term 
goal and therefore the need for low cost treatment methods exists. 
 
Neutralization of AMD using crushed limestone as a reagent, has several obvious advantages: 
low reagent cost, the wide spread availability of limestone, and no potential of over treating the 
receiving stream. This report examines several prototype crushed limestone processes 
constructed at the Quakake Tunnel Demonstration Project. 

 

 

 

 

 

 

 

 

 

 

 

 

 



TABLE OF CONTENTS 
 
 
  Page 
Review Notice 
Acknowledgements 
Frontispiece 
Preface ………………………………………………………………………………………………i 
Table of Contents………………………………………………………………………………….. ii 
List of Tables ………………………………………………………………………………………. iii 
List of Figures……………………………………………………………………………………… iv 
 
1.  INTRODUCTION ……………………………………………………………………………… 1 
 Study Scope ……………………………………………………………………………... 1 
 The Quakake Tunnel…………………………………………………………………….  2 
 
2.  QUAKAKE TUNNEL WATER QUALITY …………………………………………………… 5 
 Initial Investigation ……………………………………………………………………… 5 
 Prototype Operations …………………………………………………………………… 5 
 Analysis of Water Quality Data ……………………………………………………….. 8 
 
3.  PRE-DESIGN INVESTIGATIONS ………………………………………………………….. 9 
 Literature Review……………………………………………………………………….. 9 
 Pre-Design Chemical Testing ………………………………………………………… 11 
 
4.  PRINCIPLES OF AMD NEUTRALIZATION BY CRUSHED LIMESTONE …………….. 13 
 Chemical Reactions……………………………………………………………………..  13 
 Reaction Rates …………………………………………………………………………. 13 
 Acidity and Alkalinity……………………………………………………………………. 14 
 Alkalinity as a Measure of Neutralization ……………………………………………. 15 
 Inorganic Carbon Balance …………………………………………………………….. 16 
 Limestone Characteristics …………………………………………………………….. 16 
 Shape Factor…………………………………………………………………………….. 17 
 Reactivity Coefficient …………………………………………………………………… 17 
 Load Factor………………………………………………………………………………. 18 
 
5.  PROTOTYPE DESIGN AND CONSTRUCTION ………………………………………….. 21 
 Limestone ………………………………………………………………………………... 22 
 Static Barriers…………………………………………………………………………….. 23 
 Filter-Type Units ………………………………………………………………………… 24 
 Tumbling Drums ………………………………………………………………………… 26 
 Autogenous Mill …………………………………………………………………………. 26 
 
6.  PROTOTYPE OPERATION …………………………………………………………………. 29 
 Monitoring and Analytical Procedures………………………………………………… 29 
 Run No.1…………………………………………………………………………………. 29 
 Run No.2…………………………………………………………………………………. 31 
 Run No.3…………………………………………………………………………………. 32 
 Run No.4…………………………………………………………………………………. 34 
 
7.  NEUTRALIZATION PERFORMANCE EVALUATION…………………………………….. 35 
 Carbonate System Equilibria ………………………………………………………….. 38 
 Field Titration Results ………………………………………………………………….. 43 
 Neutralization Computations ………………………………………………………….. 45 



TABLE OF CONTENTS (Continued) 

  Page 
 
8. STATIC BARRIER EVALUATION …………………………………………………………… 49 
 Significance of Reactivity Coefficient………………………………………………….  49 
 Scouring Criteria………………………………………………………………………… 49 
 Observed and Computed pH Profiles…………………………………………………. 50 
 Scouring Effectiveness………………………………………………………………….. 51 
 
9.  FILTER-TYPE UNITS 61 
 Upflow Units……………………………………………………………………………… 61 
 Downflow Units………………………………………………………………………….. 65 
 Autogenous Mill………………………………………………………………………….. 69 
 
10.  TUMBLING DRUM PERFORMANCE……………………………………………………… 71 
 Hydraulic Design…………………………………………………………………………. 71 
 Limestone Fines Production……………………………………………………………..79 
 Treatment Results……………………………………………………………………….. 81 
 Aeration…………………………………………………………………………………… 85 
 
11. DESIGN RECOMMENDATIONS……………………………………………………………. 87 
 Chemical Design Parameters………………………………………………………….. 87 
 Filter Type Units…………………………………………………………………………. 90 
 Hydrologic Design ……………………………………………………………………… 93 
 Aeration…………………………………………………………………………………… 95 
 Tumbling Drum Design…………………………………………………………………. 95 
 
12. CONCLUSIONS & RECOMMENDATIONS……………………………………………….. 101 
 

REFERENCES …………………………………………………………………………………… 104 

APPENDIX A - 1973/74 Field Investigations 
 
APPENDIX B - Pre-Design Investigations 
 
APPENDIX C - Prototype Operations Data 
 
APPENDIX D - Computational Procedures 
 
APPENDIX E - Backwash Sludge Dewatering 

LIST OF TABLES 
 
Table No. Title Page 
 
2.1 Flow and Quality Data for the Quakake Discharge  5 
5.1 Prototype Process Characteristics  20 
5.2 Chemical & Physical Properties of Process Limestones  22 
7.1 Dissolved Carbonate Equilibrium Definitions  42 



LIST OF FIGURES 

Figure No. Title Page  
 
1.1 Project Location  2 
1.2 Topography in the Vicinity of the Project  3 
1.3 Quakake Tunnel Profile  4 
 
2.1 AMD Parameters Grouped by pH Values  6 
2.2 AMD Parameters Compared with Tunnel Flow  7 
 
5.1 Prototype Project Layout  21 
5.2 Grain Size Curves of Process Limestones  22 
5.3 Limestone Static Barrier Construction  23 
5.4 Construction Details of Filter-Type Units  25 
5.5 Construction Details of Tumbling Drum Units  27 
5.6 Section through the Autogenous Mill  27 
 
6.1 Operation Schedule - Run No. 1  30 
6.2 Operation Schedule - Run No. 2  31 
6.3 Operation Schedule - Run No. 3  32 
6.4 Field pH Determinations Compared with Lab pH  33 
6.5 Operation Schedule Run No. 4  33 
 
7.1 Observed pH - Load Factor Relationships  35 
7.2 pH Variations Compared with Alkalinity  36 
7.3 pH & Carbonate Parameters Compared with Lab pH  37 
7.4 Carbonate Equilibrium Relationships  39 
7.5 Theoretical Total Carbonate, pH & Alkalinity Relationship  40 
7.6 Theoretical Total Carbonate, pH & Acidity Relationship  41 
7.7 Alkalinity Endpoint Compared to Carbonate Concentration  43 
7.8 Comparison of Hot & Cold Acidity - Alkalinity Tests  44 
7.9 Typical Field Titration Test Results  45 
7.10 Theoretical Acidity from Al+++ Compared with Field Tests  46 
7.11 Laboratory Acidity Tests Compared with Field Tests  46 
7.12 Computed Acidity of the Quakake Tunnel AMD  47 
7.13 Computed Buffer Intensity of the Quakake Tunnel AMD  48 
 
8.1 Typical Prototype Results - Barrier 2, Run 1  52 
8.2 Typical Prototype Results - Barrier 4, Run 2  53 
8.3 Typical Prototype Results - Barrier 6, Run 1  54 
8.4 Typical Prototype Results - Barrier 4, Run I  55 
8.5 Typical Prototype Results - Barrier 1, Run 1  56 
8.6 Typical Prototype Results - Barrier 1, Run 2  57 
8.7 Typical Prototype Results - Barrier 5, Run 2  58 
8.8 Typical Prototype Results - Barrier 6, Run 2  59 
8.9 Increase in Barrier Hydraulic Gradient with Time  60 
8.10 Particle Size Distribution of Barrier Sediments  60 

 



LIST OF FIGURES (continued) 
 
 
Figure No. Title Page 
 
9.1 Typical Prototype Results - Upflow Units - Run 1  62 
9.2 Typical Prototype Results - Upflow Units - Run 2  63 
9.3 Typical Prototype Results - Upflow Units - Run 4  64 
9.4 Typical Prototype Results - Downflow Units - Run 1  65 
9.5 Typical Prototype Results - Downflow Units - Run 2  66 
9.6 Typical Prototype Results - Downflow Units - Run 3  67 
9.7 Settling Test of Downflow Unit Backwash Effluent  68 
9.8 pH Performance of Autogenous Mill Operation  69 
9.9 Settling Test of Autogenous Mill Effluent  70 
 
10.1 Definition Sketch for Analysis of Tumbling Drum  71 
10.2 Change on Hydraulic Efficiency with Flow & Rotational Velocity  73 
10.3 Prony Brake Schematic  74 
10.4 Results of Dynamometer Field Testing  75 
10.5 Turning Movement - Resisting Moment Comparison  76 
10.6 Measures Stone Load - Flow/RPM Relationships  77 
10.7 Change in Output Power with Flume Geometry  78 
10.8 Limestone Fines Production Compared to Flow & RPM  79 
10.9 Limestone Fines Production Compared to Flow & Stone Load  79 
10.10 Limestone Fines Production Compared to Cumulative Work  80 
10.11 Effluent pH Compared to Limestone Fined Production 81 
10.12 Acidity and Alkalinity Use Efficiencies at Various 
Effluent pH Values  82 
10.13 Acid Removal Efficiency Compared to Limestone Fines Prod  84 
10.14 Acid Removal Efficiency for an Average Drum Run  84 
10.15 Average Carbon Dioxide Concentration for a Typical Drum Run  84 
10.16 Decarbonation Test Apparatus  85 
10.17 Aeration Effort Compared with CO2 Removal and Effluent pH  86 
 
11.1 Theoretical Acidity from Various Species in the Quakake AMD  88 
11.2 Computed pH - Load Factor Curves for the Quakake AMD  89 
11.3 Computed pH - Limestone Volume Relationships  90 
11.4 Observed Reactivity Coefficient Decay with Time  90 
11.5 Filter Unit Decision Graph for Quakake AMD Neutralization  91 
11.6 Load Factor Compared with Iron & Aluminum Removal  92 
11.7 Iron and Aluminum Solubility  93 
11.8 Quakake Tunnel Discharge Hydrology  93 
11.9 CO2 Acidity Compared to Alkalinity Required for Neutralization  95 
11.10 Required Alkalinity Compared with Flow  96 
11.11 Design Example Limestone Fines Compared with Flow 99 




