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Introduction h r  in the sample, using stochiornetric relationships. 

The tests described in this chapter consist of the 
simulation of mine drainage production from samples 
of strata to be affected by d i g ,  followed by cherni- 
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 vvhich 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 predhon of mine dramage 
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 lunetics except in a theoretical 
manner. For example, in the acid-base accounting 
technique of Smith et 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- 

Therefore, of the three types of scientific evidence: 
theoretical, empirical, and experimental; the MPA 
component of acid-base accounting is theoretical, whilc 
the actual acidity and alkalinity concentrations in the 
effluent from a leachmg 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 actud mine drainage to be 
produced fiom 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 dramage fiom 
the proposed mining operation. 

Unfortunately, there are several potential disad- 
vantages of some kinetic tests for the prdction 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 m 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: 

(1) 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 thls chapter are the chro- 
nology of the development of kinetic tests for mine 
drzunage, and the evaluation of physical, chemical, and 
biological fadors 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 m this 
chapter, more than 275 pieces of scientific literature 
have been cited. These references and related donna -  
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 m mine 
drsunage research, and applications to mine sites by 
university researchers, state and federal agencies, and 
the mining indust~y and their consultants. Most of the 
literature cited pertains to surfaGe coai miniig 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, C 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 stuhes, and in contrasting efforts by the 

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 kmetic 
tests. The format of this section is an approximate 
chronological order of studies on various types of lu- 
netic tests (i.e., leaching columns, humidity cells, Sox- 
hlet reactors, etc.) intertwined together, in order to 
demonstrate, that hke 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 years 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 field. 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 lunetic 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 I1 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 Reg~on. This pe- 
riod of awareness and assessment of the problem lasted 
through the 1950s and 1960.5. 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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Figurtr 7.1 Leaching columns (from Bradham & Caruccio, 
1995). 

Figure 7.3 Soxhlet reactor (from Bradham & Caruccio, 
1995). 

Figure 7.2 Hunudity cells (from Bradham & Caruccio, 
1995). 

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 researchers 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 

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, ihat 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 these tests was accompanied by signifi- 
cant confusion in the interpretation of test results and 
apparent contradictions among some test preddons. 
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 prelctive 
test methods. 

In other areas of the United States, outside of the 
Appalachan Coal Basin, mcludmg Illinois, Montana, 
Minnesota, Utah, and Washington, kinetic test methods 
were being developed and applied in 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 leachmg 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 
Committee (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 field 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 perfbrmance of 
kinetic tests, particularly humidity cells and leaching 
columns, has been done by researchers 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 Acidc Drain- 
age in Pittsburgh in 1994, because this conference was 
the focal pomt 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 inlcator 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: 

it documents the historical development of kmetic 
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 thc 
various lunetic tests fur mine drainage prediction 
in the event that addibonal 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, 19491, humidity cells 
(Hanna and Brant, 1962), Soxhlet reactors 
(Pedro, 1961), and field scale tests with actual 
precipitation (Glover and Kenyon, 1962),and 

it depicts the present state of conhsion 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 techca l  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 lanetic 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 research 
expended, is the state of affairs in lunetic 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 
optirmst~c 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 advancmg 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, chenucal, and biological controls 
on AMD production and other natural or man-induced 
acidity- and alkalinity-generating processes is much 
more voluminous and long-term than the 45-year chro- 
nology. Consequently, the role of these physical, 

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 alkaliity-generating processes, the mtmelation- 
ships between these processes and other constramts 
affecting the reaction kmetics, 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- 
terrelationsh~ps among controls on the biological 
system, such as temperature and pH, which determine 
whether various organisms flourish, barely s u ~ v e ,  or 
die. 

A complete dscussion of all of the chemical reac- 
tions associated with acidity and alkalinity production 
is not included in this chaptcr bccause 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 Love11 ( l983), 
Barnes 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 ( 1  970) simplie 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 lo6 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 fiom py- 
rite weathering, such as jarosite, alunite, and melan- 
terite, are capable of dssolving or precipitating in mine 
environments. Additional information on these and 
other secondary mineral phases is found in Nordstrom 
(1 982) and Cravotta (1 994). According to Lovell 
(1983), of the various iron sulfates which are several 

itude more water-soluble than pyrite, 
melanterite has a solubility of 156,500 m a ,  whde 
coquirnbite has a solubility of 4,400,000 m&. 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: acid@ of 45,000 mgL, total 
iron or ferrous iron of 10,000 mg/L, aluminum of 
2,000 m a ,  and sulkte of 20,000 mg/L. 

Accordmg 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 (1 99 1) at the Iron Mountam 
mine in Shasta County, California that is producing 
some of the most ac i lc  and metal-rich mine dramage 
in the world Alpers and Nordstrom (1 99 1, 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 .O. 
In at least one extreme case, at Iron Mountain, 

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

The most extreme values reported by Alpers and 
Nordstrom (199 1) 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 m&, and total iron of 11 1,000 m a .  

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, 
Clmton, Clarion and Fayette Counties as shown in Ta- 
ble 7.1 The acidity concentrations of seeps fiom 
Lower kttanning 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 mg5 .  At the 
Stott surface mine site on the Clarion Coal in Centre 
Co., a 35 gpm (132.5 lpm) post-mining hscharge had 
an acidity concentration over 9,700 mg/L with an iron 
concentration of almost 2,000 m a  (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 mgL and an iron concentration greater than 
2,000 mgL (Table 7.1). Schueck et al. (1 996) report 
on detailed AMD abatement studies conducted at a 
backfilled surface mine site in Clinton County, where a 
momtoring well that penetrated a pod of buried coal 
refuse produced a maximum acidity concentration of 
23,900 m g 5  and a mean acidity concentration of 
2 1,3 15 m a  based on 13 samples. The maximum 
concentration of iron was 5,690 mgL 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 sulfate concentrations greater than 
3,500 mg/L and 3,700 mgL, 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 magmtude less than the maximum acidity 
concentrations found in mine environments. 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 quames, 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). 



Table 7.1 High Concentrations of Acidity and Related Water Quality Parameters in AMD at Bituminous Coal Mine Sites in Pennsylvania. 

*N.D.= No Data 

'data from Schueck et al(1996) 

"data from Dugas el 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 (l970), Krauskopf (l967), 
Garrels and Christ (1965), Freeze and Cheny (1979), 
Plummer 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 Cheny (1979, p. 106) 
state that the solubility of carbonate ininerals is dependent 
on the partial pressure of carbon dioxide (PC02), and list 
the solubilities of calcite and dolomite at partial pressures 
of 10" bar and lo-' bar as an indication of the range of 
values hat are relevant for natural groundwater. The 
solubility for calcite in water at 25" C, pH 7, 1 bar total 
pressure, and a PC02 of 10" bar is 100 mg/L, whle the 
solubility at a PC02 of lo-' 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 &ssolve congruently and the solution contains con- 
stituents other than "pure water" ( e 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 PC02 of 10" to 370 mg/L at PC02 of 10.' 
using the methods (i.e. 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 &oxide partial pressure, and Rose and Cravotta 
(Chapter 1, this volume) depict bicarbonate and alka- 
linity concentration for a similar range of PC02, based 
upon Case 2 of Garrels and Christ (1965, p. 8 1). Ad- 
ditional diagrams of calcite and dolomite solubility at 
various carbon dioxide partial pressures are found in 
Faust (1 949), Runnells (1 969) and other sources. 

Barrow (1973, p. 10) states that the term partial 
pressure denotes the pressure exerted by one compo- 
nent of a gaseous mixture, in accordance with Dalton's 
law of partial pressures. Accordmg to Stumm and 
Morgan (1970, p. 180-1 8 1) a partial pressure of car- 
bon dioxide of 10-3.5 bars corresponds to atmospheric 
conditions, and "The distribution of the dissolved car- 
bonate species at a given temperature is defined en- 
tirely by PC02." 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 tunes 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 t h ~ s  carbon di- 
oxide, affecting pH, solubility, and weathering of min- 
erals in the soil and underlying rock. Addtional 
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 d. (1994a), Pearson and 
McDonnell(1974, 1975a, 1975b, 1977, 1978) and 
Ziemkiewicz et al. (1 995). 
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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 1 1.0 have been reported for 
alkali-spring water in desert regions Hem (1970) re- 
fers to two reported analyses of high pH spring waters 
in areas of ultramafic rocks, with values of 11.6 and 
1 1.7. According to the National Academy of Sciences- 
National Academy of Engineering Committee on Water 
Quality Criteria (1972, p. 54) alkalinities of natural 
waters rarely exceed 400 to 500 mgL (as CaC03). 
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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 m a ,  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 
PCOl 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 10 10 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 18 1 mg/L, and a PC02 of 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 8 1 to 438 
mg/L for wells and springs in limestone of central 
Pennsylvania. Shuster (1 970) 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. 

The alkalinity of quarry pit waters and underground 
mine waters in the Ledger DolomitdElbrmk 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 PCOz 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 hctioning 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 bestcase 
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 7.1 1 in Appendix A. 
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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 

' N.D. = No Data 

The acidity concentration of 37,042 mg/L shown in In order to produce the alkalinity concentration of 
Figure 7.5 was produced from a leaching column test 1,O 12 mg/L shown in Figure 7.5, a sample of Valentine 
on a sample of lower Freeport coal from Somerset Limestone from a quarry near Pleasant Gap in Center 
County, Pennsylvania which had a total sulfur content County, Pennsylvania was placed in a separate leach- 
of 6.44% and a pyritic sulfur content of greater than ing column identical to that shown in Figure 7.1 1. 

5.5%. The leaching column tests on this coal sample 
from the Pennsylvania State University Coal Research 
Section sample repository (PSOC-3 17) also produced 
a pH of 1.7 1, a sulfate concentration of 44,000 mg/L, 
and a total iron concentration of 1605 mgL in leachate 
samples collected during the 35-day leaching study. 
The leaching column apparatus a d  tests procedures 
were developed by Homberger, Parizek and Williams 
(198 1) as shown on Figure 7.1 1, and the resulting data, 
graphical and statistical aqalyses 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. 

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 CaC03 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 
lo-' bar in order to produce the alkalinity of 1,O 12 
mg/L, (see White, 1988; Chapter 1, this volume). 
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Maximum Potential Acidity Neutralization Potential 

Acldlty (mgA CaCO, equlvalentr) 

Cornpariron of valuer urlng methodology 
employed in acld bale eccountlng. 

Alkallnlty (rngfl CaCO, oqulvalontn) 

Comparlron of valuer of actual acidity and 
alkrrllnlty (obtalnod by titration ot lerohate) 
urlng methods dorlgnod to approxlmato 
optlmum leaching condltlonr. 

N.P. = 887.98 ppt. Indlcatea excerr of 
M.P.A. = 2012s P P ~ .  787 ton~1000 tone A C I ~ R ~  37,042 mg/t Indlcatar axcera - i neutrallrera Alkallnlty P 1,012 mgll - 788.70 ppt. concentrrtton of 

Leaching tests on the same Valentine Limestone sam- 
ple, without the introduction of additional carbon dl- 
oxide, produced alkalinity concentrations of less than 
100 mgL. Adjusting the partial pressure of carbon 
dioxide as a gas mixture within the leachmg column to 
approximately 10.' bar should be expected to produce 
alkalinity concentrations of approximately 350 mgL 
for the Valentine Limestone sample and similar, rela- 
tivelv Dure carbonate minerals. 

Figure 7.5 was originally developed by the authors 
to depict the dramatic hfferences in the reaction kinet- 
ics of the acidity-producing and alkalinity-producing 
systems, and demonstrate why users of static tests for 
AMD prediction, llke acid-base accounting, must be 
cautious. Interpretations of data on documented or 
unplied excesses in neutralizers do not automatically 
translate to definite excesses in alkalinity over acidity 
concentrations in the mine environment. In this exam- 

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 acihc and potentially alkaline 
strata in the consolidated overburden and in the surEace 
mine backfill, and the sequence and interactions of 
acidic and alkaline rocks encountered in the ground- 
water flow system may greatly ~nfluence the alkalinity 
and acidity &ncentraio& 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 section of the chapter outlines specific physical, 
chemical and biological factors to be considered in ki- 
netic test design, performance, and data interpretation. 

ple, a potentially acidic stratum with 6.4% total sulfur 

7-1 1 
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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 198 1, 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.e. 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, 
1999, 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 (1.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 ft(3 .O8 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 
(1 980). 

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 
(1 986a), Erickson and Hedin (1 988), Ferguson and 
Erickson (1986, 1987, 1988), and Bradham and 
Caruccio (1 990, 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 
Sample 

The rnineralogic composition and size distribution 
of rock materials within a backfilled surface mine are 
important factors in determining whether the mine spoil 



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

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: 

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

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

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

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) field 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 fiom 
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 ?4 
in (1.27 cm) and a nominal or mean particle size of 
approximately !4 in (0.635 cm) should be expected for 
most overburden lithologic units, except where drilling 

equipment tends to pulverize some lithologies (e.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 rnm, 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 (197 1, p. 157) for glacial tills, and Terzaghl 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 ?4 in (6.35 nun), 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 usefkl to determine 
the percentages of coarse and fine partkles in a few 
size classes for some specific kinetic test purposes, or 
in general for different overburden lithologic units. For 



example, where samples have been crushed to a nomi- 
nal '/a in (6.35 rnm) 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 '/a 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 
s d s i l t  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 (1 5.2 
cm) to less than 1 in (2.54 cm) of a sandstone sample 
and a binder sample fiom 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 
fi (1.22 m) x 2 ft (0.61 m) connected to 30 gal (1 13.56 
1) plastic barrels) using natural precipitation, the small- 
est size fiaction 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- 

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 518 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 cm), while the 
smallest size class was less than 0.00 16 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 sdil: 

"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 (1 994a) found that the fine (i.e. less 
than ?4 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 
Arnstutz (1 966), Pugh et al. (1 98 1, 1984), Hornberger 
(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 succeedmg 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 (1 13 S 6  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 5 518 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), No11 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- 

resentative splits of the sample are typically needed for 
other overburden tests, including NP and total sulfbr 
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, T. 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, 02, ~ e ~ ' ,  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 significani based upon potential 
variations in particle size, mineralogy, void spaces, and 
flow paths. The potential problems are hrther 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 ft 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 leachmg column. 

Water Handling Procedures 

The importance of the ratio of the surfhe 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 

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 (199 1) 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 .O, total iron concentration of 11 1,000 mg/L, 
and sulfate concentration of 760,000 m a ;  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 1 18,000 m a .  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 andlor precipitation 
of the iron, hrther 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. 330-33 l), who re- 

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

"These data indicate that the degree of drymg, 
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 volumelweight 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 (Ernrich, 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 1) plastic barrels, 
filled with 300 lbs (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 (1 8.93 1) of water to 
35 gal (132.49 1) of rock, equals 15). 

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- 
sumedAost during testing, and volume of effluent from 
kinetic tests have been discussed above. Now, the ef- 
fects of water in saturating, humidifymg, 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 floorhnderclay may be saturated most 
ofthe 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 ofthe mine site (i.e. 
groundwater recharge area, transition area, or ground- 
water discharge area) should be considered in deter- 
mining the appropriate lanetic 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 &stilled 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 1 18 years to be 
generated 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 condtions can sig- 
nificantly reduce contaminant concentration 
&om pyritic material. A field scale study is 
needed to demonstrate the utility of thls 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 &biting acid production." (p. 11) 

W i t h  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 

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 (1 994, p 3 1) 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 humdity. Thcse observations suggest that if 
pyritic waste materials are not in direct contact 
with water (i.e. high and dry), the exclusion of 
water is not guaranteed. High humidity condi- 
tions can contribute the water nccded for pyrite 
oxidation. " 

Borek (1994) quantified "the amounts of weather- 
ing products formed during abiotic chemical pyrite 
oxidation of six pyrite 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 are believed to 
be responsible for contarmnating water at their field 
sites." Unfortunately, there was an absencc of iron- 
oxidzing bacteria in these laboratory experiments. 

Incredibly, the Mossbauer spectra of hydrothermal 
pyrite samples from Iron Mountain, Califomla showed 
no significant difference (i.e. no weatheredoxidized 
products) from before weathering and after 250 days in 
79% relative humidity conditions; while the actual 
mine drainage from the Iron Mountam mine reported 
by Alpers and Nordstrom (199 1) had a pH less than 0,  
sulfate greater than 100,000 a, and iron greater than 
20.000 m a .  



The water-handling procedures m kinetic tests, es- 
pecially within unsaturated zones, and the interactions 
among the kinet~c test apparatus, thc rock sample, and 
the water conditions during the test, are most important 
for a variety of rcasons. According to Caruccio et al. 
(1993 p. 6): "The physical configuration of the testing 
method may ~mpact 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 cclls 
(weathering cells), large and small leaching columns, 
and Soxhlet reactors, and considered a variety of kc-  
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 leachmg columns each had certain 
factors or features which approximated the hydrologic 
conditions in the mme 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 lunetic tests, circulatcd 
through and/or stored in a test, and withdrawn from the 
apparatus as leachate will be rcferred to as a leaching 
cycle. W i t h  that cycle, the amount of time allocated 
to circulation andfor 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 procedurcs 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 leachmg 
cycle. Numerous kinetic test procedures described in 
the 45-year chronology section of this chapter includ- 
ing Caruccio and Parizek (1 967), Geldel (1 979), and 
Rose and Daub (1994), used l-week leaching cycles, 
with a variety of differences in procedures within the 1 - 
week cyclcs. Hornberger et al. (1981, 1985) found 
significantly higher acidity, sulfates, and metals in 1- 
week contact samples than l-hour contact samples 
from the same leachmg columns; presumably due to 
longer residence time of the water within the test appa- 
ratus. 

Bradham and Caruccio (1995) evaluated variability 
m 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 
leachmgs), particle size, and particle sorting efficiency. 
They found that storage condition and leaching interval 
were the factors that had the most significant influence 
on contaminant production from Soxhlet reactors and 
humidity cells, whde 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 
sue 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- 
tlon. 

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 techmcal stand- 
point of accuracy, precision and predxtability, the 
number of leaching cycles, and the total duration of the 
k~nctic 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 leachmg 
cycles and duration of the kinetic test should be short 
cnough to be compatible with time and cost constramts 
of typical mine permitting. Hopefully; both goals can 
be satisfied within the same lunetic 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 thls chapter and 
elsewhere. Without sufficient oxygen and aeratlon 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 stu&es 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 elsewhere has been studied by Jaynes et al. 
(1983), Lusardi and Erickson (1985), Cravotta et al. 
(1 994a), Guo et al. (1 994), Guo ahd Parizek (1 994) 
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. 
(1994% p. 368) reported that: 

"Partial pressures of Oz and C 0 2  in spoil are 
expected to vary depending on the predominant 
reactions involving the gases, relative rates of 
the reactions, and rates of gas exchange with 
surrounding zones (Jayncs et al. 1984a,b; 
Lusardi and Erickson 1985). In general, where 
pyrite-oxidation and carbonate-dissolution reac- 
tions are active, Po2 will decrease and Pco2 will 
increase. Data on pore-gas compositions at the 
mine inQcate that Po2 decreases from about 2 1 
volume percent (~01%) at the land surface to 
less than 2 vol % at 10.7 m below the surface, 
with corresponding increases in Pco2 with in- 
creasing depth in all three areas." 

Guo et al. (1994, p47) found oxygen concentrations 
deep w i t h  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 02 concentration 
in deep mine spoil.. . 

The major hypothesis of this paper is that the 
thermal anomalies generated by acid-forming, 
exothermic, pynte oxidation reactions induce 
thermal convection that causes significant trans- 
port of O2 into mine spoil." 

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 (1 975) and Cathles (1 979) 
describe models of waste dump leaching processes that 
incorporate air convection, heat balance, temperature 
dependent oxygen kinetics, and bacterial catalysis. 
Modeling of pyrite oxidation in reclaimed coal strip 
mines by gas diffusion processes is described by Ro- 
gowski et ai. (1983), Jaynes et al. (1984a, 1984b) and 
Jaynes (1991). Accordmg to Jaynes (1984a) the air 
convection mccharusm of oxygen movement used by 
Cathles and Apps (1 975) represents reasonable as- 
sumptions for coarse waste dumps, but they believe 
that difision processes would dominate withm back- 
filled coal mine spoil. However, Guo et al. (1994, p. 
54) concluded that the: "Results of both field investi- 
gation and analytical calculation suggest that the high 
0 2  concentration (1 8% or hlgher) 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. 
(1 93O), 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 (1 963) using a Warburg Respirometer, 
whch 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 leachmg 
methods from the humidity cell type of apparatus they 
developed. Hammack and Watzlaf ( I  990) 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 Qoxide and 
the remainder nitrogen gas) were introduced into the 
leaching columns via compressed gas cylinders and a 
gas humidifier. Watzlaf (1992) studied pyrite oxlda- 
tion in saturated and unsaturated coal waste in leachmg 
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 2 1 % 
(0.2 1 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% (0.0 1 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 198 1 and Ham- 
mack and Watzlaf 1990). Pore gas oxygen lev- 
els in surface mine spoil or in coal rehse 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 
diffision of pore gas oxygen through water be- 
comes limiting. (p. 203)" 

Watzlaf (1992) also compiled data on pyrite oxida- 
tion rates fiom 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. (1 988), 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 (199 l), McKibben and Barnes (1 986), 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) hrther 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 

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 fiom 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 (e.g. pyrite) and 
fluids will increase the PC02. If the partial pressure of 
carbon dioxide in the gas mixture is lo5 bars (i.e. 
atmospheric conditions) within the kinetic test appara- 
tus, the maximum alkalinityhicarbonate 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 
lo-' bars, PCOz typically found in groundwater systems 
and pore gas of surface mine backfills) the bicarbonate 
and alkalinity concentrations may be greater than 500 
m a ,  for example, as shown on figure 7.4 (see 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." 
(P. 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 
Delcharnps (1953), Braley (1954), Silverman and 
Lundgren (1959), Silverman et al. (1961), Unz and 
Lundgren (196 l), Lorenz and Tarpley (1963), and 
Raze11 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. 
I-Ianna and Brant (1962) describe the design and per- 
fonnance of a humiditycell 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 (1 959). 

The dramatic effect of iron-oxidizing bacteria 
populations on AMD production has been described in 
Singer and Stumm (1970), Brierley (1982), Kleinmann 
et al. (1 98 l), and elsewhere. Singer and Sturnrn 
(1970) found that the ratedetermining step in AMD 
production is the oxidation of ferrous iron wherein the 
bacteria catalyze the reaction by a factor greater than 
1 06. Kleinmann et al. (1 98 1) 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 
Thiobacillusferrooxidans, to the point that reaction 3 
proceeds at a rate totally determined by the activity of 
T. ferrooxidans. Concerning Stage 3, Kleinmann et al. 
(198 1) 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 
earlier in this chapter, was subsequently reclassified as 
a strain of Thiobacillus ferrooxidans. Another bacte- 
rium, Metallogenium, is discussed in Kleinmann and 
Crerar (1 979). 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 m the atmosphere." 

As stated in Chapter 1, thesc bacteria, "produce 
enzymes which catalyze the oxidation reaction, and use 
the energy rclcased 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 sufi- 
cient for their survival because, T. ferrooxidans ob- 
tains carbon autotrophically from atmospheric carbon 
dioxide (i.e. 0.035%). Brierley (1 982) and Cathles and 
Apps ( 1975, p. 6 19) report that "the bacterial oxida- 
tion rate of ferrous iron IS essentially independent of 
oxygen concentration in the air until the concentration 
falls below I %." 

T. ferrooxidans thnves m the temperature range 
between 20 and 35 " C, according to Brierley (1982), 
who classifies the bacterium as moderately thenno- 
philic. Murr et al. (1 977, 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 et al. (1977, 
p. 222) found that.. 'the population of T. 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 55" Centigrade" (Cathles (1979); Cathles 
et al. (1 977); and Murr et a1 (1 977)). According to 
Cathles (1979, p. 185). "low grade sulfide waste 
dumps arc only vcry rarely (if ever) observed to have 
internal temperatures greater than 65°C." In addition 
Cathles et a1 (1977) state: 'The fad  dumps always 
appear to operate at temperatures below 5 5 "C is thus 
direct evidence of the importance of bacteria in at least 
one step of the leachmg process." From some evidence 
collected by Murr et al. (1977) it appears that a high- 
temperature microbe, like Sulfolobus. was present to 

account for bacterial oxidation and catalysis of reac- 
tions at temperatures somewhat greater than 50" C. 

Brierley (1 982, p. 47) states that: 

"The most robust of the leaching microorgan- 
isms are the extremely thermophilic and acido- 
philic species of the genus Sulfblobus. These 
bacteria flourish in acidic hot springs and vol- 
canic fissures at temperatures that can exceed 
60 degrees C. Some strains of Suljolobus have 
been observed in springs at temperatures near 
the boiling point of water." 

Some lunetic tests for AMD prediction have incor- 
porated special equipment or procedures in the test to 
control andlor 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. (198 1) placed leaching col- 
umns in an mcubator within the laboratory and mam- 
tained temperatures within the incubator at a constant 
25°C. That temperature was selected because 25°C 
and 1 atmosphere pressure are standard conditions fie- 
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 withln the range between 20°C and 35°C 
where Thiobacillus bacteria flourish (see Brierley, 
1982). Cathles and Breen (1983) coiled '/4 in (6.35 
mm) copper tubing around their leaching columns and 
circulated distilled, deionized water from a constant 
tcmpcraturc bath through thc 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., 1 977). 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 Thiobacillus. 

In addition to the fact that optimum temperature for 
Thiobacillus bacterial catalysis of reactions is 3 5 T ,  
there are other reasons why it 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 hgher temperatures, specifi- 
cally Soxhlet reactors heat to boiling, then cool to con- 
dense water. These test procedures &d others 
including oven drymg 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 T. firrooxi- 
dans. Nordstrom and Potter (1977) and Kleinmann et 
al. (198 1) 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 (1 959), Schnaitman et al. 
(1969) and), Chapter I ,  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 t, 0), but state 
that the Iron Mountain, California s' k? contains optimal 
conditions for all five hydrogeochemical factors re- 
quired for production of acid mine waters, including 
iron-oxidizing bacteria (p. 3 32). 

It also appears that there is an upper pH limit where 
the acidophilus, iron-oxidizing bacteria will not sur- 
vive, but there is similar debatc and uncertainty on the 
effects of the higher pH regime upon T. ferrooxidans. 
Accordmg to Wadell, Parizek, and Buss (1980), the 
bacteria tend to die off at pH of 5.5 as shown on Fig- 
ure 7.6. Love11 (1983), Wadell et al., (1980), and oth- 
ers (Chapter 13, this volume) have advocated thc 
development and maintenance of an alkaline environ- 
ment in mine spoil in order to inhlbit 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. ,firrooxiduns attach directly to 
the pyrite surface and create 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 t h s  higher pH regime is 
found in Ehrlich (1 962; 1990), who demonstrated tol- 
erance up to pH 6.98 in synthetic buffered media. 
Kleinmann and Crerar (1 979) 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. 
3 83). 

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 field and 
laboratory settings, withm 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 m 
the water handling section of this chapter, it is almost 
beyond belief that the Iron Mountain pyrite samplcs, 
"&splayed no significant weathering over time in any 
relative humdity" (Borek, 1994, p. 3 1) 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.e. field conditions) 
produces the most extreme condhons of natural acidity 
developed from pyrite oxidation including pH less than 
0.0. 

The use of alkaline addition materials (e.g. limestone 
crusher fines and lime plant fluedust) to promote an 
alkaline mine environment and thereby mhibit the bac- 
terial oxidation of pyrite, has been evaluated in labo- 
ratory kinetic tests by Rose and Daub (1994), and 



FQutr? 7,5 Reaction rate as a function of pH for the 
oxldatton of  fernus iron (from Waddell et al., 1980). 

in surfaec minc cnvironmcnts by Waddcll ct al. 
(1980), Dugas et al. (1993), Evans and Rose (1995), 
Rose et al. (1995), Peny and Srady (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 minunize AMD pro- 
duction at mine sites, including the work of Walters 
(1965), Dugan (1975), Walsh and Mitchell (1975), 
Kleinmann and Crerar ( l979), Kle~nmann et al. ( 198 1) 
and Parisi et al. (1 994). 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 bc 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 (Bneriey, 1982). 

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. (198 1, 1985) demonstrated 
that Thlobacillus bacteria can survive fiom the field to 
laboratory leachmg 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 lnfomally inoculated 
the rock samples in laboratory kinetic tests by adding 
AMD from a deep mine or surface mine to the kinetic 
test apparatus during the initial wetting of tht: rock 
sample or at some other point in the test, including the 
work of Smith et al. (19741, Poissant (1986), and Pois- 
sant and Caruccio (1986). 
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Regardless of how the iron-oxidizing bacteria have 
arrived in the laboratory lunetic test apparatus, their 
presence and relative abundance in the sample may be 
dctennined and quantified using a culture medmm and 
a Most Probable Number method (see Standard Meth- 
ods, Greenberg, et al. Eds. (1980, p. 802)). Bacteria 
populations determined by this MPN method in AMD 
studies are reported in Mum et al. (1977),Cobley and 
Haddock (1975), Olem and Unz (1976, 1977), Cra- 
votta (1996), and other references. These techques 
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 mp/L from worst- case AMD producing rock 
samples, and leachate with alkalinity concentrations of 
several hundred mgL fiom 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 straightfonvard 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 
aciditylg sample/day and plotting the cundative 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 lunetic test design and 
performance constitute a summary and guidelines of 
the major factors to be considered in that simulation: 

The size, shape and structure of the kmetic 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.e. oxygen and car- 
bon dioxide) to enter, circulate through and exit the 
apparatus in a manner that is representative of the 
weathering wndtions of the mine environment. 

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 (e.g. airlocks or other 
testing artifacts) between the sample and ~ t s  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 
hameter within the volume of rock samples. 

The goals of sampling for kinetic testing should be 
to obtain rock samples that are representative of the 
physical (is. particle size distribution) and chemical 
(i.e. 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 dstribution withn the 
mine spoil. Consideration should be given to the 
percentage of relatively coarse (i.e. gravel sized) 
particles and relatively fine grained particles in the 
sample. A greater percentage of fmc partlcies m- 
creases the surface area available for reaction, 
which is a cntical parameter in the production of 
acidity or alkalinity. 

4. 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- 
lematic, and the effect of microenvironments with 
the apparatus should be evaluated. 

5. The volume of influent water minus the volume of 
water consumed during the kinetic test determines 
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.e. 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. 

6. 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 bc 
greatly diminished when the samples are sub- 
merged, and the lunetic tcst 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 con&tion during the tcst, which approximates 
the effects of episodes of infiltrating rainfall and the 
groundwater flow system withm 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 drylng 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, 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 into the apparatus (i.e. for 
carbon dioxide enrichment). For example, a mix- 
Lure 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. 

8. Iron-oxidizing bacteria must be present and reia- 
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 magmtude less than bacterially 
catalyzed pyrite oxidation rates, and because the 
iron-oxidizing bacteria will be ubiquitous in the 
mine environme~lt, 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. 

9. The ideal kinetic test for the prediction of mine 
drainage quality will be: (a) practical to construct 
and operate, (b) of reasonable tune 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) r e d l y  interpretable due to the capability of 
producing the range of acihty, 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 cnvlron- 
ment, and to guarantee acceptable reproducibility 
and repeatability of test results with the same rock 

Drainage Quality 

samples and same kinetic test conditions. From the 
standpoint of economics and practicality, the nurn- 
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 m 
some relatively complex geochemical or hydro- 
geologic semngs. 

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 buildmg on 
acid mine drainage research 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 
leadershp 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 
workmg groups of this Initiative is on prediction. It is 
hoped that this group may be able to develop a consen- 
sus on lnetic 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 are that 
almost everyone, especially for mine permitting pur- 
poses, would be using the same test procedures (whlch 
facilitates data comparison and data base building) and 
that scientific and legal controversies between govem- 
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 
Charactenstic Leachmg 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 
leachmg processes leading to the development of ANS 
16.1 (American Nuclear Society, 1984) and the MCC 1 
leach test (Pacific Northwest Laboratory, 1980). An 
example of the use of the MCC 1 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 combustor (FBC)ash cements 
using the MCCl test. The work of John K. Bates and 
associates at Argonne National Laboratory on nuclear 
waste glass also provides relevant information on sur- 
face aredeachate 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 
MCC 1 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 13 1 1 in the EPA manual entitled Test 
Methods for Evaluating Solid Waste, Physi- 
cdChernical Methods, SW-846. The Synthetic Pre- 
cipitation Leaching Procedure (SPLP) is Method 13 12 
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- 
standmg 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 
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 W r e  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 sulfbr 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 Hack1 (1984) 
are an example of this type of approach, where the ini- 
tial static test is followed by the kinetic test if the sarn- 
ple is initially found to be a potential acid producer. 
Another example is the Knoxville, Tennessee 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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hrther 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 thrcc 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, each 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 thcse 
nine classes demonstrate that the static test results are 
sufficient for mine drainage quality prediction pur- 
poses, which of the nine classes demonstrate that ki- 
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 preQcting 
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 Qstilled 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 lt- 
erations of the test. 

As coal surface mining in Appalacha flourished 
from World War I1 into the 1950's and 1960's, state 
and federal agencies and universities in the Appala- 
ch~an states became increasingly more involved in acid 
mine drainage research when AMD impacts on surFdce 
waters and groundwaters increased m 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 m 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 (1 969, 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 stuhes by some 
of the researchers, such as Hanna and Brant (1 962), 
Lorenz and Tarpley (1963), and Emrich (1966) contain 
significant information on kinetic tcst dcvclopments 
and applications. 

Hanna and Brant (1962, p. 483) describe leaching 
studes, in which "several basic laboratory apparatuses 
were designed and tested for the purpose of acid gen- 



eration in order to simulate acid production in nature, 
but under controlled laboratory conditions." They de- 
scribe the acid generator apparatus that was developed 
and used in thcir research, (shown on Figure 7.7), as 
follows: 

"The generator consists of a sample cell, a dif- 
hsion unit to supply saturated water vapor, a 
separatory funnel used for flushing, and a re- 
ceiver. It is anticipated that t h s  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 phenornena."(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 
h e t i c  test apparatus became generically called a hu- 
midity cell. 

In studies at the U. S. Bureau of Mines in Pitts- 
burgh, Lorenz and Tarpley (1963) used a laboratory 
apparatus called the Warburg constant-volume respi- 
romctcr to cvaluatc pyntc 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- 
rousiferric 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 mcasurc the oxidation of pyritic 
materials, and to provide comparison to their leaching 
studies described above. 

Ernrich (1 966) presents a survey of scientific lit- 
erature and associated test methods for estimating the 
oxidation or acid potential of acid-forming material m 
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 to thls 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 (1 966) also gave 
credit to the glass leaching column method of Braley 
(1949) in that: "This method. very closely simulates 
conditions that occur in nature when coal 1s mned 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 
in (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 lunetic 
test and European mine drainage control procedures is 
reported in Lyon and Maneval(1966). Finally, a ki- 
netic test method is presented that m7as developed by 
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Emrich (1966) and others at the Pennsylvania Depart- 
ment of Health, in which a Soxhlet Extractor (Figure 
7. lo), 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 Unwersity has made s~g -  
nificant contributions to the field of coal mine drainage 
research for many years. Some of the early work is 
summanzed m Dutcher et al. (1966, 1967) and Parizek 
and Tarr (1972); while more recent summaries are 
found in Love11 (1983) and Hornberger et al. (1990). 
A long line of research reports involving kinetic test 
developments, refinements and applications m coal 
mine drainage research from the Department of Geo- 
sciences at Penn State commenced with the publica- 
tions by Caruccio and Parizek (1 967, 1968) and 
Camccio (1967). 

DRAIN TILE 

(drain-titic) leachmg ;atutiw (from I ... < ....... ... 
Caruccio and Parizek (1967, 1968) developed a 

hurnidty cell apparatus, similar in principle to that of 
Hanna and Brant ( 1962). The "simulated weathering" 
test method of Caruccio and Parizek (1 967) empha- 
sizes the continuous exposure of thc 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, whch 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 Carucclo 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 tlus section (Caruccio and Geidel, 
l986a; Bradham and Caruccio, 1990). 

At West Virginia University, Dr. Richard M. Smith 
and associates, principally soil scientists, were con- 
ducting AMD research fhded 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 

al. (1978) Laboratory weathering studies are de- 
scribed by Smith et al. (1 974) in a section entitled, 
"Simulated Chemical Weathering With Intense Aera- 
tion." In this study, humidity cell type containers, 4 in 
(10.16cm)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 m e  water 
from a deep mine to provide the essential microorgan- 
isms for reduced sulhr and iron oxidation" @. 200). 
Moist air was passed through the plastic boxes for 3 
112 days, followed by dry air for 3 days, and 112 day to 
leach the boxes and analyze the leachate; hence com- 
pleting a 7day 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 rnterpretation of kinetic and static tests to predict 
mine drainage quality by the regulatory agencies, min- 
mg industry consultants, and commercial laboratories. 
This demand forced a search of available laboratory 
methods used in AMD research and other sciences that 
rmght be used to obtain accurate and precise results, 
and also initiated the adaptation of some test methods 
from a umversity research study envlronrnent 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 rndustry 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- 
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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 Senices 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. m s  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- 

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 Creek 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 et 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. Kleinrnann 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 (1 988) 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 
hrther 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 Hornberger, Parizek and Williams 
(198 l), Waters (198 l), Williams, Rose, Parizek and 
Waters (1 982), Rose, Williams and Parizek (1 983), 
Cathles (1982), Cathles and Breen (1983), Williams, 
Rose, Waters, and Morrison (1985), Hornberger 
(1985), and Monison (1988). 

Homberger, Parizek and Williams (1 98 1) con- 
ducted leaching tests on coal and overburden analyses 
in 1977, which are described briefly in Hornberger et 
al. (I98 1) and in greater detail in Hornberger (1985). 
They constructed simple leaching columns from 112 gal 
(1.89 1) plastic containers, as shown in Figure 7.1 1, 
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 withm the container to 
facilitate the chemical reactions and promoted survival 
of the bacteria. Weekly l eachg  episodes produced 
two types of effluent from the columns: (a) " 1 -week" 
contact leachate drained from the bottom of the col- 
umn, and (b) " 1 -hour7' contact leachate which flushed 
accumulated weathering products from the upper half 
of the column. 

Williams et al. (1982) used the same leachmg 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 (1 988) and Williams et al. (1 985) also used 
the same laboratory leaching vessels shown in Figure 
7.1 1, 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 leachmg 
experiences fiom the metal mining industry, especially 
Kennecott Copper Corporation, including studies by 
Cathles and Apps (1975), Cathles et al. (1977), Murr 
et al. (1977), Cathles (1979), Cathles and Mum (1980) 
and Cathles and Schlitt (1980). These studes involve 
a variety of leachmg experiments including small-scale 
laboratory leaching columns, large-scale (i.e., 40 ft 
(12.1 9 m) high x 10 ft (3  .05 m) diameter) column 
leaching experiments and the development of mathe- 
matical models to simulate the leaching process. At 
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Penn State, Cathles and Breen (1983) studied the re- 
moval of pyrite from coal by heap leaching processes 
and utilized a constant temperature leachmg column, 
shown in Figure 7.12, to conduct laboratory leaching 
experiments. 

The Middle Years - West Virginia University and 
Related Work 

While much of the effort to prelct mine drainage 
quality in West Virginia during 1970s and 1980s was 
focused on the acid-base accounting method (ie. static 
test), a significant interest in kinetic test developments 
was shown by the work of Renton and Stiller at West 
Virginia University and others assoaated with the 
West Virginia Department of Natural Resources, the 
West Virginia Surface Mine Drainage Task Force, and 
the West Virgmia 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 (1 983) and Renton et al. (1 984, 
1985). In these field leaching tests, 35-gal (132.5 1) 
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 lbs (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 (1 983) was 
to test the effectiveness of various ameliorants (i.e. 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- 
ernment agencies, including Dr. Jack Renton and Dr. 
A1 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 

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 
(1 982). Sobek et al. (1 982) 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 (1 982) 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 (1 980) 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 
leachmg 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 (1 986) developed a 
"computerized automated rapid weathering apparatus" 
(CARWA), shown in Figure 7.15, which consists of 
three humiditycell 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 distilledJdeionized 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 drymg. The 
extracted water was discharged into a beaker 
positioned on an automatic turntable, and the 
next cycle began.. . The computer contrsr 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 

Fipre 7.14 Leaching cdumn with Maen? warn entry at 
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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 Sol& et al. (1 978). If the 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). 

Comparison of Test Methods 1985 to 1994 

This chronology demonstrates that by the rnid- 
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 <I25 micron particle size), leaching col- 
umns (9 cm. diameter, 30 cm. height, with sample of 
unspecified particle size), the B. C. Research Initial 

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 m x 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 analyhcal 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. 50328037. 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, r2 = 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 Hedm (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 A Plethora of Variations on a Theme 
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 
PC02 of the laboratory tests is suggested as a cause by 
Erickson and Hedin (1 988). 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 miqe 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 predic&ve 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). 

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 9 183), featured other papers on 
kinetic test developments and applications including 
Doepker (1988), Renton et al. (1988), Backes et al. 
(1 988), Bennett et al. (1988), Watzlaf (1 988), Ham- 
mack et al. (1988), Stahl and Parizek (1988), Lapakko 
(1988), Sullivan and Yelton (1988), Franklin and Zahl 
(1 988), and Amrnons 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 wastes7' (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 ft (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. 2 1 1) . . ."A series 
of ten similarly constructed 1% " (3.8 1 cm) ID PVC 
columns were used to examine the effects of sample 
depth and column surface-to-volume ratios" (p. 2 1 1). 
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 (l99la, 1991b) and Doepker (1991a, 
199 lb, 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. 5 5). 
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 



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

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 ca~acitv. the reaction 
kinetics actuallv occurring under natural weath- 
ering conditions mav 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 
(1 986a), 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 
acidlbase accounting projections, then the sox- 

hlets, 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(l990). 
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. (198 l), Waters (198 I), Williams et al. 
(1 982, l985), Hornberger (1 985), and Morrison 
(1988). In Hammack and Watzlaf (l99O), 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 
(1 992). 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 (1 992), 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 &posit 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. 
(I99 1) 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 (1 994) 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 (1 994) reported on leachate data from 150 
weeks of leaching experiment duration, as Lapakko 
(1988) considered kinetic test pedorrnance 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 

I I 

flask 

". . .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 114 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 5 1 weeks of leaching cycles 
were reported and sulfate release rates after 2 1 weeks 
and 5 1 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 1 10 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 

1 aigurt z16 ReMn appanhta (fmm Lapakko, 19941). subjects were presented in a total of 186 papers, of 
which at least 45 include kinetic test developments, 

White and Jeffers (1994), from the Salt Lake City evaluations, and applications. Of these papers, at 
Research Center of USBM, conducted humidity cell least 2 1 involve the use of leaching columns including 
tests as part of an effort to develop a "geochemical the work of Moran and Hutt (1994b), St-Arnaud 
predictive model for acid mine drainage (AMD) from (1 994), Dave and Vivyurka (1 994), Rich and Hutchin- 
waste rock associated with metal mining" (p. 608). son (1994), Day (1994), Evangelou (1994), Aachib et 
They used a humidity cell array described as follows: al. (1994), Kuyucak and St-Germain (l994a, 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 (1 994) 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 
Meek (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 Wildernan et al. 
1994), shake flasks or batch flasks (St-Arnaud 1994, 
Kuyucak and St-Germain 1994a), bubbler tanks 
(Adams et al. (1994), Buchner h e l s  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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