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Michael W. Smith and Keith B.C. Em& 

Afshract. Overlwden analysis data in the form of acid-base 
accounting (ABA) can be efficiently and effectively evaluated 
using spreadsheet p w  for personal cmptas. Ihe Pennsyl- 
vania Department of Environmental Resources (PaDW), Wlreau of 
Mining and Reclamation has developed a spreadsheet which 
calculates several parame- from ABA data including 
mass-weighted maximum potential acidity (MPA), neutralization 
potential (NP) and net neutralization potential (NNP). The 
spreadsheet also summarizes the overturden analysis in term of 
the ratio of NP to MPA and the peroent sandstone. With the 
spreadsheet, aggregate overburden characteristics can be surmnar- 
ized for an entire mine site. 

Ccarpxlter spreadsheet software is ideal for performing the 
numemus repetitive calculations necessary in integrating larye 
quantities of ABA data. The APA spreadsheet integrates sulfur 
content and neutralization potential data, as well as sample 
interval thicknesses, the percentage of each unit spoiled, and 
overbrden unit weights. The area of influence of each drill 
hole is determined and the actual mass of strata are calculated 
by taking into account the geometry of the mine site and 
overtxlrden unit weights. The ABA sunmay data can be mmpared 
using a variety of significance thresholds for NP and percent 
sulfur, and other factors can readily be changed to review their 
impact. The spreadsheet approach permits mre cconplex and 
detailed analysis of overlwden data and facilitates camparison 
between calculation methods. 

Additional Key Words: overburden analysis, acid base accounting, 
canpxter spreadsheet. 

Acid base accounting (Sow et al. 1978) is 
the most cormnonly used overlwden analysis tech- 
nique for predicting the water quality likely to 
result from a coal mining operation. In Pennsyl- 
vania, acid base accounting (APA) has been used 
since about 1979 and now accampanies approximately 
fifty percent of current surface mining pennit 
applications. APA evaluates the maximum potential 
acidity (MPA) and the neutralization potential (NP) 
from individual strata and expresses them as tons 
per thousand tons of calcium carbonate equivalent. 
As such, it has been used to identify potentially 
acid-forming or alkaline-forming strata. Although 
not originally intended for the prpcse, APA is 
also used to predict postmining water quality. 
This is done by individually sampling all of the 
strata within a proposed mine site. 'Ihe wddhted 
aggregate of all samples 
evaluate the potential 
acidic or alkaline water 

are considered tqeth& to 
of the site to produce 

following mining. 

Using ABA data for prediction of postmining 
water quality requires the integration of the 
chemical characteristics of each individual stratum 
in order to characterize the entire mine site. The 
larye volume of ABA data which accampanies a 
typical permit application makes it all kut impos- 
sible to accomplish this intuitively. Haever, the 
widespread availability of personal computers and 
spreadsheet software greatly enhance one's ability 
to quantitatively and objectively evaluate ABA data 
and to evaluate it using a variety of procedures. 
This paper discusses a method developed by the 
Pennsylvania Deparhnent of Environmental Resources 
(PaDER) that offers a reliable and convenient means 
of sumxizing large volumes of overlwden data. 

'Pa&& presented at the 1990 Mining and Reclamation 
Conference and Exhibition, Charleston, West Vir- 
ginia, April 23-26, 1990. 

2M.ichael W. Smith and Keith B.C. Brady are Hydro- 
geologists, Femsylvania Department of Environ- 
mental Resources, Bureau of Mining and Reclamation, 
Harrislxlrg, PA 17120. 



Using ABA data for prediction of postmining 
water quality requires the integration of the 
chemical characteristics of each individual stratum 
in order to characterize the entire mine site. The 
large volume of ABA data which accompanies a 
typical permit application makes it all h t  impas- 
sible to acccrmplish this intuitively. However, the 
widespread availability of personal ccarpxrters and 
spreadsheet software greatly enhance one's ability 
to quantitatively and objectively evaluate ABA data 
and to evaluate it using a variety of procedures. 
This paper discusses a method developed by the 
Pennsylvania Department of ~vironmental Resources  
(PaDER) that offers a reliable arid convenient mans 
of sunrmarizing large volumes of overburden data. 

Early users of ABA data as a predictor of 
postmining water quality tended to balance the MPA 
against the NF for an overbmden column giving 
equal weight to the strata at the top and bottm. 
It was presumed that the postmining water quality 
would be determined by whichever factor predam 
inated. For example, where NP exceeded MPA, alk- 
aline drainage would result. Issuance of surface 
mining permits based on this assumption frequently 
resulted in severe acid mine drainwe wllution 
(Brady and Hornberger 1989) leading toath& realiza- 
tion that modifications to ABA review procdmes 
were required for reliable predictions of postmin- 
ing water quality. 

The need for a simple method of mnpxlting and 
sunrmarizing ABA data became essential in the early 
1980's when coal companies began to pro- the 
addition of supplemental alkaline material as a 
means of offsetting an NP deficiency (MPA > NP) and 
the potential for acid production at a mine site. 
Because of the large number of arithmetic opera- 
tions required, the concept of using compter 
spreadsheets for calculating the deficiencies soon 
followed. Originally, calculations were weighted 
only according to thickness. However, in m t  
cases the topography is hilly with flat-lying 
strata so that the uppermost strata are not as 
aerially extensive as lower strata, making volume 
or nrass-weighted calculations essential. Later de- 
velopments in the utility of compter spreadsheet 
software enabled the PaDER to design more sophis- 
ticated spreadsheets which considered mass or 
volumetric weighting of each overburden sampling 
interval. 

As the use of ABA for postmining water 
quality prediction became more widespread, the 
spreadsheet was also used to sunrmarize the data 
numerically for comparison with postmining water 
quality. Again, this required a quantitative sum- 
mary of the data which took into acmunt the actual 
volume or mass of each overburden sampling inter- 
val. 'Itnio recent studies by dimetoro and Rauch 
(1988) and Erickson and Hedin (1988) have oompared 
numerical summations of ABA data with postmining 
water quality. Because of the large number of mine 
sites required for stdies of this type and the 
effort required to measure the areal extent of each 
stratigraphic interval, precise volumetric calcula- 
tions were not performed. diPretoro and Rauch 
calculated volume-weighted summary values by 
assuming an idealized right-triangle shaped area to 
be mined. Erickson and Hedin used essentially the 
same method. This assumption was easily applied to 
single core log data where the coal was not steeply 

dipping. However, it can only be considered as an 
approximate technique for volumetric adjustment of 
ABA data. In these studies, aggregate MPA and ag- 
gregate NP were calculated. These volumes were 
then used to determine the net neutralization 
potential (NNP = NP - MPA) of the aggregate over- 
burden volume and the NPWA ratio. Since the 
strata are represented more realistically, they 
found that volume-weighted calculations yielded 
better results than a columnar (equal unit-volume 
for all strata) approach. 

The current spreadsheet pmgram used by the 
PaDER includes several important parameters useful 
in sunrmarizing aggregate overtxlrden characteris- 
tics. These include mass weighting using seleded 
unit weights according to rcck type, the percentage 
of a unit that is spoiled, and threshold sig- 
nificance levels for NP and sulfur content. The 
current spreadsheet represents a culmination of 
efforts over the last several years. The concepts 
presented here could be adopted with almost any 
camnercial spreadsheet software. 

Figure 1 is a printout of the overburden cal- 
culation spreadsheet used by PaDER, showing the 
layout of the input data and calculated results. 
Data input is designed to mimic ABA reports cur- 
rently in use. Manual data inprt from the keyboard 
is kept to a mininnnn. The only required input 
columns are bottm depth, rock type, % sulfur, NP, 
and fizz. All other values are either calculated 
or can use predetermined defaults. 

Area of Mluence 

The spreadsheet is designed to analyze ABA 
data for individual drill holes. Where only one 
drill hole is available to characterize the over- 
burden at a given mine site, quantitative analysis 
is simplified, although a single hole may not be 
representative of the entire mine site. In most 
cases, the information available from surface min- 
ing permit applications in Pennsylvania is complete 
enough such that a more rigorous approach to 
quantitative evaluation of overturden analysis data 
can be undertaken. Virtually every site in the 
state has two (arid usually more) overburden holes. 
Using the outcrop boundary and the limits of mining 
as delineated in the permit application, the area 
of influence of each drill hole can be approximated 
using the Thiessen polygon methcd (Davis 1973 and 
Brassington 1988). 

An example Tkiessen polygon construction at a 
hypothetical mine site is shown in Figure 2. The 
areas within each polygon are closer to the data 
point (drill hole) in the center of the polygon 
than they are to any other data point. In brief, 
the polmons are constructed by drawing lines 
between each drill hole. Each line is then bi- 
sected with a perpndicular and the perpendiculars 
are extended to form polygons. The area of each 
polygon can be calculated using a planimeter and 
this value can be used as a factor in determining 
actual volume or mass or for applying relative 
weights to each drill hole. Alth- there are 
other more elaborate methods which could be 
employed, they usually require many data points and 
lengthy, complex calculations. The Thiessen methcd 
is more representative than simple arithmetic 



OVERBURDEN ANALYSIS SPREADSHEET 
CLAY 

OPERATOR: MINE SITE 1 SHALE 
PERMIT NO: DR HOLE: DH EXAMPLE SILTSTONE 
C O W :  LYCOMING TOWNSHIP: PINE SANDSTONE 

LIMESTONE 
TESSHOLD SULFUR NP FIZZ COAL 
VALUES: 0 0.00 0 CARBONOLITH 
NUMBER OF IWERVALS 21 (Alt A; Alt B to execute) OTHER 

3450 
3700 
3750 ALK ADD(t/a CaC03): 
3670 COAL SEAMS: 
3670 STATE PLANE ZONE: 
1800 FEXT (NORMISOUTH): 
2580 FEET (EASTIWEST): 
2000 SURFACE ELEV. (FT): 

PAGE- 1 

BOTTOM THICKNESS ROCK FIZZ SULFUR NP DEFICIENCY ACREAGE UNIT WT FRACTION TONS TONS NET NP TONS OF 
DEPTH (FT) FECC TYPE RATING % /EXCESS TONSIAC-FT SPOILED MPA NP (TONS) OVERBURDEN 

TOTAL OVERBURDEN VOL.(ACRE-FT): 3305 
PERCENT SANDSTONE: 32% 
DER RATIO: 2.51 
diPRETORO RATIO: 2.35 
TONSIACRE REQUIRED (1:l): 2472.70 EXCESS 

TOTAL (TONS): 
TOTAL (TONSITHOUSAND): 
diPRETOR0 METHOD (T/TT): 

ABA SUMMARY VALUES USING % SULFUR 62.5 = MPA: 

DER RATIO: 1.26 TOTAL (TONS): 141731.46 177933.85 36202.38 

diPRlXORO RATIO: 1.17 TOTAL (TONSITHOUSAND): 12.00 15.06 3.06 
TONSIACRE REQUIRED (1:l): 836.08 EXCESS diPRETOR0 METHOD (TITT): 13.42 15.77 2.34 

Figure 1. Example of acid base accounting spreadsheet printout. 

averaging of drill hole data s i m  each drill hole middle of the interval. 'Phis technique is 
represents a volume of overtxlrden proportional to illustrated in Figure 3. The spreadsheet calcu- 
its actual location within the mine site. lates this value using the equation: 

In contrast to thickness weighting and volume 
weighting using the triangle approximation of 
diFretoro, the over?xden analysis spreadsheet uses 
actual measured acreages of the area to be mined. 
For m t  uses it is impractical to measure the area 
for each sample (stratigraphic) interval, which 
would be necessary for precise volumetric calcula- 
tions. As an alternate and much simpler method, 
the acreage for the uppermost unit and lawerrnost 
unit can be determined, with the spreadsheet 
interpolating the areas for each intervening sample 
interval. In most instances, this method will 
provide acceptable volumetric calculations under a 
wide range of topograpkic conditions. The area 
covered by each sample interval is estimated by 
determining its depth in the drill hole at the 

Where: AI = Acreage at sample (stratigraphic) 
interval 

+ = Acreage represented by the middle of 
the uppermst sample interval 

= Acreage represented by the middle of 
the lawerrnost sample interval 

% = Drill hole total depth 

%P = Depth at top of sample interval 

= Depth at bottom of sample interval 



Figure 2. Typical mine plan map showing Theissen 
polygon method of defining area of influence 
for each drill hole. Dashed lines are con- 
struction lines drawn between drill holes. 
Polygons are constructed by bisecting the 
construction lines with per23endiculax-s. Outer 
limits of polygons are defined by mining 
limits and coal outcrop boundary. Interior 
polygons (1 and 2) are calculated as columns 
(top acreage = bottam acreage). Remaining 
polygons calculated using different top and 
bottom acreages. 

?nis equation provides a reasonable approxi- 
mation of acreages covered by each sample interval 
provided that the strata are not steeply dipping 
and that the topography, if viewed in cross sec- 
tion, is nat markedly convex, concave or irregular. 
It can be appropriately applied to area mines, 
contour mines, and mountaintop removal mines and 
mrks equally well in steep or gentle topography. 
The data input requirements are minimal. The acre- 
acreage represented by the 1awernrx;t unit (usually 
measured as the coal outcrop limit) and the upper- 
most unit nust be provided. Where no acreages are 
provided, the default value of 1.0 is used for all 
intervals and the spreadsheet perfom column 
(thickness-weighted) calculations. If the drill 
hole is located to represent maximum cover, then 
the top acreage is very small and the default value 
of 1.0 acre is probably appropriate. 

If the drill hole is located where overburden 
thickness is at a maximum, then the modeled geame- 
try resembles a cone and the calculated results 
should approximate those using dipretorots method. 
Hawever, for most applications where the uppermost 
unit covers a significant acreage M t  less than the 
lowermost unit, the site geametry is modeled as a 
truncated cone. Area mines are represented with 
nearly equal top and bottom acreages. For multiple 
drill hole sites, a combination of geometries may 
be most appropriate. For example, where interior 
polygon sections which are bounded by other 
polygons rather than the coal outcrop limits exist, 
they are best represented as area mine sections 
with the bottom acreage equal to the top acreage. 

Where unusual topography occurs which renders 
the linear interpolation method inaccurate, the 
overimrden analysis can be divided into two or more 
sections. Measured acreages are used for the ul~per 
and lmernnst units of each section and the values 
are interplated between measured units. 

OVERBURDEN 
DRILL. HOLE 

Figure 3. Schematic cross-sectional view of area 
to be mined with overkxrden drill hole 
slightly below point of maximum overfurden 
thickness. diPretoro volume-weighting ap- 
proximation s h m  by line 1 includes the area 
of triangle BCD. Spreadsheet method calcu- 
lates area of triangle KD plus the rross- 
hatched rectangle ABDE. Where necessary due 
to irrqular topography, spreadsheet-calcu- 
lated volumes can be improved by dividing 
drill hole into two or more intervals as 
shown by line 2. 

Actual volumes are calculated by multiplying 
the unit thickness by its area. Wit ABA data are 
expressed as tons per thousand tons of overburden. 
Therefore, it is more appropriate to evaluate the 
data in the same units. ?he importance of using 
weight rather than volume units is intensified 
where the unit weights of the rock types varies 
significantly. AEA values are expressed in term 
of absolute quantities by multiplying their volumes 
by unit weights. The spreadsheet includes default 
unit weight values for each rock type. Unit 
weights typical of Allegheny group rocks in western 
Pennsylvania were obtained from Geyer and Wilshusen 
(1982). Coal and carbonolith (&naceous sedi- 
mentary rcck) unit weights were determined from 
PaDW file data. Tlmxqh a series of nested ttIFtt 
operators, the appropriate unit weight is selected 
according to the rock type specified. The unit 
weight for any particular rock type can be changed 
by entering the desired value in the unit weight 
table. 

Most AEA reports include the "pavementtt or 
underlying strata, which can vary in thickness. 
Although this material will not be mined, it is 
presumed that at least the uppermst portion of it 
will be disturbed by mining and that it will have 
some impact on mine drainage chemistry. For most 
applications, it is appropriate to include the 
upper foot of pavement material as the lowermsst 
sample interval in the spreadsheet. 

F'ractim Smiled 

Frevious quantitative evaluations of ABA data 
invariably discounted the coal, presuming that its 
recovery in the mining operation was 100% complete. 
Typically this is not the case, and pit losses in 
the order of 5 to 20% can be expcted. The spread- 
sheet includes a column to indicate the fraction of 



material to be returned to the backfill. For wer- 
turden, this will be 1.0 (i.e., 100%) since all of 
the overburden will be retumed. Thus, the default 
value is set at 1.0. For coals which will be 
removed, a fraction representing pit losses can be 
entered (such as 0.10). This permits the calcula- 
tions to reflect the retention of potentially acid 
forming pit cleanings and coal rejects. It may 
also be possible that various alternate mining 
schemes are proposed, such as remwal of some 
overburden strata either for ccnnnercial or 
to minimize acid formation. The framon spolled 
column can be used to reflect this. 

sheet, along with their f d a s ,  are listed in 
Table 1. The most obvious paran&ers are calculat- 
ed total tonnages of MPA, NP, NNP, and M a 1  tons 
of overfxlrden. They represent absolute amounts ex- 
pressed in tans and are calculated by summing the 
value for each individual stratigraphic interval. 
Total tans MPA, NP and NNP are also as 
tolls per thousand tons of ov- rej?reepq 
the &re overtxlrden volume as if it w e r e  a single 
kmmJgeneous sample. 

Table 1. ABA spreadsheet summary parameters 

For each stratigraphic (or sample) interval 
the maximum potential acidity (MF'AI) and neutrali- 
zation potential (NPI) are calculated and expressed 
as total tons CaC03 equivalent using the following 
equations : 

MFPq = %Sulfur X 31.25 X TI X AI (2) 
X Unit Wt. X Fraction Spoiled 

NPI = NP X TI X AI X Unit Wt. (3) 
X Fraction Spoiled 

Where: TI = Thickness of sample (stratigraphic) 
interval (feet) 

AI = Acreage covered by sample interval 

These two values represent the total amwnt 
of potential acidity and neutralization potential 
for a single interval. In this sense, the spread- 
sheet goes one step beyond volumetric adjustment of 
the acid base accounting data by using actual 
densities to calculate total tonnages. Then, for 
each interval, the net NP (NNPI) is determined by 
subtracting MPAI from NPI. ?he total tons of 
overburden for a sample interval is calculated by 
multiplying thickness times unit weight times area. 
Tkis mmker will be used for subsequent sumnary 
parameters. 

Alkaline Pdditim R a t e  

For mine sites where offsite alkaline mater- 
ials will be imported, the impact of the additional 
alkaline material, in terns of AEh sununary par- 
ameters, can be examined by including it in the AEh 
calculations. A spreadsheet entry (labelled ATX 
ADD (tonslac CaCQ3) in Figure 1) is used. The 
Ifalkaline addition" rate is entered in unit. of 
tons Caq/acre. If a different material or impure 
limestone will be used, it must be converted to 
CaC03 equivalent. Since the acreage of the bottom 
sample interval equals the total surface acreage 
represented by this drill hole, the alkaline 
addition rate per acre is multiplied by this nwbx 
to obtain the total quantity of imported alkaline 
material as CaCQ3. This value is added to the 
column of NP values and is reflected in the total 
NP. It is also added to the total overburden 
weight for calculation of NP and MPA in tons/lOOO 
tons. 

The principal p r p s e  of the overburden 
spreadsheet is to provide useful parameters which 
summarize the aggregate arerhrden characteristics. 
The summary parameters calculated by the spread- 

overburden interval 

P (tons) total 
neutralization 
mtential 

NPl (tonslthousand) I I(NP (tons) I tons overburden) x 1000 

NNP (tons) 1 total net I NP (tons) - MPA (tons) 
I I neutralization I I 

. -. .-. . . . 

I NP to MPA ratio I NP (tondl MPA (tons) 

I I NPl 1tons)lMPAl (tons) 1 . . . . . . . . . . -. . . 
I . . 

onslacre required CaCOj quivalent NNP (tons) I acreage at bottom sample 
reauired for interval (r 0 = excess; < 0 = deficiency) 

I I DER Ratio = 1.0 I I 
1 for dipretom method, calculated aa described by dipretor0 1988. 
2 includes NP from alkaline addition 

For comparison, the same are cal- 
culated using dipretom's (1988) triangle-volume 
weighting method. As part of a study on the ef fec- 
tiveness of alkaline addition in ameliorating acid 
mine drainage (Brady et al. 1990), the spreadsheet 
was used to characterize overtxlrden caditions for 
ten different mine sites. The results using the 
acreage interpolation method and diPretomls method 
are expressed as aggregate NNP and as the NP/MF'A 
ratio and are compared in Table 2. Although they 
always differ slightly, the results frcnn both 
methods are usually fairly close, especially the 
NP/MPA ratio. In most of these cases, the 
diPretom method calculated a samaJfiat lower NNP. 
This apparently results from the diFretom 
triangle-approximation method which tends to under- 
estimate upper, generally higher NP strata where 
the mine site configuration resanbles a truncated 
cone or where overhrden holes were not drilled at 
maxinnrm cover. 

Especially where alkaline addition require- 
ments are to be determined, it is useful to know 
the limestone application rate which would be 
required to fulfill any net neutralization poten- 
tial deficiency. In practical terms, this amount 
is expressed as the required tons per acre. It is 
the total tons NNP divided by the total acreage 
represented by the drill hole (i.e., the acreage of 
the bottum sample interval). Positive NNPs are 
indicated as an excess. Negative NNPs are indi- 
cated as deficiencies. Of course, this does not 
presume that merely bringing the NNP to zero 
indicates a suitable alkaline addition rate. It is 
presented only as a summary parameter to be used in 



Table 2. Compar~sonl of Net NP Values and NPNPA Ratlor as determtned by Pa DER 
spreadsheet and d~Pretoro method9 

'Mine sate data from Brady et al. 1990. 2 Method used In d~Pretorc 1988 

SITE 
NO. 

the review of AM data. Also, where this parameter 
is used in combination with the significance 
threshold values discussed below, the limestone 
requirement may be very different than for a 
straightfolward balance of total NP versus total 
MPA. 

If an alkaline addition rate has already been 
specified in the spreadsheet input data, it will be 
reflected in all of the applicable summary par- 
ameters. Therefore, the munt required is in 
addition to the specified value. By 7% fhe 
same spreadsheet with and without alkallne amtlon 
or at various alkaline addition rates, the impact 
of the alkaline addition on the AEA summary param- 
eters can easily be Otserved. In most cases, only 
very large (500 tons/acre or more) alkaline ad- 
dition rates have a noticeable impact on these 
values. 

Net NP (ton.lthouwnd) 

dipretom (1988) used the ratio of aggregate 
neutralization potential to rnaxinnnn potential 
acidity as an ABA surm~lry parameter. When this 
ratio equals 1, the NP and MPA are theoretically 
equal. This parameter is calculated by dividing 
total tons NP by total tons MPA. dipretom found 
that mine sites with a ratio less than 2.4 
generally resulted in acid mine drainage, whereas 
mine sites with ratios ahove 2.4 usually produced 
alkaline drainage. For comparison, both the num- 
bers derived from the acreage interpolations 
(labelled as the DER ratio on Figure 1) and the 
dipretoro triangle method (labelled dipretom 
ratio) are shown. 

NPIMPA Ratio 

Several studies have found (dipretom and 
Rauch 1987, Williams et al. 1982, Brady et al. 
1988, Kanai et al. 1989) that where overturden is 
mostly amposed of sandstone, acid drainage 
predominates. Consequently, a sununary value show- 
ing the percentage of sandstone overfurden was 
incorporated into the spreadsheet. This is a 
volume percentage calculated by sunning the volume 
of each sample interval identified as sandstone and 
dividing this by the total overtxlrden volume. 

Spreadsheet dipretoro diierence I Spreadsheet 1 dipretoro I difference 

lds 

Brady and Hornberger (1989) suggested thres- 
hold values of NP = 30 tons/1000 tons C a q  with 
Vizzu and percent sulfur = 0.5 as reasonable 
guidelines to define potentially alkaline or acid- 
prc+~cing strata, respectively. Overturden calcu- 
latlons for alkaline addition were made using this 
scheme, such that C a q  requirements were based 
only on strata with sulfur contents and NPs 
exceeding these thresholds. 'Ihe spreadsheet was 
designed to perform these or similar calculations. 
Threshold values for sulfur content, NP, and fizz 
rating are defined near the top of the spreadsheet. 
'IkuMlgh a series of 8tIF88 operators, MPA and NP 
values are only calculated for sample intervals 
which equal or exceed the threshold value. Us* 
threshold values of 0.5% sulfur, NP = 30, and flzz 
= 1, for example, MPA will be determined only if 
the sulfur corkerit equals or exceeds 0.5%. Where 
sulfur < 0.5%, MPA = 0. NP will only be calculated 
where the sample NP equals or exceeds 30 fizz 
is greater than or equal to 1. Therefore, where NP 
< 30 or fizz = 0, NP = 0. 

Presumably, this method can be used to e l k  
inate the NP or MPA contribution f m  strata w h i c h  
are insignificant in term of the pmduction of 
acidity or alkalinity. Of course, if no threshold 
calculation is desired, then zero is entered for 
the threshold values. Any combination of thres- 
holds canbe used. Inthis manner, thesuyaq 
parameters can be readily calculated for a varlety 
of threshold values. 

Cravotta and others (1990) have suggested 
that by using a stoichicnnetric equivalence factor 
of 31.25 to campare percent sulfur (MPA) to NP, the 
actual neutralization requirements may be under- 
stated by a factor of two. The alternate equival- 
ence factor to convert percent sulfur to MPA is 
62.5. Accordingly, the spreadsheet also reflects 
this alternate method. All of the summary values 
are calculated using both the 31.25 and 62.5 
equivalence factors. 

Summarv and Discussion 

Ccwputer spreadsheets are an effective means 
of summarizing and evaluating ABA werhxfien 
analysis data. Volumetric and mass-weighted calcu- 
lations based on actual mine site geometry and 
overlxlrden unit weights can easily be performed. 
Underlying assumptions can be readily changed and 
the spreadsheet automatically perforns any recalcu- 
lations. Through the use of sununary parameters, 
AEA data from an entire mine site can be integrated 
to form a conceptual picture of the site's 
aggregate overfxlrden conditions. Moreover, the 
spreadsheet can be used to perfo? various 
quantitative calculations such as alkalme addition 
requirements. 

A study by Brady et al. (1990) used the 
spreadsheet method of overlxden analysis c m p t a -  
tion to evaluate the effectiveness of alkaline 
additives to surface mines in preventing pollution 
fmm acid mine drainage. Because it considers rock 
mass, the fraction spoiled, and a closer approxima- 
tion of actual site geometry, the spreadsheet 
offers a better representation of actual field 
conditions than previous smmnary methods. 
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Charles A. c=ravotta 111, K e i t h  B. C .  Brady, Michael W. Smith, and Richard L. & 

Atstmct. The addition of alkaline materials to supplement 
deficient ttne~tralization potentialt1 (NP) of mine spoil, and thus 
to prevent or abate acid mine drainage, has not been successful 
at most surface coal mines in Pennsylvania. A basic problem may 
have been improper accounting for acid-production potential and 
thus inadequate addition rates of calcium carbonate (Cam3), 
calcium oxide (CaO), or calcium hydroxide [GI(OH)~] at many 
mines. The commonly used acid-base accounting method is based on 
the following overall reaction: 

where the acidity f m  1 mole of pyrite (Fa2) is neutralized by 
2 moles of CaC03. This method presumes that gaseous carbon 
dioxide (a2) will exsolve, and therefore may underestimate by up 
to a factor of 2 the quantity of Cam3 rcq+red to neutralize the 
ttmaximum potential acidityl1 (MPA) in the rmne spoil. This paper 
reviews some geochemical reactions involving Fa2 and various 
alkaline additives that support the argument that the acid-base 
accounting method for carrpxting MPA from overburden analyses 
should be revised. Considering the stoichimtry of the 
following overall reaction: 

4 moles of C a q  are required to neutralize the maximum potential 
acidity produced by the oxidation of 1 mole of FeS2. Therefore, 
the multiplication factor for computing MPA from the overtxlrden 
sulfur concentration, in weight percent, should be increased from 
31.25 to 62.5. 

Introduction 

Acid mine drainage (AMD), in which total mineral 
acidity exceeds alkalinity, is a persistent problem 
associated with many surface coal mines. AMD 
typically contains large concentrations of sulfate, 
iron, and other metals, and results mainly from the 
exposure and accelerated oxidation of pyrite (Fa2) 
and additional iron-sulfide or -sulfate minerals m 
the coal and overturden. However, where sutstantial 
calcium- or magnesium-carbonate materials, such as 
limestone strata, overlie the coal, mine drainage is 
commonly alkaline. By corollary, where mined strata 
contain pyrite h t  lack naturally occurring 
calcareous material, the importation and addition of 
alkaline material to the mine spoil should offset 
the deficiency and prevent or abate AMD. However, 
where alkaline additives have been incorporated with 
mine spoil at surface coal mines in Pennsylvania, 
few sites have shown improvement in water quality or 
abatement of AMD (Brady et al. 1990). 

This paper describes the chemical reactions that 
are the basis for computing the maximum potential 
acidity and net neutralization potential of mine 
spoil. &@msis is placed on evaluating reactions 
with calcite (calcium carbonate, CaC03), I1@ck 
limett (calcium oxide, CaO), and Ithydrated 1lmet1 
[calcium hydroxide, Ca(OH)2], which are used as 
alkaline additives intended to produce near-neutral 
(6 < pH < 8) discharge water from surface coal 
mines. 

+aper presented at the 1990 Mining and Reclamation 
Conference and Exhibition, Charleston, West 
Virginia, April 23-26, 1990. 
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Acid-base accounting (AEA), which simplifies the 
complex hydrogeochemical system through use of a 
limited number of variables, has been used 
extensively in the past to estimate the quantity of 
alkaline material required to neutralize the 
potential acidity of mine spoil (dipretom 1986; 
dipretom and Rauch 1988; Skousen et al. 1987; 
Erickson and Hedin 1988; Ferguson and Erickson 1988; 
Brady and Hornberger 1989; smith and Brady 1990; 
Brady et al. 1990). AEA was developed on the 
assumption that the stoichiometry of the following 
overall reaction of FeS2 and Ca03 applies (Sobek 
et al. 1978; William et al. 1982): 

?he implication of reaction 1 is that acidity 
produced from 1 mole (mol) of FeS2 [64 grams (g) of 
sulfur (S)] is neutralized by 2 mol of C3CO3 (200 
g), or 1 g S to 3.125 g CaCD3. On this basis, 31.25 
tons of calcium carbnate (CKXI~) will neutralize 
the acidity from 1,000 tons of rock that contains 
1.0 weight percent (%) pyritic sulfur. In 
accordance with accepted ABA methods (Sobek et al. 
1978), the total sulfur concentration in weight 
percent is mltiplied by 31.25 to obtain a %aximum 
potential acidity" (MPA), which has units of tons of 
CaC03 per 1,000 tons of overhrden (tons Caq/l,OOO 
tons) and which assumes that the sulfur is pyritic 
and acid producing. The 31.25 multiplication factor 
was intended to provide equivalent units for direct 
comparison with %eutralization potentialt1 (NP) , 
which has units of tons CaCO3/l,O0O tons. Subequent 
mrkers comprted the "net neutralization potential" 
(NNP) for coal-bearing strata by subtrading volume- 
or weight-weighted MPA from NP (NNP = NP - MPA) 
(Erickson and Hedlin 1988; dipretom and Rauch 1988; 
Brady et al. 1990). A negative, or deficient, NNP 
has been interpreted as the quantity of Ca03 that 
must be added to abate or prevent AMD. For example, 
if weight-weighted NP is 30 tons CaCD3/1,000 tons 
and total sulfur concentration is l.O%, then MPA = 
31.25 tons CaC03/1,000 tons and NNP = -1.25 tons 
CaC03/1,000 tons. To create a net neutral mine 
spoil, 1.25 tons of C a 0 3  would need to be added to 
every 1,000 tons of overtxlrden. However, the AEA 
method based on the stoickiometry of reaction 1 may 
underestimate MPA because of the presumption that 
O2 will exsolve, and thus may underestimate the 
CaC03 required to supplement deficient NNP. 

Although not originally intended for the 
purpose, ABA following the method of Sobek et al. 
(1978) has been used in attempts to predict 
post-mining water quality. However, several 
researchers have arrived independently at the 
conclusion that equal quantities of NP and MPA 
( m m p k d  by multiplying the total sulfur in percent 
by a factor of 31.25) do not prevent AMD. Brady and 
Hornberger (1989) identified a given stratum as 
potentially acid or alkaline producing by using 
threshold concentrations for total sulfur or NP, 
respectively, of 0.5 % or 30 tons CaC03/l,000 tons 
(and which reacted with dilute hydrochloric acid). 
These threshold concentrations were comrabated by 
laboratory experiments by William et al. (1982) and 
Morrison (1988) and also by Femsylvania Department 
of Environmental Resources data on overbxden and 

water quality at numerous surface ccal mines. Note 
that 0.5 percent total sulfur, when mltiplied by 
31.25 to cmpte  MPA, y l s  15.6 tons CaC03/1,000 
tons, roughly half the gudeline number of 30 tons 
CaC03/l,000 tons for NP. Skousen et al. (1987, p.4) 
suggested that a stratum which contains values 
greater than 5 tons CaC03/l, 000 tons as Wax Needed" 
(negative NNP) prduced acid; conversely, values 
greater than 20 tons CaCO3/l ,000 tons as "Drcess" 
(positive NNP) produced alkaline drainage. 

diPretoro (1986) and dipretom and Rauch (1988) 
shawed that NP and MPA were not equivalent in using 
the ratio derived by dividing the d a t i v e  
volume-weighted NP by MPA for cmpcsite strata. 
diPretoro and Rauch (1988) found that sites having a 
NPpA ratio of less than about 2.4 prcduced acidic 
drainage, whereas most sites having a ratio greater 
than 2.4 produced alkaline drainage. Ferguson and 
Erickson (1988) showed that mine sites with a 
mltiple-strata average NNP of 30 tons Ca03/l,000 
tons or greater always pmduced alkaline drainage. 
They also found that 59 percent of mine sites with 
NNP of 7to30 tons Ca~/l,OOO tons produced 
alkaline drainage, and only 11 percent of the sites 
with NNP less than 7 tons Caa)3/1,000 tons produce3 
alkaline drainage. Weighted NP in %quivalentpt 
amounts as MPA was not sufficient to prevent AMD. 

of Acid Mine Drainacre and 
Alkaline Pdditives 

The following discussion reviews some overall 
acid-forming and neutralizing reactions that are 
relevant to AMD, ABA, and the addition of alkaline 
materials at surface coal mines. No effort is made 
to account for hydrosecchemical variables such as 
surface- and ground-water flow paths, proximity and 
distribution of reacting minerals, solubilities and 
reaction rates of minerals, or the wide range of 
hydrochemical conditions in mine spoil. 

Production of Acidity 

AMD results from the interactions of oxygen, 
water, bacteria, and sulfide minerals (Singer and 
Stumm 1970a, 1970b; Nordstram et al. 1979; Kleinmann 
et al. 1980; Cathles 1982). Pyrite (FeS2), and less 
commnly, rtlarcasite (Fe2) are the principal 
sulfur-bearing minerals m bituminous coal (Davis 
1981; Hawkins 1984), and because of its wide 
distribution, pyrite is recognized as the major 
source of AMD in the eastern United States (Stm 
and bbrgan 1981, p. 469-471). The following 
overall stoichimetric reactions may characterize 
the oxidation of pyrite and other FeS2 minerals: 

The oxidation of sulfide in pyrite to sulfate 
(reaction 2) releases dissolved ferrous iron ( ~ e + ~ )  
and tracidityfl (H') into the water. Subsequent1 
ferrous iron is oxidized to ferric iron (Feii;i 
(reaction 3), which if separated from the pyrite 
surface, hydrolyzes and £ o m  insoluble ferrihydrite 
[Fe(OH)3)] (reaction 4), and releases more acidity. 
The overall cumbination of reactions 2 through 4 may 
be written as follows: 



In reaction 5, 3.75 mol of oxygen are consumed to 
oxidize 1 mol of pyrite, and 2 mol of sulfate, 4 mol 
of acidity, and 1 m l  of ferrihydrite are produced. 

Neutralization of Acidity 

Acidity produced by the aqueous oxidation of 
pyrite may react with carbonate, silicate, and 
hydroxide minerals composing the sedimentary rocks 
in the coal-bearing sequence. Dissolution of these 
acid-soluble minerals neutralizes acidity and 
produces the other major ions in AMD in addition to 
sulfate and iron, such as manganese, aluminum, 
calcium, magnesium, scdium, potassium, and silica. 

The most acid-reactive minerals are the 
carbonates: calcite (CaCO3), dolomite [c~G@(C03)~!, 
and siderite (Fa3). Carbonates are present in 
variable quantities as individual mineral grains and 
as cementing agents in limestone, dolostone, 
sandstone, and shale. Limestone and dolostone are 
composed predominantly of calcite and dolomite, 
respedively; shale and sandstone are camposed 
predominantly of silicate minerals, txlt may contain 
some carbonate as cement or matrix. Dissolution of 
calcite, dolomite, and other calcium- or magnesiuw 
bearing carbnate minerals tends to reduce acidity, 
increase alkalinity, and raise pH; however, 
dissolution of siderite and the sukequent 
hydrolysis of iron may increase acidity, and reduce 
pH. The dissolution of calcite by the following 
sequence of reactions serves as an example: 

Reaction 6 represents acidic conditions (pH < 6.4) 
where calcite is not ahmdant and is totally 
dissolved by reacting 1 mol of calcite and 2 mol of 
free acidity and producing lmol of dissolved 
calcium* and 1 mol of dissolved carbon dioxide 
( [H2C03 ] = [C02(aq) + [ H ~ C ~ ~ ~ ] ) ,  which is a weak 
acid (Krauskopf 1979, p. 40-42; S t m  and Morgan 
1981, p. 171-214; Hem 1985, p. 92, 105-111). Note 
that gaseous a)2 is not indicated as the product in 
readion 6. In practice, during laboratory 
determination of overburden NP, C02 may be exsolved 
when calcite and other carbonate minerals are 
reacted with dilute acid. However, CD2 may 
concentrate in both the gaseous and aqueous phases 
in mine spoil. Elevated partial pressure of a2 in 
the unsaturated zone of mine spoil is common 
(Lusardi and Erickson 1985), especially during the 
growing season, and will cause a pncomitant 
increase in the concentration of H2C03 and other 
aqueous carbon-dioxide species (Langmuir 1971; 
Shuster and White 1972; Harmon et al. 1975). 

If calcite is abundant, the dissolved carbon 
dioxide will continue to react with calcite 
(readion 7) producing bicarbonate ions and raising 
pH. The overall combination of reactions 6 and 7 
represents the condition where dissolution of 
calcite produces I1alkalinityl1 in excess of "acidity1I 
and raises the pH above 6.4 where bicarbonate 
(Ha3-) is the dominant dissolved carbon-dioxide 
species: 

Reaction 8 shows that 1 m l  of calcite will 
neutralize 1 mol of free acidity an3 produce 1 m l  
each of dissolved calcium and bicarbonate. Reactions 
5 and 8 may be combined to indicate a 18n!aximumf1 
neutralization potential of calcite, where no C02 is 
exsolved : 

Reaction 9 shows that the acidity produced from the 
oxidation of 1 mol of Fa2 (64 g S) may be 
neutralized by 4 m l  of GKD3 (400 g), wkich is a 
mass ratio of 6.25 g of calcite to 1 g of pyritic 
sulfur. The calcite-to-sulfur mass ratio of 6.25 is 
twice the ratio of 3.12 which would be derived 
considering the unlimited exsolution of C02 
(Williams et al. 1982). 

On the basis of the calcite-to-sulfur mass ratio 
of 6.25, a multiplication factor of 62.5 to canpxte 
MPA from total sulfur is appropriate for ABA if all 
sulfur is from pyrite. Therefore, considering the 
earlier example for overburden, where NP = 30 tons 
Caa13/1,000 tons and total sulfur = 1 % (only now 
using the 62.5 factor), then MPA =62.5 tons 
~a00~/1,000 tons and NNP = -32.5 tons caco3/1,000 
tons. Instead of the previously canpxted 1.25 tons, 
now 32.5 tons of CaC03 per 1,000 tons overbrden 
would be required to supplement the deficient NNP. 

I1Quick limef1 (calcium oxide, CaO) and Ifhydrated 
limell [calcium hydroxide, (Rochow 1977, p. 
129), wfiich oampose lime-kiln flue dust, have twice 
the neutralization potential as calcite. Because 
the lime campounds have lower unit mass than Cam3, 
they are required in equivalent ratios less than 
3.12 according to the following reactions: 

Reactions 10 and 11 show that 1 m l  of hydrated lime 
(74 g) or 1 m l  of quick lime (56 g) may neutralize 
2 mol of free acidity. Combining reactions 10 and 
5: 

Reaction 12 shows that the acidity produced from the 
oxidation of 1 m l  of pyrite (64 g S) may be 
neutralized by 2 mol of calcium hydroxide (148 g), 
which is a mass ratio of 2.31 g of calcium hydroxide 
to 1 g of pyritic sulfur. Analogously, f m  
combining reactions 5 and 11, a mass ratio of 1.75 g 
of calcium oxide to 1 g of pyritic sulfur is 
required to attain neutralization. Thus on a weight 
basis, 1 ton of has the neutralization 
equivalent of 2.7 tons of C a q .  

Siderite (FeC03) is oommon in coal-bearing 
strata and is frequently cited as having no net 
effect on acid-production or neutralization where 
CO2 ,gas is exsolved ( S t m  and Morgan, 1981; 
Williams et al. 1982). However, considering the 
arqument for conditions with elevated partial 
pressure of 0 2 ,  oxidation of siderite may produce 
net acidity in the form of dissolved carbon dioxide: 



The H~CO~* generated in reaction 13 may react with 
additional cartxxlate, silicate, or hydroxide 
minerals. The effect of siderite as a potential 
acid-forming mineral is apparent by combining 
reactions 7 and 13 as follaws: 

In reaction 14, the acidity produced from 1 m l  of 
siderite is neutralized by 1 m l  of calcite. Thus, 
if siderite is present, additional alkaline material 
beyond that required to-neutralize the acidity from 
pyrite may be necessary. Impxities such as Mn, Mg, 
and to a lesser extent Ca, may substitute for Fe in 
siderite (Morrison et al. 1990). ?he Fe and Mn may 
hydrolyze and pmduce acid; however, the Mg and Ca 
may have neutralizing ability similar to dolamite 
and calcite. 

The presentation of acid-forming and acid- 
neutralizing reactions was simplified by writing and 
then combining independent equations as Itneutral 
overallI1 reactions that eliminated H+ as a reactant 
or product. Thus, the overall stoichimetries in 
reactions 1 and 9 equate quantities of acid- 
proctucing and -neutralizing materials and are useful 
for acid-base accounting application. Hawever, 
reactions 1 and 9 are llend-memberll reactions; the 
hydrogeochemical relations in mine-spoil ground 
water or discharge probably lie soemwhere between 
the two end members because some C02 will exsolve 
and same will dissolve. 

No attempt has been made in the abve review to 
discuss the combined effeds of variable prities, 
degrees of crystallinity, and particle sizes of 
minerals; microbiological catalysis of reactions; or 
relative reaction rates. For example! the 
presumption that 4 mol of CaC03 are req~ured to 
neutralize the acidity from 1 mol of FeS2 (reaction 
9) implies that the pmdudion of acicbty is rate 
limiting, or slow relative to neutralization, and 
that neutralization is instantaneous. Furthermore, 
the ocmqxtation of maximum potential acidity (MPA) 
as 62.5 times the total sulfur concentration, in 
weight percent, should yield a conservative 
estimate, because not all C02 will dissolve nor will 
all sulfur be pyritic and acid producing. To 
determine quantities of alkaline additives required 
at surface coal mines, site-specific characteristics 
such as mining method, pre- and post-mining 
overmen camposition, post-mining reclamation and 
hydrogeology, and alkaline additives used arid 
placement technique also must be evaluated. The 
ccnrpanion paper by Brady et al. (1990) reviews some 
of the site-specific factors and y e s  
post-mining water quality and ABA ocmqxtatlons of 
MPA using the conventional and newly proposed 
multiplication factors of 31.25 and 62.5, 
respectively, for selected surface coal mines in 
Pennsylvania. 

surmnuv and Canclusiorrs 

In swmrary, the ABA method currently in use, 
which presumes 2 mol of H+ may be neutralized by 1 
m l  of C&fl3, may underestimate by up to a factor of 
2 the Cam3 required to neutralize the maxim 
potential acidity from the oxidation of pyrite and 
the hydrolysis and precipitation of iron, because of 

the presumption that all C02 will exsolve. However, 
some C02 will dissolve forming a weak acid that 
reacts with carbonate minerals. Assuming no 
exsolution of C02, 1 mol of FeS2 will produce 4 mol 
of H+, which may be neutralized by 4 4 1  of Caal3 
(reaction 9), 2 m l  of (reaction 12), or 2 
m l  of CaO. On a weight basis then, 1 g of pyritic 
sulfur may be neutralized by 6.25 g of CaC03, 2.31 g 
of or 1.75 g of CaO. Considering these 
equvalent weights, MPA as tons of CaC03 deficiency 
per 1,000 tons of overburden should be complted by 
multiplying total sulfur, in weight percent, by 
62.5. The abwe discussion is based only on the 
stoichiametry of the overall reactions (9 and 12) 
arid assumes that the rate of acid production will 
not exceed the rate of acid neutralization. The 
adual acidity may be less than the m t e d  MPA 
because not all C02 dissolves and not all sulfur 
generates acidity. Finally, dissolution of siderite 
will produce net acidity when the partial pressure 
of C02 becomes elevated and the iron is hydrolyzed 
and precipitated. 

In conclusion, for conservative estimates of 
overburden net neutralization potential (NNF'), a 
revised multiplication factor of 62.5 should be used 
to complte mximum potential acidity (MPA) from the 
total sulfur concentration, in weight percent. 

The authors wish to thank Arthur W. Rose, Jay W. 
Hawkins, Patricia M. Erickson, Dale W. Blevins, and 
Andrew C. Ziegler for helpful connnents during 
preparation of this manuscript. 
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Keith B. C. Brady, Michael W. Smith, Richat-d L. Beam, and Charles A. Cravutta 111~ 

A b t m c t .  The effectiveness of preventing or ameliorating 
acid mine drainage (AMD) through the application of alkaline 
additives is evaluated for eight surface coal mines in Pennsyl- 
vania. Many of the mine sites had overtxlrden characteristics 
that made prediction of post-mining water quality uncertain. 
Alkaline materials were applied at rates ranging from 42 to 
greater than 1,000 tons as calcium cartonate per acre. In 
addition, two  sites that were mined and reclaimed without 
alkaline additives are included for wmparative purposes. 

Overmen sulfur concentration and ttneutralization 
potentialtt (NP) data for multiple strata at each mine site were 
used to carrpxlte the cumulative, mass-weighted %aximum ptential 
aciditybb (MPA) and Itnet neutralization potentialtt (NNP = NP - 
MPA) by using three different calculation methods. Post-reclam- . 
ation water-quality data were used to compute the net alkalinity 
(= alkalinity - acidity). The most conservative determination of 
NNP, whereby MPA is calculated by multiplying the total sulfur 
concentration, in weight percent, by 62.5 instead of 31.25, 
yielded the best agreement with net alkalinity (matching signs on 
NNP and net alkalinity). The error in prediction using each 
method was that the reclaimed overburden was ccorpxlted tobe 
alkaline overall (NNP > 0), h t  the post-reclamation water was 
acid (net alkalinity < 0). 

In general, alkaline addition rates were probably insuffi- 
cient to neutralize, or too late to prevent, acid production in 
the mine spoil. At six of the seven mine sites that had 0ver-b~- 
den with insufficient NP relative to MPA (NNP < O), the addition 
of alkaline materials failed to create alkaline mine drainage; 
AMD was formed or persisted. A control site which also had 
insufficient alkaline material, h t  did not incorporate alkaline 
additives, generated severe AMD. lhn sites that had sukstantial, 
natural alkaline overjrrurien produced alkaline drainage. Although 
the addition rates appear to be inadequate, other factors, such 
as unequal distribution and expasure of the acid-forming or 
neutralizing materials and hydrageological variability,,aampli- 
cate the evaluation of relative effectiveness of using cZlfferent 
alkaline materials and placement of the acid- or alkaline- 
producing materials. 

Acid mine drainage (AMD) from surface coal 
mines is a severe problem in F'ennsylvania as well 
as other Appalachian coal mining states. 
Discharqes of water from reclaimed mine sites must 
meet acceptable effluent limits; treatment of the 
discharges can be a major financial hrden to a 
coal mine operator. 

'paper presented at the 1990 Mining and Reclamation 
Conference and Exhibition, Charleston, West Virgin- 
ia, April 23-26, 1990. 

In Pennsylvania, the strata at scane mine sites 
Cannor be mined without causing AMD pollution 
because insufficient quantities of naturally alka- 
line material are present to neutralize the AMD. 
At coal mines with abundant naturally alkaline 
strata, mine drainage is carmnonly alkaline. 
Therefore, the importation and addition of alkaline 

2~eith B. C. Brady , Michael W. Smith, and Richard 
L. Beam are hydrogeologists at Pennsylvania 
Department of Envirorrmental Resources, Harrislxlrg, 
PA 17120; Charles A. Cravotta I11 is a hydrologist 
at U.S. Geological Survey, Harrislxlrg, PA 17108. 



material to alkaline-deficient mine spoil may 
produce sufficient neutralization potential to 
prevent or abate AMD. Hawever, the majority of 
mine sites that have been reclaimed using imported 
alkaline materials produce AMD. One problem is 
knowing the quantity of alkaline material that must 
be added to produce the desired effect. Another 
problem is knowing the best place to add alkaline 
material witkin a mine site. 

This paper summarizes the history of alkaline 
addition as a reclamation technique, and presents 
the results of a study of overtwden and water- 
quality data at 10 reclaimed surface coal mines in 
the bitdnous coal fields of Pennsylvania (fig. 
1). -is is placed on evaluating the 
recammended alkaline-addition rates as campared to 
the calcium-carbonate deficiency calculated by 
acid-base accounting (Sobek et al. 1978; Smith and 
i3rady 1990; Qravotta et al. 1990). Factors such 
as the mine hydroseology, operational history, 
mining method, placement and type of imported 
alkaline material, and selective handling of strata 
are evaluated. The study sites include mines where 
alkaline addition was used in an attempt to abate 
existing AMD problems, as well as mines where 
alkaline addition was used in an attempt to prevent 
AMD in areas not previcusly mined. 

Figure 1. Map showing the locations of mine sites 1 
through 10 in western Pennsylvania. 

~ c a l  Backarolnd on AUcdllne 
Addition in FennwlMnia 

The Pennsylvania Department of l3wiromtal 
Resources (PaDER) is responsible for the review and 
approval of permits for surface coal mines in 
Pennsylvania. The PaDER developed procedures for 
review of plans for alkaline addition on the basis 
of two reports. The first report is, l~Suggested 
Guidelines for Method of Operation in Surface 
Mining of Areas with Potentially Acid-m-oducing 
MaterialsIn8 by the West Virginia Surface Mine 
Drainage Task Force (1979). In t%pperidix C" 

entitled Wmnaiiate Lime Requirementft was the 
suggestion that, "A realistic lime requirement 
figure is probably a third of the maximum potential 
acidity f m  total sulfur." The second report is, 
"'Ihe Application of Limestone and Lime Dust in the 
Abatement of Acidic Drainage in Centre County, 
Pennsyl~ania~~ by Waddell et al. (1980). Rock, 
stratigrapkically lower than the coal-bearing 
units, was excavated and redeposited during 
construction of Interstate 80. Acidic discharges 
flawed £rum the toe of this spoil. A mixture of 
limestone and lime-kiln flue dust was added to part 
of the spoil at the rate of 267 tons per acre 
(-/acre). Although improvements in water 
quality were ohserved within the treated and 
untreated areas, the improvements in the treated 
areas were thought to be the most significant. 

These early suggestions of success in 
correcting AMD encouraged the PaDER to permit 
alkaline addition at surface coal mines where the 
strata, according to acid-base accounting (ABA) , 
showed only a slight deficiency of calcareous 
material. ABA considers two variables--neutraliza- 
tion potential (NP), in tons of calcium cazisonate 
per 1,000 tons of overburden (tons CaahJ1,ooo 
tons), and total sulfur, in weight percent (%),  
which is converted to nmaximum potential acidity" 
(MPA) reported as tons Ca~/1,000 tons. A 
detailed discussion of the chemical stoichiometric 
relations that are assumed in ABA is given in 
Cravotta et al. (1990). The net neutralization 
potential (NNP) of mine spoil is cmpted by 
subtracting mass-weighted MPA frum NP. A negative, 
or deficient, NNP has been interpreted as the 
quantity of Ca- that must be added to prevent or 
abate AMD. Alkaline addition rates were generally 
calculated at one-third the NNP as suggested by the 
West Virginia Surface Mine Drainage Task Force 
(1979), although sametimes the addition rate was 
increased slightly as a %a£ety factor." As this 
study clearly shcws, most reclamation using 
alkaline addition at surface coal mines m 
Pennsylvania has failed to prevent or abate AMD. 

mtevious studies focused on alkaline addition 
as a means of abating existing AMD problems (Geidel 
1982; Lusardi and Erickson 1985; Caruccio and 
Geidel 1984, 1986; Waddell et al. 1980) and not as 
part of the ongoing mining operation. In general, 
two alkaline-treatment schemes were advanced: (1) 
Waddell et al. (1980) hypothesized that it was 
m y  to neutralize all the potential acidity 
in pyritic spoil because the addition of alkaline 
materials to create pH greater than 4.5 would 
inhibit the bacterial catalysis of pyrite 
oxidation. (2) Lusardi and Erickson (1985) assumed 
that most acid is prcduced near the surface and 
that it was only necessary to add sufficient 
limestone to balance the net deficiency in the 
upper spoil zone. However, these attmpts to abate 
AMD by adding alkaline material to pyritic spoil 
resulted in limited, if any, success because 
effluent limits were seldom met or maintained. 

The advent of alkaline addition and selective 
handling, as well as the p r  success of literal 
interpretation of ABA, necessitated the developent 
of guidelines for understanding mich strata were 
potentially alkaline or acid producing. On the 
basis of PaDER's experience it was concluded that a 
NP of 30 tons CaC03/l,000 tons (and effer- 
vescence during reaction with dilute hydrochloric 
acid) and a total sulfur content of 0.5% were 



reasonable guidelines to be used in defining strata 
that were potentially alkaline or acid producing 
(Brady and Hornberger 1989). Addition rates were 
generally calculated on the basis of total sulfur 
values greater than 0.5%; the permittee was given 
llcreditll for strata with NP1s greater than 30 tons 
caa)3/1,000 tons. 

Methods 

The methcd of selection of mine sites for this 
s q  was one of gathering data and then 
ellrmnatmg sites for which necessary information 
was lacking. The data required for site selection 
included ABA OV-en data and post-mining 
discharge or ground-wate?-quality data (@I and 
concentrations of alkalinity, acidity, iron, 
manganese, and sulfate). Overburden samples must 
have been collected from drill holes no farther 
than a few hundred feet from the area mined. 
Furthermore, the mining methods and plans must  have 
been documented and the alkaline addition must have 
been performed as specified in the permit. All 
sites that met the selection criteria were 
included. 

O v m e n  analysis data for total sulfur and 
NP at sites 1 through 8 and 10 (fig. 1) were 
obtained f m  PaDER permit files. Data for mine 
site 9 were obtained from U.S. Geological Survey 
(USGS) project files. Cumulative mass-weighted NNP 
was calculated by using a ampter-spreadsheet 
program (Smith and Brady 1990) that included 
multiplication factors of 31.25 and 62.5 to canplte 
MPA from the total sulfur data ((3ravotta et al. 
1990). 

Water-quality data were obtained from coal- 
campany files and PaDER permit or USGS project 
files; PaDER and USGS samples were analyzed by the 
PaDER laboratory. Water samples were collected 
from be-of-spoil seeps, monitor wells, and (or) 
deep mine discharges that were downflow from the 
mine site. Net alkalinity [in milligram per liter 
as calcium carbonate (mg/L Caq) ] was calculated 
by subtrading acidity (base-neutralizing capacity) 
from alkalinity (acid-neutralizing capacity) (Sturmn 
and Morgan 1981, p. 163-166). Net alkalinity was 
used in previous AMD studies (dipretom 1986; 
dipretor0 and Rauch 1988; Erickson and Hedin 1988) 
because it reflects the regulatory requirement that 
alkalinity exceed acidity, and it all- cumparison 
of a single water-quality parameter with overburden 
NNP. 

Water-quality data were evaluated using 
tlnotchedlt boxplots (Velleman and Hoaglin 1981; 
Helsel 1987) (fig. 2). The box is defined by the 
in-ile range (IQR = 25th to 75th 
percentiles). The median (50th percentile) is 
shown as a "+I1 within the box. Notches It( ) It 
identify the 95-percent confidence interval around 
the median (Hettmansperger and Sheather 1986) and 
are useful in testing the difference between median 
values for data subsets. For exanple, a pair of 
boxplots in figure 2 shows that the medians for two 
sukets of data are significantly different at the 
95-percent confidence level. The notches enclosing 
the median do not overlap-the rightside notch of 
the upper box is not greater than the left-side 
notch of the lower box. However, if the notches 
for a pair of boxplots overlap, then the medians 
for the two subsets are not significantly different 
at the 95-percent &idence level. 

25TH PERCENTILE 1 175TH PERCENTILE 

I I HIGHEST DATA POINT WITHIN 
[I. 5 X IQR BEYOND THE BOX 

I < t , ]  
EXTREME VALUES 
I I 

NOTCH 

Figure 2. Explanation of boxplots showing median 
'l+lt (50th percentile), intenpartile range (IQR 
= 25th to 75th percentile) , notches It( )I1, and 
e x t r e  values "*It and Itot'. Horizontal lines 
are drawn to the data points farthest from the 
box, yet within a distance 1.5 times the IQR 
beyond the box. Ik-treme values beyond this 
distance are plotted individually. 

The mining history for individual case studies 
was determined from permit-file inspection reports, 
discussions with coal-c?mpmy personnel and PaDER 
mine inspedors, and field investigations by the 
authors. The historical information gathered in- 
cludes the area mined, mining methcd and equipnent 
used, compliance record, hydrologic conditions dur- 
ing mining, speed of the operation, and size of the 
active mine. 

Case Studies 

Eight surface-coal mines where alkaline 
addition was permitted by the PaDER met the 
selection criteria for inclusion in this study. 
'I'm additional mines, where alkaline materials were 
not added, are also included: Mine site 3 is a 
control for camparison with site 4, and site 10 is 
an example with alxu7dant naturally alkaline strata. 
For cumparison of similarities and differences of 
the ten mine sites selected for study, table 1 
lists site characteristics, and table 2 lists the 
NNP of the overIwden and net alkalinity of 
post-mining water samples. Each mine site is 
unique in terms of mining methods, size of the 
mine, hydrcqeology, stratigraphic interval, 
overIwden quality, pre- and post-mining water 
quality, monitoring program, and so forth. With 
the exception of mine sites 3 and 9, the mines were 
developed after 1980, and rodern mining and 
reclamation practices were used. Overburden NP and 
total sulfur data were available for all sites 
except site 2, for which only total sulfur data 
were available. Pre- and post-mining water-quality 
information was available for all sites except mine 
site 10. References to MPA and NNP are based on 
the revised chemical stoichiometry of Cravotta et 
al. (1990). The following discussions are 
provided to address the mine and overmen 
characteristics, methods and materials used for 
alkaline additives, and related water-quality data. 

Mine Site 1: L x a n i m  County. Mine site 1 is 
situated on a relatively flat, isolated hilltop. 
Fpproximately 210 acres of the lower Kittanning 
(Bloss) coal were mined, along with lesser acreages 
of the overlying middle Kittanning, upper Kittan- 
ning, and lower F'reeport coals. Maximum highwall 
height was about 135 ft. The mining area includes 
an abandoned deep-mine complex of approximately 70 
acres in the lower Kittanning coal. It also 



Table 1 : Mine Site Characteristics 
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Table 2: Comparison of net  neutralization potential of overburden 1, 2 and post-treatment net  alkalinity3 of coal-mine drainage 
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includes approxhtely 34 acres where the lower 
Freeport coal was previously surface mined; 
drainage was diverted from the surface mined lower 
Freeport to the deep mine via an underdrain system. 
Mining has taken place continuously since the early 
1970s and continues to date. Underground mine 
workings were first encountered in late 1984. 
Ap~roxhtely 45 acres have been daylighted using a 
dragline. 
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Most ground water from the site discharges from 
the abandoned underground mine via an air shaft. 
Water quality was monitored at this discharge point 
since 1979, and flow rates were monitored 
continuously since 1982. Prior to the 1985 water 
year (Odober 1, 1984 through September 30, 1985), 
pH and net alkalinity were relatively constant, 
while iron and manganese concentrations varied by a 
factor of 10 (fig. 3). 
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acidity" (MPA) computed by multiplying to ta l  sulfur (S), in weight percent by 31.25 and 62.5, respectively (Cravotta  e t  el. 1990). 

2 An appendix with t h e  actual  overburden analysis d a t a  is available from t h e  authors. 
3 Net alkalinity (= alkalinity - acidity) in mg/L a s  CaC03.  
4 Threshold where to ta l  S<0.5%, calculated MPA=O; where NP<30 or  no effervesence reaction with dilute HCl, calculated NP=O. 
5 Mine s i tes  3 and 10 did not have alkaline additives incorporated with t h e  mine spoil. These s i tes  a r e  included fo r  comparative 
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Overturden from the three drill holes sampled 
is characterized by low total sulfur and low NP 
contents. However, many samples are camposites of 
strata from large intervals (up to 28 ft thick).  
The highest total sulfur content measwed was 
1.29%. Only one sample, other than the coals, 
contained sulfur exceeding 0.5%. The highest NP 
was 33 tons Caq/1,000 tons. 

Pit cleanings were segregated from the 
overturden using a loader and were placed high in 
the backfill. The operator initially applied 
nearly-pure Cam3 (a limestone crusher screening 
waste prcdud) to the pit flmr and upper part of 
the backfill at a total rate of about 50 tons/acre. 
In late 1984, roughly at the same time the deep 
mine complex was encountered, this rate was 
increased to approximately 500 tons/acre, a rate 
that exceeded permit requirements. Approximately 
50 tons/acre were spread on the pit floor and 100 
-/acre were applied to the upper surface of the 
rough backfill. ?he remaining 350 tons/acre were 

Figure 3. Changes in selected water-quality 
characteristics over time at mine site 1 in 
Ly&ng County. The vertical line in 1984 
indicates the time when deep mine daylighting 
and increased alkaline addition began. 

distributed through the backfill using limestone 
crusher screenings as blast hole stemming. From 
January 1985 through September 1989, a total of 
19,000 tons of calcareous material were applied 
over 48 acres. Table 2 indicates that the 
overlxlrden NNP increases, and is positive, after 
the addition of limestone on the basis of MPA 
annputed by multiplying total sulfur by 31.25 or 
62.5; however, NNP is negative if thresholds are 
used. For site 1 the NNP cmputed using the 
thresholds is unreliable because large intervals of 
strata were sampled and camposited causing the 
possible dilution of high-sulfur or high-NP 
concentrations. 

Figure 3 shows that a dramatic increase in net 
alkalinity, acmmpanied by a decrease in iron con- 
centrations, occurred during the 1985 water year 
and continued through the 1989 water year. Sulfate 
and manganese concentrations, however, show little 
change (fig. 3) : -ese has a tendency to 
remain dissolved in acihc to neutral solutions (pH 
< 8) whereas imn will readily precipitate at pH > 
4.5 (Hem, 1985). This increase in alkalinity is 
concurrent with the deep-mine daylighting and the 
application of alkaline material at a rate of 500 
tons/acre. The increasing alkalinity of the water 
in combination with the persistently elevate3 
sulfate concentrations indicates that acid produc- 
tion continues in the spoil h t  is neutralized. 



Since 1988, water quality at the deepmine 
discharge has attained tfconventional mine-drainage 
effluent standardstf (alkalinity > acidity; 6 < pH < 
8; Fe < 6mg/L; Mn < 4 q/L). 

The apparent neutralization of acidity 
indicates that the addition of alkaline materials 
played the dominant role in effecting the 
water-quality improvement. The removal of urrmined, 
pyritic coal pillars by daylighting may have 
reduced that contribution of sulfate: however, 
surface mining may have prcduaed additional sulfate 
which offsets the daylighting reduction. 
Furthemore, if neutralizers were liberated from 
the overburden, net alkalinity would have increased 
prior to the alkaline addition. 

Mine Site 2: CanWia Caunty. Site 2 
encampassed 26 acres of Mercer coal r-1 by 
surface mining. No part of the permit area had 
been previously mined, although the adjacent 
property had been extensively mined, with AMD 
resulting. A period of 43 months elapsed from 
initiation of mining on mine site 2 to final 
backfilling (0.6 acres/month). Maximum highwall 
height was 45 ft. 

Site 2 -pies the crest of a gently sloping 
hill and recharge to the site is predominantly from 
precipitation. Because AMD occu~red at an adjacent 
mine, the permit approval for mining at site 2 
required overburden analysis and alkaline addition. 
The strata were assumed to lack substantial carbon- 
ate minerals, so only total sulfur was determined 
in the overburden samples. 

The sulfur concentrations and lithologic 
descriptions of samples from one overhrden hole 
drilled within the area mined were used in ABA 
calculations (table 2) ; however, additional litho- 
logic data from other drill holes were used to 
define the stratigraphy. The overburden camposi- 
tion and thickness differed across the site, 
because of removal of strata by emsion and 
replacement by channel sandstones, and because of 
bifurcation (splitting) of the coal seam. The 
number of splits in, and thickness of the coal (2 
to 5 ft), differed from hole to hole. The mjority 
of the strata consists of sandstone, with %oal 
spars" at the base. In most drill holes a 0.5- to 
3-it-thick, black, carbonaceous shale was encoun- 
tered innnediately ahme the coal. The overhrden 
hole encountered 1.5 ft of this black shale, which 
contains 1.12% total sulfur, and 2 ft of coal, 
which contains 2.64% total sulfur. Because of the 
numerous binders in the coal, approximately 30 
percent of the coal horizon was spoiled as "pit 
cleanings. The pit cleanings were segregated and 
placed in pods a mininnnn of 10 ft above the pit 
floor to keep them abwe the water table after the 
mine was reclaimed. Because of the large amount of 
pit cleanings and the thin cover, some of this 
material was placed within a few ft of the final 
graded surface. 

The alkaline material consisted of baghouse 
limestone (captured air-borne particulate 
material), bitnch was applied at a rate of 42 
tons/acre. About 22 tons/acre were added to the 
pit floor; about 10 tons/acre were added to the 
tops of the pit-cleaning pods and to the backfilled 
surface prior to replacement of topsoil. 

Ahout 200 ft dawnslope and downdip from mine 
site 2, water discharges from a seep on the adja- 
cent, previously mined area. Samples collected 
over 3.5 years define conditions prior to mining at 
site 2 (fig. 4). Since mining at site 2, the pH of 
the seep has decreased, and acidity, sulfate, iron, 
and ~anganese concentrations have increased. 
Following backfilling, the seep water quality has 
maintained significantly lower pH and net 
alkalinity and greater iron, manganese, and sulfate 
concentrations than are present in the premining 
samples (fig. 4). Water from a monitor well 
screened through the backfill was similar in 
quality to that from the seep. Alkaline addition 
has not prevented acid formation at this mine site. 
AMD may have been predicted on the basis of the 
negative NNP (table 2). 
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Figure 4. Boxplots showing changes in water quality 
at mine site 2 in Cambria County. Period 1 
represents data colleded over a 3-year period 
prior to activation of mining (N=14). Period 2 
is the first 20 months of mining (N=14), and 
period 3 is the second 20 months of mining 
(N=ll). Period 4 represents post-mining water 
quality (N=6). 



Mine Sites 3 and 4. Cauhia Carnty. Site 3 is 
an unreclaimed mine similar in size and 
configuration to the adjacent mine site 4. No 
alkaline addition or special handling was conducted 
at mine site 3, and the backfilling and reclamation 
are inccanplete. In contrast, mine site 4 is a 
recently reclaimed mine where alkaline materials 
have been added to a 75-acre area where the lower 
Kittanning, lower Kittanning rider, and uppr 
Kittanning coals were mined. The site was active 
for 60 months (1.25 acres/month). Site 4 can be 
categorized as a contour block-cut operation with a 
maximum highwall height -of 125 ft. Mining and 
backfilling were on a continuous basis; the open 
pit area did not exceeded 100 ft by 300 ft. 

Surface and ground waters affected by nearby 
deep mining or surface mining of the lower Kittan- 
ning are severely degraded, whereas waters from 
unmined areas have near-neutral pi, low buffering 
capacity, and low concentrations of metals. 
Althorn mine site 4 is adjaaent to previously 
affected areas (including mine site 3), it is 
neither upflow nor dawnflow from preexisting AMD. 

Overburden-analysis data for mine sites 3 and 4 
indicate the presence of some potentially acid- 
producing strata associated with and overlying the 
lower Kittanning and lower Kittanning rider seams 
and the absence of strata having NP greater than 30 
tons Caq/l,OOO tons. Overburden quality is 
summarized in tables 1 and 2. Selective handling 
of pyritic materials, rmval of pit cleanings, and 
alkaline addition were performed at mine site 4 to 
avoid post-mining water-quality problems associated 
with mine site 3. Hydrated lime was added at a 
total rate of 240 -/acre [648 tons CaCC$/acre, 
assuming has 2.7 times the neutralization 
capacity of CaC03 (Cravotta et al. 1990)l-a rate 
that exceeded permit requirements. The alkaline 
material was distributed on the pit floor at a rate 
of 54 tons CaCO-Jacre; the remaining 594 tons 
Caa3-Jacre were spread over the surface of the 
rough backfill prior to topsoil replacement (table 
1). In accordance with the C a q  deficiency, the 
above alkaline addition rate represented 44% of the 
total calculated deficiency. The plans for special 
handling and alkaline addition were diligently 
implemented, and m t  of the pyritic materials 
associated with the lower Kittanning coal were 
exported from the mine site. 

Figure 5 capres the post-mining water quality 
for two toe-of-spoil discharges at the dawndip 
boundaries of mines 3 and 4. Both sites have AMD; 
except for iron, the water quality at the alkaline 
addition site 4 is significantly better than that 
at site 3. The traditional method of computing the 
overburden MPA yields positive NNP (table 2); 
however, use of thresholds or a multiplication 
factor of 62.5 in ABA computations yields negative 
NNP values (table 2), which are consistent with the 
negative value for post-treatment net alkalinity at 
both sites. The water-quality difference between 
sites 3 and 4 is attributable to the addition of 
alkaline materials and the different mining and 
reclamation methods employed at the two sites. 

Mine Site 5: ArmstrcPrr Ccunty. Mine site 5 
encampasses 19 acres. The lower and middle 
Kittanning coal were remwed by surface mining of 
cover that was 30 to 80 ft thick. The area had 
been mined previously to a depth of 30 to 40 ft. 
Eight mnths elapsed from initiation of mining to 
campletion of backfilling (2.4 acres/month). 
Reclamation was concurrent with mining. 

Figure 5. Boxplots showing camparison of water 
quality data for mine sites 3 (N=8) and 4 (N=5) 
in Cambria County. Mine site 4 had alkaline 
addition; mine site 3 did not and served as a 
control. 

Several toe-of-spil discharges emanated from 
the previously mined area. The water quality was 
generally alkaline, and the pi was 5 to 6. Site 5 
is located on a hillside with a sukstantial area 
upslope from the mine. Ground-water recharge to 
the site is from direct precipitation and from the 
drainage of upslope areas. 

The overburden hole closest to the area mined 
was drilled above the highwall through strata that 
were not mined. The unmined, upper cover was not 
included in the ABA calculation, and the top part 
of the hole, to the weathered depth of 20 ft, was 
assumed to be inert (NP and sulfur are 0). Nine ft 
of shale above the lower Kittanning coal had total 
sulfur content ranging from 0.69 to 1.36%, and 28 
ft of overlying strata had NP ranging from 30 to 72 
tons CaC03/l, 000 tons. The m i t e  strata from 
this hole contained an equivalent NP as 3,875 tons 
CaDJacre extrapolated over the area mined. 
Although the overburden analysis for the area mined 
shows an overall excess of neutralizers (table 2), 



overfxlrden holes outside the area mined lacked 
alkaline strata, and AMD discharges from nearby 
mines. Therefore, alkaline addition was performed 
at mine site 5 because of the uncertain effect of 
mining on water quality and the variable overfxlrden 
camposition. The alkaline material consisted of 
imported limestone dust that was addd at a rate of 
140 tons/acre to the backfill surface prior to 
topsoil replacement. 

Boxplots in figure 6 show the quality water 
from a toe-of-spoil seep below mine site 5. The 
initial water quality is representative of the 
effects of the preexisting shallow-cover mining on 
water quality. The sulr;equent samples illustrate 
water quality during and after the thick-cover 
mining. There is no significant difference between 
the pre- and post-mining water quality (pH, net 
alkalinity, iron, manganese, and sulfate) at the 
95-percent confidence level. Even the lowest pH 
and highest concentrations of sulfate and metals 
measured during the post-mining period meet 
comrentional effluent limits. The positive net 

Figure 6. Boxplots showing changes in water quality 
through time for mine site 5 in Armstrong 
County. Time 1 represents "premininglt data 
(N=13) over a 2-year period. Time 2 is data 
collected during mining (N=3), and time 3 is 1 
year of post-mining water quality (N=7). 

alkalinity of the post-treatment drainage is 
consistent with positive NNP ccsuputed by any method 
(table 2). 

The mining and reclamation at site 5 did not 
cause degradation of the seep; hcwever, the 
remedial effects of alkaline addition cannot be 
isolated from those of naturally occurring 
calcareous strata. The quantity of naturally 
alkaline material in the mine spoil was much 
greater than that of imported alkaline material. 
Additionally, ground water seepage to the open pit 
was probably alkaline, and the mining operation 
proceeded very quickly, thus limiting the aeration 
of the spoil. 

Mine Site 6: Clarion County. Mine site 6 
consists of two adjacent, similarly-sized mines, 6A 
and 6B. Approximately 54 acres of upper and lower 
Clarion coal were mined at site 6A where alkaline 
materials were applied during mining and reclama- 
tion. The same seams of coal were remved at mine 
site 6B, lxlt alkaline addition was not implemented; 
mine site 6B serves as a control. Both mines are 
located on the side of a hill, and both mines 
receive some recharye from areas m e  the area 
mined. F'rior to mining at site 6A, water did not 
discharge from the coal outcrop, but during mining, 
seepage(?) water was ohewed in the open pit. 

Rock samples from the two overhrden holes 
indicate considerable differences in the strati- 
graphic positions of the high-sulfur and alkaline 
strata. The strata with the highest sulfur content 
were encountered between the lower and upper 
Clarion coal seams. Other than the coal samples, 
no strata contain sulfur greater than 1.0%. Drill 
hole 1 encountered a 12-ft-thick shale between the 
Clarion coals that had NP of 36 to 43 tons 
CaC03/1,000 tons. Drill hole 2 encountered strata 
between the coals that had a maximum NP of 21 tons 
Caa3-Jl,OOO tons and strata M a t e l y  above the 
upper Clarion coal that had a NP of 32 tons 
CaC03/1,000 tons. The amount of naturally alkaline 
material (ccrmposite NP for all strata) was 
equivalent to 1,925 tons CaC03/acre for the mined 
area. A sumnation of the overburden quality is 
given in table 2. 

Approximately 21 months elapsed from initiation 
of mining to completion of backfilling at mine site 
6A (2.6 acres/ month). Maximum highwall height was 
abwt 85 ft. Pit cleanings were selectively 
handled, and placed at least 10 ft above the pit 
floor. Alkaline materials were applied as a 
Itsafety factor. It Baghouse limestone with a CaC03 
equivalent of nearly 100 percent was applied to the 
pit floor at a rate of 20 tons CaC03/acre and 
near the top of the backfilled spoil, M t  beneath 
the topsoil, at a rate of 80 tons CaC03/acre. 
Application rates on the pit floor on at least one 
occasion were greater than 20 tons CaCOdacre. 
Nevertheless, the quantity of alkaline material 
added to the spoil may not have been adequate to 
offset the pre-treatment, negative NNP (table 2). 
If MPA is cxnnpted by multiplying total sulfur by 
31.25, then NNP is positive after alkaline 
addition; however, if MPA is oomputed by 
multiplying total sulfur by 62.5, then NNP is 
negative. Addition of limestone increased the 
overhrden NNP from -3.82 to only -3.56 tons 
CaC03/1,000 tons on the basis of the 62.5 factor 
(table 2). 



Discharges from mine sites 6A and 6B were both 
alkaline and acidic. Special handling of over- 
brden or addition of alkaline material was not 
performed at mine site 6B, which serves as a 
control. Post-treatment water-quality data for 
several discharges are grouped by mine site and are 
shown as boxplots in figure 7. There is no 
significant difference between the post-treatment 
water quality of sites 6A and 6B at the 95-percent 
confidence level. The negative values of NNP after 
alkaline addition, on the basis of MPA conpxlted 
using the factor of 62.5 (table 2), suggest that 
acidic discharge f m  mine site 6A m y  have been 
predicted. Thus, the alkaline-addition rate at 
site 6A may not have been adequate to cause 
subtantial improvement in the water quality. 

&fine S i t e  7 :  Clarim Ccnmty. Minesite 7 en- 
compassed a mined area of approximately 60 acres of 
lower Clarion coal and 31 acres of upper Clarion 
coal. A period of 20 mnths elapsed from 
initiation of mininq to completion of backfillina 
(3 acresmnth) . The-maxinnnn- highwall height was 66 
ft. Althoucrh mine site 7 is situated on a hill to^. 
in a grou&mter recharge area, considerable wa& 
was encountered during mining. The dawnflow 
monitor well consistently had a static water level 
of 0.5 to 1 ft above the bottom of the coal. 

A 2- or 3-acre portion of site 7 was previously 
mined and abandoned. It had developed a mildly 
acidic discharge, which could possibly be 
eliminated by additional mining and reclamation. 

Figure 7. Boxplots camparing water quality of 
multiple discharyes from mine site 6A (N=6) 
with t h e  from mine site 6B (N=ll) in Clarion 
Cpunty: Mine site 6A had alkaline addition; 
rmne slte 6B did not and served as a control. 

Because the werburden analysis characterized this 
site as low sulfur and low NP (tables 1 and 2), 
mining of the additional 60 acres was planned with 
an alkaline addition rate of 300 tons CaC03/acre 
(about 19 percent of the calculated NNP, where MPA 
is conpxlted using a factor of 62.5). A 2-ft-thick 
sandstone stratum contained total sulfur of 0.78% 
and NP of 28 tons ~aa)~/1,000 tons, the highest 
measured in the overlmrden, respectively. A 
5-ft-thick shale stratum had 0.53% total sulfur. 
Other than the coal, these are the only strata that 
contained greater than 0.5% total sulfur. 

There was no selective handling plan, hcrwever 
the rcck between the Clarion coal seam was 
routinely placed high in the backfilled mine spoil 
above the mine floor. Baghouse limestone with a 
Cam3 equivalent of nearly 100 percent was applied 
at a total rate of 300 tons CaOdacre. -xi- 
mately 280 tons CacO-,/acre were placed on the 
backfilled surface, below the topsoil, and an 
additional 20 tons CaCOdame were spread on the 
pit floor. 

Figure 8 shows temporal variations in 
concentrations of acidity and iron in water sampled 
f m  a downflow monitor well f m  1982 through 
1986. Water quality of seepage prior to mining in 
1982 can be characterized as mildly acidic with 
Merate metals and sulfate concentrations, which 
indicate some ef feds f m  previous mining. Figure 
8 shaws that the concentrations of acidity and iron 
increased through the period of mining, and then 
decreased following backfilling. The addition of 

Figure 8. Acidity and iron concentrations over time 
for a downflow monitor well at mine site 7 in 
Clarion County. 



alkaline materials had no apparent effect on the 
water quality, which remained considerably worse 
than that of the pre-mining period. Although the 
preexisting discharge disappared, alkaline 
addition failed to prevent or abate acid ground 
water. The negative NNP after alkaline addition 
(table 2) suggests that insufficient quantities of 
alkaline materials were added and that acidic, 
post-mining water quality may have been predicted. 

Mine Site 8. Clarion Canrty. Mine site8 
encompassed a 29-acre area mined for the middle 
Kittanning coal, 2 acres of which were mined for 
the upper Kittanning coal. The mine site can be 
characterized as a hilltop remwal/block-cut opera- 
tion. The maximum overburden thickness was 85 ft. 
Mining occu~red on a continuous basis over a 22 
mnth period (1.3 acresmnth) , and the open pit 
area did not exceed 300 by 500 ft. The premining 
water quality at site 8 can be characterized by 
near-neutral pH, positive net alkalinity, and low 
concentrations of iron, manganese, and sulfate 
(fig. 9). 
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Figure 9. Comparison of pre- (data set 1) and 
post-mining (data set 2) water quality at mine 
site 8 in Clarion County. Data set 1 is for a 
mnitor well (sukequently mined through) 
(N=12). Data set 2 is for a toe of spoil 
discharge (N=6). 

Two holes were drilled in overbnden at or near 
the maxirmrm anticipated final highwall. One of the 
holes penetrated some strata with NP exceeding 30 
tons CaCO+,OOO tons, h t  overall the strata had 
only a slight positive NNP; however, the overburden 
penetrated by the other hole exhibited a negative 
NNP (alkaline deficiency). Table 2 sunrmarizes the 
ABA results of the overburden analysis. The over- 
burden is predcaninantly sandstone, which contains 
carbonaceous inclusions and which extends down to 
the middle Kittanning coal. The sandstone interval 
from the top of the coal to 2.5 ft ahove the coal 
had total sulfur contents ranging from 0.56 to 
2.63%. 

Most mining took place in the alkaline- 
deficient area; only a small part of the mine 
uricovered alkaline strata. Table 2 shaws a 
positive NNP, which is probably higher than was 
actually emmutered by mining. ?he alkaline- 
deficient strata encountered by one overburden hole 
are probably representative of the majority of the 
strata mined. However, overburden data for samples 
from bth holes were used in ABA calculations. 

The 2-ft thick sandstone stratum overlying the 
middle Kittanning coal seam was selectively handled 
and segregated. For the alkaline-deficient part of 
the permit area, alkaline materials were applied a 
rate of 52 tons CaCD3/acre over the surface of the 
backfill prior to topsoil replacement. 

Follcwing backfilling and reclamation, acidic 
water began to discharge from an adjacent area 
dobinflow from site 8. Figure 9 mmpares the 
pre-mining quality of water from a well within the 
area mined with that from the post-mining 
discharge. The pH is lower, and concentrations of 
net alkalinity, iron, . mangyese , and sulfate are 
higher in the post-minmng &scharge than in pre- 
mining water at the 95-percent confidence level. 
No mitigative effects are apparent following the 
alkaline addition. Furthermore, alkaline, not 
acidic, discharge would be predicted on the basis 
of the positive NNP data in table 2; however, the 
calculated NNP may not be accurate because few 
alkaline strata were mined. 

Mine Site 9. C l a r i o n  Canrty. Approximately 48 
acres of upper and (or) lower Clarion coals were 
mined intermittently from 1961 through 1975 at mine 
site 9. About half the area was mined for the 
lower Clarion coal leaving a 70-ft highwall separa- 
ting an upper and lcwer bench. At the mmpletion 
of mining, the mine was backfilled with overburden 
and coal waste, including tipple refuse from other 
mines, and was regraded to the original hillside 
configuration. A toe-of-spil seep produced severe 
AMD that required treatment. In 1984, calcareous 
waste materials were applied to the surface in 
quantities that were not sufficient to neutralize 
MPA but sufficient to produce alkaline water in 
the unsaturated zone (pH > 4.5) that would presm- 
ably inhibit bacteria thought to catalyze pyrite 
oxidation (Waddell et al. 1980). 

The mine receives recharge from the reclaimed 
hillside and undisturbed hilltop. The reclaimed 
mine spoil has a total thickness ranging from ahout 
10 to 70 ft, in which ground-water saturation 
varies from less than 5 to nearly 20 ft. The lmer 
Clarion coal crops out along an intermittent stream 
at the southern boundary of the mine. The coal was 
not mined near the stream channel in an attempt to 
restrid the discharge of ground water from the 





Hawarer, nonparametric trend tests of the post- 
treatment data indicate that the rates of concen- 

0 0 It 

tration changes are not significantly different - :  
between treated and untreated plots (Cravatta, 4 .80  s . a o  s . . .  .a 6 . U  
U.S. Geological Survey, written c o m . ,  1989). pH 

Acid-mine drainage was not abated nor groutxi- 
water quality noticeably inproved by the surficial 
application of alkaline materials at mine site 9. 
The NNF' data in table 2 suggest that acidic ground 
water at each plot likely could have been predicted 
considering the MPA canpted using the factor of 
62.5 following the method of Cravotta et al. 
(1990). One possible explanation for the persis- 
tent acidic ground wa- in the reclaimed mine 
spoil is that prior to treatment, pyrite in the 
stockpiled overburden or mine spoil had been 
oxidized to ferric-sulfate minerals, which then 
provided a source of long-term, leachable acid, 
sulfate, and iron; the alkaline materials may have 
been applied too late to inhibit the oxidation of 
pyrite. Another explanation is that the rate of 
pyrite oxidation exceeds the rate of dissolution of 
calcareous materials. a .  0 6 . .  9 . 0  l a . O  IS. .  I.. 0 - (SF) 

Mine Site 10: Ve~nclo Ccunty. Mine site 10 
was included in the studv because limestone and .c(----------- - - 

ather calcareous rock We;e present and abundant 
relative to potentially acid-producing strata. 
Forty-one acres of Bmkville coal were mined, 190 a m  a m  a see 6 PO 

using the box cut method, with trucks and loaders. sm%lZ (s/t) 
Maximum highwall height was about 50 ft. 

About 8 to 10 ft of marine limestone strata is 
present about 25 ft above the coal at site 10. ?he 
limestone has NP ranging from 536 to 932 tons 
Ca033/1,000 tons. Another 7 to 13 ft of strata has 
NP over 100 tons CaC03/1,000 tons. However, a 
I-to-1.5-ft-thick stratum immediately above the 
coal contains 1.09 to 5.5% sulfur, and underclay 
below the coal contains 1.53 to 2.9% sulfur. No 
alkaline addition was proposed because the 
natural strata contained the equivalent of about 
18,000 tons CaC03/acre. m e  sulfur-bearing strata 
irmnediately overlying the coal were segregated and 
placed high above the mine floor in the backfilled 
mine spoil. 

The NNP and net alkalinity data in table 2 
indicate that the discharge would be alkaline on 
average. Wt-mining discharge quality, however, 
has varied from highly alkaline to moderately acid 
(fig. 11). The most acidic water was collected 
after heavy rains. The acidity probably result 
from recharge that dissolves ferric-sulfate miner- 
als that had accumulated in the unsaturated zone 
during drier periods and from unequal rates of 
pyrite oxidation and dissolution of limestone. The 
water samples contain iron and manganese comtra- 
tions that exceed conventional effluent limits (6 
and 4 mg/L, respectively). These metals and the 
elevated sulfate indicate that the abundant 
alkaline material has not prevented the oxidation 
of pyrite in the backfill, m t  has neutralized the 
acidity produced by the oxidation reaction. 

mts and D ~ i o n  

mery mine site is unique. Overburden camposi- 
tion, mining methods mployed, volume of rock 
disturbed, pre- and post-mining ground-water 
chemistry, hydrogeolcgy , weathering, arid many other 
factors differ among the sites. Each of these 
factors affects the associated post-mining water 

Figure 11. Post-mining water quality of discharge 
from mine site 10 in Venango County (N=5). 
This mine had abundant naturally occurring 
alkaline strata. 

quality. Consequently the water quality at each 
mine site is monitored according to a unique 
program. Table 1 illustrates some similarities and 
differences m n g  mine sites in this study. 
Alkaline-addition rates ranged from zero at sites 3 
and 10, which were included for amprative 
pqmses, to greater than 1,000 tons Caq/acre for 
a part of site 9. 

The uniqueness of the mines and nmbr of 
variables to be wnsidered d e s  a comparison of 
mine sites difficult; however, some relations 
between post-treatment, cumulative NNP of 
overimrden and median net alkalinity of mine 
drainage from the 10 mine sites are apparent (table 
2). Six of the eight alkaline-addition plans (mine 
sites 2, 4, 6, 7, 8, and 9) failed to prevent AMD. 
Of the two sites where post-treatment discharge 
water was alkaline (sites 1 and 5), site 5 has a 
substantial thickness of naturally alkaline strata, 
which were likely to produce alkaline drainage 
without the supplemental addition of limestone. 
After alkaline addition, the averbxden NNP at mine 
site 1 was positive (+6.90 tons CaCO3/l,O0O tons) 
if calculated by the traditional methods of AEA; 
however, NNP was slightly negative (-0.31 tons 
Cacaj/1,000 tons) if calculated using thresholds 
(table 2). The water quality at site 1 improved 
after the addition of alkaline material (fig. 3). 
The formerly acidic discharge from the deep mine 
that underlies much of the site now meets 
conventional mine-drainage effluent standards. 
Althoqh discharges from alkaline-addition site 4 
do not meet conventional effluent limits, the water 
quality is subtantially better than that of nearby 
discharges from mine site 3, an untreated control 
(fig. 5). 



Mine sites 1 and 4, the twu sites where water 
quality improved after the addition of imported 
alkaline materials, had several things in mmmon: 
(1) They were treated with the largest 
total quantities and the second and third 
largest alkaline-addition rates of the sites 
studied (table 1). (2) The mining and reclamation 
techniques used at both sites included selective 
handling of pyritic materials, timely backfilling, 
and alkaline-addition rates that exceeded permit 
requirements. (3) %me potentially acid-forming 
strata were removed from the mine sites. The coal 
seam on mine site 1 that was causing acid water to 
emanate from the deepmine discharge was removed 
from the mine site by daylighting. Mine site 4 
inclded removal of most of the pit cleanings. 

Tho adjacent mine sites were also examined in 
Clarion County. Mine site 6A received alkaline 
additives, and mine site 6B did not. No ohsenable 
improvement in water quality is apparent from the 
alkaline additives, which may not have been applied 
in adequate amounts. 

Mine site 9 is the only site in this study 
where alkaline material was applied solely as a 
remedial measure 9 years after campletion of mining 
and reclamation. Three 2.5-acre plots were 
studied, two with alkaline addition and one 
without. All three continued to produce severe AMD 
through 1987 fig. 10). The AMD production results 
from the limited amount of alkalinity generated 
from the limestone relative to the amount of 
acidity prcduced by pyrite oxidation and by 
leaching of previously formed ferric-sulfate 
minerals in the mine spoil. 

Alkaline materials were not added at mine site 
lo, but the site was included in this study to 
illustrate the potential effect of large amounts of 
naturally alkaline strata on water quality at a 
site where there is also some potentially acid- 
producing strata. The strata at site 10 contained 
the equivalent of 18,000 tons CaC03/acre. On aver- 
age, the post-mining water quality was alkaline, 
but the concentrations of metals and sulfate were 
elevated. (fig. 11). Apparently, the presence of 
large amounts of naturally alkaline material do not 
always preclude pyrite oxidation and the dissolu- 
tion of metals and sulfate from the mine spoil. 

The variable alkaline and acidic water quality 
of several discharges from site 6 show that 
alkaline and acid conditions can be created within 
the same spoil. Mine site 10, which had an 
atundance of limestone strata, had a single dis- 
charge that varied from alkaline to acid following 
recharge events. Alkaline-addition sites also have 
produced alkaline and acidic discharges, but with 
median net alkaline discharge. Clearly, the 
processes of pyrite oxidation and carbonate 
neutralization are oomplicated by the unequal 
distribution of acid-forming and neutralizing 
materials. Under some conditions, alkaline waters 
need to contact the locally pyritic zones of the 
mine spoil to prevent or neutralize AMD. Hy-eo- 
chemical factors such as the microbial activity; 
mineral-surface areas; 4, 9, nutrient, and 
moisture contents; temperature; and pH of mine 
spoil also must be considered. 

Table 1 generally indicates mine sites where 
imported alkaline materials were placed, and if 
special overburden handling was implemented. Each 
of the eight alkaline-addition sites, except site 

1, had alkaline materials placed entirely, or 
mostly, at the spoil surface--the easiest method of 
application. Alkaline materials were incorporated 
on the pit floor and within the spoil at five and 
two of the sites, respectively. Although alkaline- 
materials were spread on the pit floors at mine 
sites 1 and 4, where water quality improved after 
alkaline addition, alkaline materials were also 
imrporated with the backfill at site 1 and 
pyritic materials were selectively handled at site 
4. Furthermore, sites 2 and 8 also employed 
selective handling of pyritic material and small 
amounts of variably placed alkaline additives, lxrt 
both produced AMD (table 2). Therefore, effects of 
placement of alkaline materials or selective 
handling of acidic materials cannot be readily 
evaluated in this study. 

Table 2 shows the overall mas-weighted NNP for 
each study site before and after alkaline addition. 
Although total quantities, or rates of application, 
of alkaline materials appear to be large, they 
generally are insignificant relative to the NP or 
NNP of the entire overburden volume before alkaline 
addition. Table 2 also shms the median 
post-mining net alkalinity of associated mine 
drainage or ground water for the 10 mine sites. 
Mine site 9 was subdivided into three plots 9A, 9B, 
and 9C, which in cambination with mine sites 1-8 
and 10, allows cumparison of overfxlrden NNP and 
water-quality net alkalinity for 12 sets of data. 
By comparing the sign on NNP and net alkalinity 
values in table 2, it is apparent that the 
traditional AEA amputation of MPA, by multiplying 
total sulfur, in weight percent, by 31.25, results 
in mismatched signs-a wrong prediction of water 
quality--for 4 of the 12 sites. The errors in 
prediction are that the mine spoil is alkaline (NNP 
> 0), whereas the associated water is acidic (net 
alkalinity < 0). mediction was not improved by 
using thresholds, where only values of PJP greater 
than 30 tons Caq/1,000 tons (with fizz) and of 
total sulfur greater than 0.5% are used to oorrpxlte 
NNP, although substantially different values of NNP 
resulted. However, if MPA is calculated by multi- 
plying total sulfur, in weight percent, by 62.5 
following the m e t h c d  of Cravotta et al. (1990), 
then the sign of NNP matched the sign of the 
overall net alkalinity of waters at 11 of 12 sites 
(table 2). m e  acidic discharge from mine site 8 
was not predicted by any of the acid-base 
accounting compkation methods, possibly because of 
an inaccurate estimate of NNP. 

The method of AEA calculation that used 
tWresholds't eliminated some of the problems 
associated with low-NP overburden, which typically 
produces AMD even though the sulfur content may be 
low. For example, mine sites 3 and 4 prcduced AMD 
which was correctly predicted by the NNP "with 
thresholdstt (table 2). Using only NP values 
greater than 30 tons Ca~/1,000 tons, with a 
"fizz ,tt eliminated rrmch of the presumed influence 
of siderite on NP determinations (Morrison et al. 
1990). Unless the influence of siderite in NP 
determinations can be eliminated, thresholds remain 
a useful concept. However, a disadvantage of 
assuining sti-ata are inert if total sulfur and NP 
content do not exceed the threshold values is w h m  
large intervals of strata are sampled and 
camposited, causing dilution of highsulfur or 
high-NP concentrations. For example, the NNP 
calculated using thresholds are unreliable for mine 
sites 1 and 9, for which large thicknesses (up to 
28 ft) of camposite overfxlrden samples were 
analyzed. 



The results of tkis stwfiy are consistent with 
previous reports that concluded that NP and fvtradi- 
tionaltt MPA values, despite being reported in the 
same units (tons CaC03/l,000 tons), are not m v a -  
lent. In previous practice, it appeared that 
overburden NP must be at least twice MPA to produce 
alkaline mine drainage (diWtoro 1986; Skousen et 
al. 1987; Brady and Hornberger 1989; Ferguson and 
Erickson 1988). The ohserved inequality in NP 
and MPA is partly attributable to the imrrect 
assumption that CO2 is campletely exsolved during 
neutralization. Cravotta et al. (1990) argue that 
some p2 will dissolve in the ground water and form 
H2m3 , a weak acid. Therefore, MPA should be 
camplted by multiplying total sulfur, in weight 
percent, by a factor of 62.5 instead of the 
traditional factor of 31.25. Use of the 62.5 
factor assumes that the total sulfur is pyritic and 
that 4 moles of CaC03 are required to neutralize 
the acidity from 1 mole of pyrite. 

Mining practices such as selective handling of 
coal pit cleanings, remval of acidic material from 
the mine site, and concurrent reclamation, appear 
to have enhanced the success of the alkaline 
addition. 

and Conclusims 

In summary, empirical as well as theoretical 
considerations suggest that alkaline-addition rates 
are typically inadequate to neutralize AMD. 
ly3plication rates for alkaline additives are best 
compted by considering a conservative estimate of 
MPA, w h i c h  may be mmplted by multiplying total 
sulfur, in weight percent, by a fador of 62.5 
(Cravotta et al. 1990; Smith and EWady 1990). 
Furthermore, the alkaline material may be most 
effective if incorporated concurrent with mining 
and backfilling, when and where the acid-production 
reactions occur. The alkalinities that can be 
generated frcnn alkaline additives may be 
insufficient to abate the acidity of severe AMD and 
the localized produdion of acidity from reactive 
pyrite and ferric-sulfate minerals. Adequate 
alkaline-addition rates that create positive NNP at 
mine sites containing acidic strata may neutralize 
acidity and produce alkaline effluent water, which 
still contains unacceptable comtrations of 
sulfate, iron, and other metals. 

On the basis of this study of the addition of 
alkaline materials to selected surface coal mines 
in western Pennsylvania, the following conclusions 
were made: 

Previous methods for determining alkaline- 
addition rates, especially the concept that 
only one-tkird the calculated deficiency was 
necessary, have failed to prevent or abate AMD. 
Most alkaline addition rates are negligible 
relative to calculated deficiencies (NNP < 0) 
and insufficient to prevent or neutralize AMD. 

The addition of alkaline materials to prevent 
AMD from surface coal mines may be effective 
providing that the alkaline-addition rates are 
sufficient (to offset negative NNP) and the 
overburden has relatively low-sulfur content. 
Alkaline materials added to high-sulfur mine 
spoil, even if sufficient to neutralize acid 
water, may not reduce concentrations of 
dissolved iron, manganese, and sulfate. 

Certain mining practices, such as addition of 
more alkaline material than required by permit 
conditions, seledive handling of pit clean- 
ing~, r-1 of pyritic material from the mine 
site, and concurrent reclamation appeared to 
enhance the effect of alkaline addition on 
reducing acidity. 

There is good agreement of signs on post- 
treatment overfxlrden NNP and median net alka- 
linity of associated mine-drainage water when 
overlxlrden MPA is canpted by multiplying total 
sulfur, in weight percent, by 62.5. 

Additional studies are needed to determine the 
most beneficial rates of application and 
placement of the alkaline materials. Calcula- 
tions of deficiencies (NNP) and application 
rates should be conservative and consider the 
theoretical arguments given by Cravotta et al. 
(1990) and the empirical results of this study. 
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THE USE OF CO2 COULOMETRY IN DIFFERENTIATING AND QUANTIFYING THE CARBONATE 
PHASES IN THE COAL-BEARING STRATA OF WESTERN PENNSYLVANIA: ITS APPLICABILITY 
IN INTERPRETING AND MODIFYING NEUTRALIZATION POTENTIAL (NP) MEASUREMENTS~ 

by 
J.L. Morrison, S.D. Atkinson, Alan Davis, and B.E. Scheetz2 

-- -- - 

Abstract. C02 coulometry is a rapid, highly 
accurate technique which can be used to determine 
the carbonate carbon contents of coals and 
associated overburdens. The rate at which the C02 
is evolved during the acid digestion process is a 
function of which carbonate phases are present. 
Calcite and dolomite reaction times are 
approximately six to eight minutes under the 
conditions described herein, with the maximum change 
in reaction rates occurring between two and four 
minutes. Siderite requires a lengthy 10 to 15 
minutes to completely react with the maximum change 
in reaction rate occurring between six and eight 
minutes. The determination of neutralization 
potential (NP) in the coal-bearing overburdens of 
the eastern United States is inaccurate when 
siderit~ is presynt because of the slow conversion 
of ??e2 to ??e3 . To alleviate the effects of 
siderite on NP, a 30 wt.% H202 soluFion can+be used 
to accelerate the conversion of Fe2 to Fe3 during 
the titration process. The addition of H202 
increases both the accuracy and precision of the NP 
determination. Despite the addition of H20Zl many 
siderite-bearing overburdens still possess NP. This 
is interpreted as being the result of: 1) the 
incomplete oxidation of F ~ Z +  to ~e~ and the 
incomplete precipitation of iron hydroxide, and/or 
2) the presence of Ca and/or Mg occurring in solid 
solution in the siderite. 

Additional key words: fizz rating, hydrogen 
peroxide, ferrous and ferric iron, carbonate carbon, 
C02 coulometry, x-ray diffraction, microprobe 
analysis. 

Introduction 

Prediction of acidic mine drainage is 
based in part on the ability to accurately 
characterize overburdens with respect to 
sulfur and carbonate. The acid/base 
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accounting method is the most frequently 
used type of overburden characterization. 
The acid/base accounting method is composed 
of two determinations: 1) total sulfur, 
and 2) neutralization potential. Total 
sulfur contents are then multiplied by 
31.25 to calcul.ate potential acidity. 
Total sulfur determinations are relatively 
rapid and accurate. Neutralization 
potential is determined by digesting the 
overburden in HC1, back titrating with NaOH 
to an endpoint of pH = 7 which is held for 
30 seconds (Noll, Bergstresser, and 
Woodcock 1988). This determination was 
originally used to find the neutralization 
equivalence of limestone (Jackson 1964). 
When applied to determining the 
neutralization potential of overburdens, 
this method is less accurate when siderite 
is present. Siderite, a common constituent 
in overburdens, is believed not to have the 



same neutralization capabilities as other 
carbonates (Williams et al. 1982; Palmer 
1973). Siderite (FeC03) is at least 
partially digested in the HC1 digestion 
step of the NP determination and will 
ultimately affect the stability of the 
titration endpoint because of the slyw and 
incomplete conversion of ~e~ to ~e~ . 
This instability affects both the accuracy 
and precision of the NP determination. 

Because the differentiation of the 
various carbonate phases is essential in 
the prediction of acidic mine drainages, 
several studies have attempted to 
differentiate and quantify the various 
carbonate phases present in coal-bearing 
strata. The most conventional method used 
to ascertain variations in carbonate 
mineralogy is quantitative x-ray 
diffraction (QXRD) (Despard 1988; Morrison 
1988). The primary difficulty with this 
technique is the lower detection limit of 
one to two percent. Less conventional 
methods of carbonate characterization 
include evolved gas analysis (Hammack 1987) 
and automated pressure cells (Evangelou, 
Roberts, and Szekeres 1985). 

This paper will present an alternative 
method of carbonate characterization known 
as C02 coulometry (Huffman 1977). C02 
coulometry is an analytical technique which 
is routinely used to determine carbon (both 
total and carbonate). It is a two-step 
process in which total carbon is determined 
by measuring the amount of C02 evolved when 
the sample is heated to 1000°C. Carbonate 
carbon is determined by digesting the 
sample in hot perchloric acid and measuring 
the amount of C02 evolved during the 
digestion. Organic carbon is then 
determined by difference. 

Because calcite, dolomite, and 
siderite exhibit different rates of 
dissolution in acids (Evangelou, Roberts, 
and Szekeres 1985) the C02 coulometer was 
used to measure the evolution of C02 with 
respect to time. To augment the C02 

coulometry data, x-ray diffraction was used 
for carbonate phase identification. 

Materials and Methods 

C02 coulometry is a relatively rapid 
analytical technique which can accurately 
determine the carbonate carbon content of a 
given sample. The schematic of the C02 
coulometer apparatus is shown in Figure 1. 

The overburden sample was accurately 
weighed (20 to 25 mg) in a ceramic weighing 
boat and then placed in the sample tube 
housing shown in Figure 1. The side of the 
sample housing was rinsed with one mL of 
deionized water to ensure that any 
particles adhering to the side of the 
sample housing would be rinsed down to the 
zone in which the acid will be introduced. 
This rinse was kept constant at one mL to 
prevent creating subtle variations in the 
normality of the perchloric acid which 
might have an impact on the rate of 
digestion. The sample housing was then 
closed and the system degassed for 
approximately two minutes to remove the 
atmospheric C02 introduced into the system 
when the sample was placed in the sample 
housing. After degassing, the analysis is 
commenced by the addition of 2 mL of 2 N 
perchloric acid. The C02 evolved during 
the hot perchloric acid digestion is 
carried to the C02 coulometer cell where it 
is electrochemically titrated. Results are 
expressed as wt% carbonate carbon and 
reported to the nearest 0.01%. 

Calcite, dolomite, and siderite 
standards were analyzed on the C02 
coulometer. Calcite and dolomite standards 
were provided by Bellefonte Lime of 
Bellefonte, Pennsylvania and are reported 
as being 97.73% and 98.85% in purity, 
respectively. Sample (195) is a high 
quality limestone (Valentine member of the 
Linden Hall Fm. collected from Bellefonte, 
PA) and sample (196) is a high quality 
dolomite (Ledger dolomite member collected 
in southeast PA near Devault, PA) in which 
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Figure 1: Schematic of C02 coulometer. 



the atomic ratio of Ca/Mg is nearly one. 
Siderite standards are more difficult to 
obtain. The siderite standard (197) is an 
in-house standard. 

Results and Discussions 

Figure 2 summarizes the C02 coulometry 
profiles and the measured NP values for the 
various standards described above. When 
viewing the C02 coulometry profiles in 
Figure 2, the following observations should 
be noted: 1) the time for 100% reaction, 
2) the time at which the maximum change in 
reaction occurs, and 3) the overall 
geometry of the profile. The calcite (195) 
and dolomite (196) profiles are 
characterized by relatively short reaction 
times over which the rate of the reaction 
is relatively rapid. In contrast to this, 
the siderite (197) profile is characterized 
by a much longer reaction time and a more 
sluggish reaction rate as evidenced by a 
much broader profile. It is important to 
note that siderite did not generate any C02 
until the two to three minute reading. 

Figure 3 illustrates the CO, 
coulometry profiles for three overburden 
samples with wide ranging NP1s, fizz 
ratings, carbonate carbon contents, and 
lithologies. 

Figure 3A is a C02 coulometry profile 
for a dark gray shale and appears to be 
very similar to the siderite standard. 
This profile is characterized as being 
relatively broad with the maximum rate of 

reaction occurring at the six minute mark. 
In addition, C02 is undetectable until the 
two to three minute mark. X-ray 
diffraction analysis found siderite to be 
the only detectable carbonate phase. 
Multiplying the carbonate carbon content 
(1.30) by FeC03/C ratio determines there is 
12.54% siderite present. 

In Figure 3B, the C02 coulometry 
profile for a siderite concretion (sample 
71) is illustrated. Again, the C02 profile 
is relatively broad and the rate of 
reaction is slow. Unlike the previous CO, 
profile, however, there is the indication 
of a slight reaction having occurred at the 
one to two time interval. X-ray 
diffraction analysis found siderite to be 
the only detectable carbonate phase 
present. Microprobe analysis of this 
sample determined 3.52 +/-  0.93 wt% Ca 
present in the siderite (Morrison, 
Atkinson, and Scheetz 1990). This presence 
of Ca in the siderite may explain the 
slight reaction encountered during the one 
to two minute reaction time. Assuming that 
all the carbonate present is in the 
siderite phase, the carbonate content of 
7.11 translates into 68.58% siderite. 

In Figure 3C, the C02 coulometry 
profile for an Upper Freeport limestone is 
presented. This profile is very different 
from the previous two profiles (173 and 
71). This profile is characterized by a 
rapid reaction rate but requires a 
relatively long time (13 mins.) to react 
completely. Although the two minute mark 
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Figure 2: C02 coulometry profiles for calcite, dolomite, and siderite standards. 
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for reaction time is similar to that of 
calcite, the lengthy time for 100% reaction 
indicates that other carbonate phases are 
present. X-ray diffraction identified 
abundant calcite and ankerite. The 
presence of ankerite is interpreted as 
being responsible for the lengthy reaction 
time. Despite this, multiplying the 
carbonate carbon (7.69) by the CaC03/C 
ratio indicates there is 64.08% calcite 
present which translates to a NP of 640.08 
which is in very good agreement with the 
actual measured NP of 632.38. 

The primary difficulty in determining 
the neutralization potential of overburdens 
is that the presence of siderite affects 
both the accuracy and the precision of the 
method. Because siderite is very common in 
the coal-bearing strata of the eastern 
United States, NP values are often 
questioned. This is particularly true if 
the NP is accompanied by an assigned fizz 
rating of zero (none). NP's which have 
fizz ratings of zero are often discounted 

because they are interpreted as being 
attributable to the presence of siderite. 
If the overburden sample exhibits a fizz of 
one or more (e.g. 71) , there is no 
criterion by which one can interpret the NP 
as being valid. In the case of overburden 
sample (711, the dominant carbonate phase 
is siderite, yet it produced an NP of 
52.98. C02 coulometry can very accurately 
differentiate calcite from siderite. This 
method also can determine if the carbonate 
is present as a mixture by a bimodal C02 
coulometry profile; however, the method 
cannot yet accurately quantify individual 
components of a multiple phase system. 

Because C02 coulometry can accurately 
differentiate between calcite-bearing and 
siderite-bearing overburdens, the NP 
determination methodology has been modified 
in an attempt to provide siderite-free 
NP's. The modification is very simple. 
Because siderite is at least partially 
digested in tre NP digestion step, a large 
amount of Fe2 can potentially go into 
solutiop., During the titration proce?s, 
the Fe2 1s partially oxidized to Fe3 ; 
however, this reaction does not necessarily 
go to completion over the short time span 
of the determination. Because the 
pfecipitation of ferric hydroxide generates 
H it is necessafy to acqelerate the 
oxidation of Fe2 to Fe3 which will 
eventually precipitate as a ferric 
hydroxide (ferrihydrite) during the NaOH 
titration step. In order to speed up the 
Fe oxidation, a 30 wt% H202 solution is 
added. The overburden sample is digested 
as in the conventional NP determination; 
however, after cooling the leachate is 
filtered, five mL of 30 wt.% H20? is added 
and then reboiled for three to flve 
minutes. After cooling, the leachate is 
titrated usinq the conventional NP 
guidelines. 

Table 1 summarizes some of the 
results. The NP's of samples (173) and 
(171) are slightly different from those 
reported in Morrison, Atkinson, and Scheetz 
(1990) because they were redetermined from 
different splits. In the first set of data 
(173, 71, and 63) the addition of H202 had 
a profound impact on the NP value. In 
these samples, where siderite is present, 
the NP's were lowered by 54.07, 38.20, and 
13.90%, respectively. In overburden sample 
(63), the NP value was not as affected as 
in samples (173) and (71) because calcite 
was the dominant carbonate phase. 

The second set of data in Table 1, 
sample (171), focuses on the problem of 
incorrectly assigned fizz ratings. Because 
determining fizz ratings is very 
subjective, the addition of H202 is 
warranted. Overburden sample (171) is a 
siderite-bearing black to dark gray shale. 
Three sets of analyses were run, all in 
triplicate. In the first sequence, the 
sample was run according to the correct 
conventional NP determination. In the 
second sequence, an incorrect fizz rating 
was intentionally assigned to determine to 



Table 1. Comparison of conventional and modified NP 
determinations among selected overburden samples. 

Carbonate 
Sample Fizz Mineralogy 

173 0 Siderite (12.54%) 

7 1 1 Siderite (68.58%) 
Calcite ? 

6 3 1 Calcite, siderite 

171 0 Siderite (6.63%) 

171 1 Siderite (6.63%) 

what extent a larger volume of HC1 would 
effect the NP value when using the 
conventional NP methodology. In the third 
sequence, an incorrect fizz rating was 
intentionally assigned; however, this time 
the modified NP determination was used. 
All of these determinations were performed 
manually, as opposed to using an automated 
titration system. Comparing these runs 
clearly indicates that an incorrectly 
assigned fizz rating, and therefore 
digestion procedure, can have a profound 
impact on the resulting NP. By adding 
H202! the error is lessened and the 
precision of the method increased. 

Despite the addition of five mL of 30 
wt.% H202, the NP's of overburdens in which 
siderite was the only identifiable 
carbonate phase, did not go to zero. The 
explanation for this may be two-fold. 

The f'rst explanation is t at not all 9 of the Fez' has oxidized to 17e3 and has 
not precipitated as ferric hydroxide. 
Because this reaction has not gone to 
completion, erroneously high NP values 
could be reported. 

The second explanation is more complex 
and requires further research to 
substantiate. Siderite is rarely phase 
pure in nature (Mozley 1989). Microprobe 
analysis presented in Morrison, Atkinson, 
and Scheetz (1990) has documented the 
occurrence of Ca and Mg present in 
siderites as well as Mn. If Ca and/or Mg 
is present in significant amounts it may 
explain why certain siderite-bearing 
overburdens still possess NP despite the 
addition of H202. The relationship between 
the field neutralization of acidic 
drainages by Ca-bearing siderites has yet 
to be documented. 

Conclusions 

NPhydrogen peroxide 

eastern United States using the 
conventional NP determination can be 
inaccurate. This inaccuracy is due to the 
presence of siderite which affects the 
stability of the NaOH titration endpoint. 
Conclusions of the research completed thus 
far include: 1) siderite is ubiquitous in 
the coal-bearing strata examined thus far; 
2) the presence of siderite can profoundly 
effect the NP value; 3) incorrectly 
assigned fizz ratings, and thus digestion 
procedures, can affect the accuracy of the 
NP determinations; 4) C02 coulometry can be 
used to very accurately determine the 
carbonate carbon contents of overburdens; 
5) the C02 evolution rate during the 
carbonate carbon determination is a 
function of which carbonate phases are 
present, and these rates can be used to 
determine if the overburden contains 
calcite, siderite, or a mixture of 
carbonate phases; 6) the effect of siderite 
on the determination of NP can be minimized 
using H202; 7) because siderite occurs in 
overburdens which contain reactive 
carbonate phases (e.g. calcite and/or 
dolomite), the addition of H202 is 
warranted because there is no criterion to 
judge the validity of an NP whose assigned 
fizz rating is greater than zero; 8) the 
observed siderites were not phase pure, an 
observation in good agreement with the 
literature; and, 9) despite the addition of 
H202 many siderite bearing overburdens 
still possess NP. This may be attributable 
to the pH of the NaOH back titration 
endpoint (pH = 7.0) and/or the presence of 
Ca and Mg in the siderite. 
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DELINEATION OF POTENTIAL MANGANESE SOURCES IN THE COAL 
OVERBURDENS OF WESTERN  PENNSYLVANIA^ 

by 
J.L. Morrison, S.D. Atkinson, and B.E. scheetz2 

Abstract. Manganese is a common and regulated 
metal in acidic mine effluents. Because the 
precipitation and removal of manganese from mine 
effluents is complex and expensive, it is 
advantageous to ascertain the distribution of 
manganese in the stratigraphic section prior to 
mining. By identifying certain stratigraphic 
horizons that have high amount's of nanganese, it may 
be possible to implement special handling plans to 
minimize or prevent mine drainages from having 
elevated manganese contents. Because the source of 
manganese in mine drainages is poorly documented, 
the overburden from a mine site having drainages 
characterized by elevated manganese concentrations 
(70 to 80 ppm Mn) was examined in detail. Bulk 
manganese analyses determined the majority of the 
manganese to be present in a 13.5 foot thick 
sequence of black to dark gray shales which also 
contained highly variable amounts of sulfur. C02 
coulometry, and x-ray diffraction determined this 
stratigraphic interval to be enriched in siderite 
(FeC03). Increases in the manganese were 
accompanied by increases in the siderite content. 
Manganese substitution in the siderite structure 
appears to be the source of manganese in this mine 
site. 

Additional key words: Siderite, C02 
coulometry, solid solution, microprobe analyses and 
bulk Mn determinations. 

Introduction 

Because the source of the Mn in 
coal-bearing strata is poorly understood, 
predicting the occurrence of Mn in mine 
drainages is difficult. To gain a better 
understanding of why certain mine drainages 
have elevated concentrations of manganese, 
the overburden from a mine site having an 
acidic high-Mn drainage was examined using 
a variety of techniques. 
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The primary objective of the 
overburden analysis is to characterize the 
overburden from this particular mine site 
using a variety of techniques that will 
provide more information than the typical 
acid-base accounting data. Although the 
source of Mn in coal-bearing strata is 
poorly documented, the following sources 
are potential candidates: 1) pyrolusite 
(Mn02!, and/or 2) Mn in solid solution 
associated with the various carbonate 
phases (e.g. siderite and/or calcite). 

One particular area of interest is the 
characterization of the various carbonate 
phases present. The characterization of 
carbonates involves: 1) determining both 
the nonreactive carbonate (e.g. siderite) 
and the reactive carbonate (e.g. calcite 
and/or dolomite) phases and 2) determining 
if the presence of Mn is related to the 
occurrence of carbonates. The occurrence 
of Mn in solid solution in carbonates is 
well documented in the literature (Hurlbut 



and Klein 1977; Pearson 1979; Teodorovich 
1961; Mozley 1989; and Pye 1984). 

Materials and Methods 

The majority of overburden in this 
surface mine is characterized by low sulfur 
(ST < 0.35 wt. % )  and low NP (NP < 20) in 
which fine to medium grained sandstones are 
the dominant lithology. The conventional 
acid/base accounting data (total sulfur, 
NP, and fizz rating) were obtained from 
Geochemical Testing of Somerset, PA. C02 
coulometry, bulk Mn determinations, x-ray 
diffraction, and the simulated weathering 
experiments were performed at The 
Pennsylvania State University. 

Total Sulfur 

Total sulfur analyses were performed 
using a Leco SC-32 sulfur analyzer. 
Vanadium pentoxide was used as an 
accelerator. This high temperature 
combustion technique is described in Noll, 
Bergstresser, and Woodcock (1988). Total 
sulfur can then be converted to maximum 
potential acidity by multiplying total 
sulfur by 31.25. 

Neutralization Potential 

Neutralization potential, as the name 
implies, is used to determine the 
neutralization ability of a given sample. 
This entails determining the amount of 
calcite, and/or dolomite and expressing 
these contents as tons of CaC03 
equivalent/1000 tons of overburden. The 
determination of neutralization potential 
is described in Noll, Bergstresser, and 
Woodcock (1988). 

In theory, siderite does not report in 
the NP determination and is believed not to 
have the neutralization ability of calcite 
or dolomite. As a consequence, siderite 
may be very abundant in a given overburden, 
yet will go undetected in the NP 
determination. As a result of this, C02 
coulometry was used to determine the 
carbonate content. 

CO? Coulometry 

C02 coulometry is a highly accurate 
analytical technique that is routinely used 
in the determination of both inorganic 
and carbonate carbon. Because the various 
carbonate phases react at different rates, 
the CO, coulometer was used to measure the 
rate of C02 evolution when the sample is 
introduced to an acid. Because siderite 
reacts much slower than the other carbonate 
phases (e.g. calcite and/or dolomite), C02 
coulometry was used to quantify the 
occurrence of siderite. The methodology 
employed here is described in detail by 
Morrison et al. (1990). In theory, this is 
a very similar approach to Evangelou, 
Roberts, and Szekeres (1985). 

Bulk Manganese Analyses 

Bulk manganese analyses were performed 
on selected samples to determine the 
distribution of manganese throughout the 
stratigraphic sequence. Overburden samples 
were digested in a HF - H2S04 solution, 
until only a minimal residue remained. The 
solution was boiled to drive off the 
volatile silica. The residue from the 
HF - H2SO4 leach was then introduced to a 
HNO3 leach, to ensure complete digestion. 
Manganese, if present in any form, (e.g. 
pyrolusite and/or Mn in solid-solution) 
would leach out under these various acid 
leaches. The combined leachates from these 
digestions were analyzed for manganese 
using a Spectrametrics Spectra Span I11 
atomic emission spectrometer. The 
excitation source was a DC plasma sustained 
in argon gas. Liquid aliquots were 
serially diluted to the linear range of 1 
to 5 ppm. All unknowns were analyzed by 
first running a series of reference 
solutions and then the unknowns. This 
procedure was then repeated in reverse 
order to account for instrumental drift. 
The duplicate values were averaged and 
these averages reported. When operated in 
this manner, the experimental detection 
limits were estimated to be 0.01 ppm (10 
P P ~ )  . 
Simulated Weathering Experiments 

Simulated weathering experiments are a 
useful technique to compare overburden 
samples under controlled laboratory 
conditions. Their usefulness in predicting 
the field occurrence of acidic mine 
drainage is more problematic. Overburden 
samples were prepared by stage crushing to 
-1/4 inch. The samples were placed in one 
quart HDPE plastic storage containers 
(Figure 1). Deionized water was added to 
the plastic leaching vessels and allowed to 
react in an enclosed chamber in which 
humidified air was circulated. Leachates 
were collected on a weekly basis (hourly 
and weekly leachates combined) and 
characterized with respect to pH, acidity, 
sulfate, total iron, manganese, and 
aluminum. 

X-Ray Diffraction 

Overburden samples were examined for 
their crystalline phase composition using 
conventional x-ray powder diffraction 
methods. All data were collected with 
copper K-alpha radiation on a fully 
automated Scintag PAD V diffractometer 
equipped with a cryogenic detector. All 
specimens were ground to -325 mesh and 
mounted on a zero background substrate cut 
from a single crystal of quartz which was 
oriented just off the c-axis. The range of 
data collection was from 15 to 55 degrees 
2-theta at 1 degree/minute and a step size 
of 0.02 degrees. Phase identifications 
were made by comparison to the JCPDS-ICDD 
reference patterns. The lower detection 
limit is estimated to be approximately 1%. 



Results and Discussion 
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Figure 1: Simulated Weathering Vessles. 

ETEC Microprobe 

Overburden specimens were processed to 
-20 mesh and then pelletized. The -20 mesh 
particles were mixed with a Hexacol epolite 
resin and hardener, pressed into one inch 
diameter stainless steel molds at 10,000 
psi for two minutes. After the two minute 
press, the resin was allowed to cure 
overnight. These pellets were polished 
with 400 and 600 qrit paper for three 
minutes each. The next phase of polishing 
involved using 0.3 micron aluminum slurry 
on a Texmet cloth for two minutes, followed 
by the final polish using a 0.5 micron 
aluminum slurry on a silk polishing cloth. 
The samples were washed in an ultrasonic 
bath between all polishing steps. The 
polished pellets were wiped dry and 
analyzed within 18 to 24 hours. 

An ETEC Auto Microprobe was employed 
to analyze the chemical composition of 
siderite by a combination of energy 
dispersive and wavelength dispersive 
techniques. Siderite grains were selected 
from the overburden fragments based upon 
the chemical composition determined by 
using semi-quantitative EDX. The criterion 
used to establish a grain of siderite 
versus clays was the presence of 
significant amounts of silica ( >  1.00 wt 
% ) .  In this case, these grains were not 
counted due to clay contamination. Grains 
which contained only traces of silica 
( <  1.00 wt % )  were analyzed for Mg, Al, Ca, 
Mn, and Fe. This latter category of grains 
was analyzed individually by wavelength 
dispersive techniques using LIF, PET, and 
TAP crystal monochromators. All analyses 
were run at 15Kv acceleration potential 
with a sample current of 0.02 microamps. 

Figure 2 summarizes the stratigraphic 
and overburden data from one of the core 
holes on the mine site. Total sulfur 
contents were generally less than 0.35% 
except in samples 170, 171, 185, and 189. 
NP's were typically less than two except 
for samples 170 to 175 and 183 to 185. The 
majority of the total sulfur and NP 
occurred within a 13.5 foot thick sequence 
of black to dark gray shale/siltstones. 
The NP from this horizon would typically be 
considered negligible as a neutralizer by 
Pa DER (Brady and Hornberger 1989) because 
of the assigned fizz rating and the low 
NP's. These NP's would be interpreted as 
being the result of siderite and therefore 
discounted because of siderite's inability 
to neutralize acidic drainases (Williams et 
al. 1982). 

Because NP determinations do not 
accurately quantify all of the carbonates 
present (excludes the majority of siderite) 
carbonate carbon measurements were 
performed on selected samples. The 
majority of the carbonate present was 
associated with samples 170 - 175. C02 
coulometry data, as interpreted and 
discussed by Morrison et al. (1990) 
indicated that the dominant carbonate phase 
present in these overburdens was siderite. 
This interpretation was also verified using 
x-ray diffraction. 

Figure 3 shows a portion of the x-ray 
diffractograph for sample 173. The portion 
of the diffractograph presented here 
represented the 2 theta interval where the 
main carbonate peaks would occur if present 
(27 to 33 degrees 2 theta). The stick 
figures below the x-ray diffractograph are 
the JCPDS-ICDD reference patterns for 
siderite, calcite, and ankerite 
respectively. 

Bulk manganese determinations revealed 
that the majority of manganese present in 
the overburden also occurred in this 13.5 
foot thick shale sequence. Of particular 
importance to note here was that increasing 
carbonate carbon (siderite) contents were 
accompanied by both increasing amounts of 
NP and Mn. The increase in NP's with 
increasing siderite contents exemplifies 
the shortcomings of the conventional NP 
determination. As the amount of siderite 
increased, the accuracy of the NP 
determination became questionable because 
of the increased Fe in solution Morrison et 
al. (1990). The parallel increase in both 
siderite and Mn strongly suggested that the 
Mn is associated with the siderite probably 
occuring in solid solution. 

Rosenherg (1960, 1963, 1967) described 
the subsolidus relationships in the system 
CaC03-MgC03-FeC03-MnC03. His data and more 
recent studies reported by Essene (1983) 
demonstrated that complete solid solution 
exists in the MgC03-FeC03MnC03 system. 
Figure 4 gives an example of the subsolidus 
relationships in the MgC03-FeC03MnC03 
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Figure 2: Overburden Characterization Data. 

system showing extensive solid solution 
between siderite and magnesite and a 
limited solid solution with Fe in calcite. 
The pure Fe-analog of dolomite, ankerite, 
was seen from this data not to exist, but 
exhibited a partial solid solution between 
dolomite and ankerite. Limited solid 
solution was reported (Reeder and Dollase, 
1989) in the binary compounds in this 
system with increased amounts increasing 
with temperatures. A large three phase 
area was present in this diagram in which 
calcite solid solution/ankerite solid 
solution and siderite-nagnesite solid 

solution coexist. The diagram was 
representative of the phase relationship at 
400°C. All of these studies were reported 
on experimental or natural samples that 
were formed at elevated temperatures or 
pressures above 350°C and 400MPa. 

In contrast, literature citations of 
sedimentary carbonates were restricted 
mainly to calcite and dolomite with only 
very 1-imited data reported on siderite 
(Mozely 1989; Pearson 1979). Mozley (1989) 
reported on the differentiation between 
marine and fresh water diagenetic 
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Figure 3: X-ray Diffractograph of Overburden Sample # 1 7 3 .  
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siderites, based upon the crystal chemical 
substitution of Ca, Mg and Mn for Fe in 
siderites. The observed degree of 
substitution in Mozley (1989) was larger at 
lower temperatures than reported by other 
authors, perhaps reflecting the differences 
in depositional environments. This 
sparcity of information was attributed by 
Dresel (1989) to the inability to identify 
fine-grained siderite in the field. As a 
consequence, very little is known with 
regards to the degree of solid solutions 
that form in siderite under these 
depositional conditions. The subsolidus 
phase relations of this system at lower 
temperatures (as in sedimentary siderite) 
will change from those presented in Figure 
4. 

Further data to support the 
observation that Iln is contained in 
siderite as a crystal chemical substituent 
was obtained from a siderite concretion 
(not from this mine site), (Morrison et al. 
1990) for which 40 grains of siderite were 
analyzed for Fe, Mn, Mg and Ca. These 
data, Table 1, show an average 
Mn-substitution of 3500 ppm which is 
equated to a molar substitution of: 
(Fe. s6Mg. 02Ca. lMn. 01 ) co3. Table 2 further 
supports the presence of a nearly constant, 
within experimental error, concentration of 
Mn in this 13.5 foot sequence of black 
shales. With the exception of the first 
three foot interval in this section (an 
interval with high pyrite concentrations) 
the concentration of Mn in the siderite 
(carbonate carbon) was relatively constant, 
showing perhaps a slight trend to higher 
concentrations with depth. 

Table 1: Microprobe Analysis of 
Siderite (Wt. % )  

Avg . 39.05 0.35 3.52 0.38 
std. dev. 1.42 0.26 0.93 0.10 
number 4 1 4 1 4 1 4 1 

Simulated weathering experiments were 
conducted on selected overburden samples 
within this 13.5 foot sequence of shales. 
Figure 5 summarizes the simulated 
weathering data for samples 170, 171, and 
175. Sample 171 produced the highest 
weekly average of Mn among these three 
samples and also possessed both the highest 
amount of Mn and siderite in these samples. 
Mn concentrations in the mine backfill were 
approximately an order of magnitude greater 
(ranged from 78 to 84 ppm Mn) than the 
sample 171 simulated weathering Mn levels. 

Table 2: Ratio of Mn to Carbonate Carbon 

Sample Carbonate Mn Mn/C. Carbon 
# Carbon (wt % )  (ppm) Ratio 

Conclusions 

It is clear that increasing amounts of 
manganese in this particular mine site, are 
accompanied with increasing amounts of both 
carbonate carbon and NP. C02 coulometrv 
and x-ray diffraction data indicates that 
this carbonate is solely in the form of 
siderite. Therefore, at this particular 
site, the source of the manganese appears 
to be a Mn-bearing siderite. Of particular 
importance is that the siderite in this 
stratigraphic horizon occurs in intimate 
contact with some of the highest sulfur 
contents encountered. This accelerates the 
dissolution of siderite and therefore the 
release of Mn. Simulated weatherinq 
experiments produced leachates with Mn 
levels approximately an order of magnitude 
less than those values found in the mine 
backfill. 

The occurrence of Mn in carbonates is 
well documented. Although the Mn in this 
particular mine site appears to be in the 
siderite, ongoing research at The 
Pennsylvania State University is 
establishing a Mn database in order to gain 
a better understanding of the distribution 
of Mn-bearing phases in coal-bearing stata. 
Such a database will hopefully lead to 
determining what level of Mn in the 
overburden has the potential to produce a 
mine drainage with elevated levels of Pln. 
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R icha rd  W. Hammack and George R. ~ a t z l a P ?  

A b s t r a c t .  The oxygen dependence o f  a b i o t i c  and b i o t i c  p y r i t e  
o x i d a t i o n  was examined on t h r e e  sca les :  1) p y r i t e  su r faces  t o  
a  depth  o f  20 angstroms, 2) 5 g  q u a n t i t i e s  o f  p y r i t e  i n  smal l  
columns, and 3) 175 kg q u a n t i t i e s  o f  p y r i t i c  sha le  i n  l a r g e  
columns. Resu l t s  o f  these s t u d i e s  i n d i c a t e d  t h a t  t h e  i n i t i a l  
a b i o t i c  o x i d a t i o n  o f  f r e s h  p y r i t e  su r faces  was independent o f  
oxygen p a r t i a l  p ressures  above 10% (0 -o rde r  r e a c t i o n )  and was 
p r o p o r t i o n a l  t o  oxygen p a r t i a l  p ressures  below 10% ( f i r s t -  
o r d e r  r e a c t i o n ) .  However, t h e  r a t e s  o f  a b i o t i c  o x i d a t i o n  
measured i n  smal l  columns were p r o p o r t i o n a l  t o  oxygen p a r t i  a1 
pressures  between atmospher ic (21%) and 5%. Small column and 
1  arge column r e s u l t s  i n d i c a t e d  t h a t  w i t h  b a c t e r i a  present ,  t h e  
r a t e  o f  p y r i t e  o x i d a t i o n  was independent o f  oxygen p a r t i a l  
p ressures  down t o  1%. Below 1% oxygen, t h e  r e a c t i o n  r a t e  was 
p r o p o r t i o n a l  t o  oxygen p a r t i a l  p ressures  ( f i r s t - o r d e r  
r e a c t i o n ) .  The oxygen-impermeable and oxygen-consumptive 
b a r r i e r s  o t h e r  than water  t h a t  a re  economica l ly  f e a s i b l e  a t  
p resen t  a re  n o t  capable o f  m a i n t a i n i n g  oxygen l e v e l s  below 1%. 
There fore ,  no r e d u c t i o n  i n  t h e  r a t e  o f  p y r i t e  o x i d a t i o n  would 
be would be r e a l i z e d  us ing  these techn iques un less  b a c t e r i a  
were i n h i b i t e d .  The bes t  method f o r  l i m i t i n g  p y r i t e  o x i d a t i o n  
was t o  p l a c e  p y r i t i c  m a t e r i a l  below a  permanent water  t a b l e .  
Resu l t s  o f  l a r g e  column exper iments i n d i c a t e d  t h a t  a  96% 
r e d u c t i o n  i n  p y r i t e  o x i d a t i o n  cou ld  be r e a l i z e d  by i n u n d a t i n g  
t h e  p y r i t i c  m a t e r i a l .  Resu l t s  o f  l a r g e  column t e s t s  
co r robo ra ted  p rev ious  work by o t h e r  researchers  t h a t  i n d i c a t e d  
l e a c h i n g  frequency had no e f f e c t  on p y r i t e  o x i d a t i o n  and t o t a l  
s u l f a t e  l oad .  

A d d i t i o n a l  key words: p y r i t e  o x i d a t i o n ,  oxygen dependency. 

I n t r o d u c t i o n  
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2 ~ i c h a r d  W. Hammack i s  a  g e o l o g i s t  and t h e  p a r t i a l  p ressure  o f  oxygen. However, t h e r e  was 

George R. Wa tz la f  i s  an environmental  eng ineer  a t  no genera l  concensus among researchers :  r e a c t i o n  
t h e  U.S. Bureau o f  Mines, P i t t s b u r g h  Research o rde rs  of  1/2, 2/3, 0.81, and 1  were proposed 
Center,  P i t t s b u r g h ,  PA 15236. (N icho lson,  G i l l  ham and Reardon 1988; Lowson 1988).  



Al though t h e r e  was no agreement on r e a c t i o n  o rde r ,  
a l l  s t u d i e s  i n d i c a t e d  t h a t  t h e  r a t e  o f  p y r i t e  
o x i d a t i o n  c o u l d  be reduced by l i m i t i n g  oxygen 
p a r t i a l  p ressures .  I n  t h e  f i e l d ,  severa l  
s t r a t e g i e s  i n c l u d i n g  c l a y  capping, p l a s t i c  l i n e r s ,  
and even s tandard  rec lama t i on  p r a c t i c e s  have 
reduced oxygen p a r t i a l  p ressure  i n  s p o i l  and r e f u s e  
t o  l e s s  than 10 o r  even 5% (Watz la f  and E r i ckson  
1986; Lusa rd i  and E r i ckson  1985).  However, 
r educ ing  oxygen p a r t i a l  p ressure  t o  t hese  l e v e l s  
d i d  n o t  s i g n i f i c a n t l y  s low t h e  o v e r a l l  p y r i t e  
o x i d a t i o n  r a t e  (Wa tz la f  and E r i ckson  1986). A 
l a b o r a t o r y  s tudy  (Pugh, Hossner and Dixon 1984) 
p a r t i a l l y  exp la ined  t h e  d i sc repanc ies  between f i e l d  
and l a b o r a t o r y  r e s u l t s .  The s tudy was c a r r i e d  ou t  
u s i n g  f ramboida l  p y r i t e  i n  an aqueous suspension 
i n o c u l a t e d  w i t h  a  pure  c u l t u r e  o f  T h i o b a c i l l u s  
f e r roox idans .  Resu l t s  o f  t h i s  s tudy i n d i c a t e d  t h a t  
t h e  r a t e  o f  p y r i t e  o x i d a t i o n  was independent o f  
oxygen p a r t i a l  p ressures  (O-order )  above 8% when 
b a c t e r i a  were p resen t .  Below 8% oxygen, t h e  p y r i t e  
o x i d a t i o n  r a t e  dropped sha rp l y .  Based on these 
r e s u l t s ,  no r e d u c t i o n  i n  t h e  p y r i t e  o x i d a t i o n  r a t e  
would be expected i n  s p o i l  o r  r e f u s e  p i l e s  un less  
t h e  oxygen p a r t i a l  p ressure  cou ld  be sus ta ined  a t  
l e v e l s  l e s s  t han  8% o r  un less  b a c t e r i a  cou ld  be 
i n h i b i t e d .  

P rev ious  s t u d i e s  (Lusa rd i  and E r i ckson  1985) 
i n d i c a t e d  t h a t  t h e  b u l k  o f  p y r i t e  o x i d a t i o n  
occur red i n  t h e  unsa tu ra ted  zone above t h e  water  
t a b l e .  Because many pub1 i shed  l a b o r a t o r y  p y r i t e  
o x i d a t i o n  r a t e s  (B ra ley  1960; C l a r k  1965; Mor th  and 
Smith 1966; and Pugh, Hossner, and Dixon 1984) were 
determined u s i n g  aqueous p y r i t e  suspensions, these 
r e s u l t s  were n o t  d i r e c t l y  a p p l i c a b l e  t o  t h e  f i e l d .  
T h i s  s tudy  was i n tended  t o  be a  comprehensive 
e v a l u a t i o n  o f  a b i o t i c  and b i o t i c  p y r i t e  o x i d a t i o n  
r a t e s  under unsa tu ra ted  c o n d i t i o n s  w i t h  d i f f e r e n t  
oxygen p a r t i a l  p ressures .  P y r i t e  o x i d a t i o n  was 
examined on t h r e e  d i f f e r e n t  sca les :  (1 )  p y r i t e  
su r faces  t o  a  depth  o f  20 angstroms; (2) 5  g  
q u a n t i t i e s  o f  p y r i t e  i n  smal l  columns; and, (3)  
175 kg q u a n t i t i e s  o f  p y r i t i c  sha le  i n  l a r g e  
columns. The r a t i o n a l e  o f  t h i s  approach was t o  
determine t h e  oxygen dependency o f  p y r i t e  o x i d a t i o n  
i n  t h e  s i m p l e s t  case ( i e .  t h e  o x i d a t i o n  o f  a  
su r face )  and observe apparent changes i n  oxygen 
dependency w i t h  i n c r e a s i n g  system comp lex i t y .  Use 
o f  t h i s  approach c o u l d  enab le  an i n t e r p o l a t i o n  t o  
f i e l d  sca le .  

Methods and M a t e r i a l s  
M a t e r i  a1 s  

The p y r i t e  used i n  su r face  and smal l  column 
s t u d i e s  was hand p i cked  f rom a  sample o f  t h e  
P i t t s b u r g h  coa l  bed c o l l e c t e d  i n  Barbour County, WV. 
The p y r i t i c  m a t e r i a l  was crushed t o  -60 mesh and 
s u b j e c t e d  t o  a  d e n s i t y  s e p a r a t i o n  u s i n g  
tetrabromoethane (2.96 g /cc) .  The s i n k  p o r t i o n  was 
washed i n  b o i l i n g  6N HC1 t o  remove s u l f a t e  and i r o n  
ox ides  and t o  k i l l  b a c t e r i a .  Evolved gas a n a l y s i s  
i n d i c a t e d  t h a t  t h e  p y r i t e  concen t ra te  conta ined no 
s u l f a t e  s u l f u r  and l e s s  than 1% o rgan i c  s u l f u r .  
The m a t e r i a l  was determined t o  c o n t a i n  g r e a t e r  than 
96% i r o n  d i s u l f i d e  based on t o t a l  s u l f u r  
measurements by combustion fu rnace.  

The m a t e r i a l  used f o r  l a r g e  column exper iments 
was a  da rk  g ray  p y r i t i c  shale,  super jacent  t o  t h e  
C l a r i o n  coa l  bed i n  C l e a r f i e l d  County Pennsylvania.  
The sha le  was crushed t o  pass 3 .8  cm and loaded 
i n t o  f o u r  columns c o n t a i n i n g  approx imate ly  175 kg 

each (Wa tz la f  and Hammack 1989). The crushed 
m a t e r i a l  was analyzed by t h e  combustion fu rnace 
method and found t o  c o n t a i n  3.5% s u l f u r .  

Sur face Weather in4 S tud ies  

X- ray  p h o t o e l e c t r o n  spectroscopy (XPS), a  
su r face  a n a l y s i s  techn ique,  was used t o  examine 
weather ing  p y r i t e  su r faces .  Because mass t r a n s f e r  
o r  d i f f u s i o n a l  e f f e c t s  a re  minimal d u r i n g  t h e  e a r l y  
stages o f  p y r i t e  su r face  o x i d a t i o n ,  t h e  measured 
r a t e s  b e t t e r  r e f l e c t  t h e  k i n e t i c s  o f  t h e  e l e c t r o n  
t r a n s f e r  component o f  p y r i t e  o x i d a t i o n .  

XPS p r o v i d e d  q u a n t i t a t i v e  e l e m e n t a l  
i n f o r m a t i o n  w i t h  a  d e t e c t i o n  l i m i t  o f  approx imate ly  
1% o f  atoms compr i s i ng  t h e  outermost monolayers.  
D i f f e r e n t  f o rma l  o x i d a t i o n  s t a t e s  c o u l d  be 
d i s t i n g u i s h e d  based on chemical  s h i f t  i n f o r m a t i o n  
(B rund le  1982).  Chemical s h i f t s  i n  t h e  s u l f u r  (2p)  
e l e c t r o n  b i n d i n g  energy (F ig .  1 )  were used i n  t h i s  
s tudy t o  d i s t i n g u i s h  between p y r i t i c  s u l f u r  
( r e a c t a n t )  and s u l f a t e  s u l f u r  ( p roduc t ) .  The XPS 
a n a l y s i s  depth  f o r  p y r i t e  was es t imated t o  be about 
2.3 nm based on measured i n e l a s t i c  mean f r e e  paths  
f o r  s i m i l a r  semiconductors (Buck ley ,  Woods, 
Wouter lood 1987).  T h i s  depth  corresponded t o  
t h i ckness  o f  4.24 p y r i t e  u n i t  c e l l s  (0.54175 
u n i t  c e l l ) .  
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F igu re  1. XPS scans o f  a  p y r i t e  su r face  showing 
t h e  S (2p) e l e c t r o n  r e g i o n  a f t e r  2, 6, and 13 
days o f  weather ing .  P y r i t i c  s u l f u r  and 
s u l f a t e  s u l f u r  peaks occur  a t  163.5 eV and 
169.5 eV, r e s p e c t i v e l y .  

The p y r i t e  was weathered a t  room temperature  
w i t h  a  cons tan t  h u m i d i t y  o f  88% and a  oxygen 
p a r t i a l  p ressure  o f  0.5, 5.0, 10.0, o r  21%, 
ba lance n i t r o g e n .  The convers ion o f  s u l f i d e  s u l f u r  
t o  s u l f a t e  s u l f u r  was moni tored.  For each sample, 
a  pe rcen t  conve rs ion  was c a l c u l a t e d  f rom t h e  
i n t e g r a t e d  p h o t o e l e c t r o n  i n t e n s i t i e s  f o r  s u l f a t e  
s u l f u r  ( b i n d i n 4  enerqv = 169 eV) and p y r i t i c  s u l f u r  
( b i n d i n g  energy = 165- eV) : 

Pc t .  = I s u l f a t e  s u l f u r  x 
( I  s u l f a t e  s u l f u r  + I s u l f i d e  s u l f u r )  

where I = i n t e g r a t e d  pho toe lec t ron  i n t e n s  
a r b i t r a r y  u n i t s .  



Because s u l f a t e  s u l f u r  and s u l f i d e  s u l f u r  were 
t h e  on1 y observed s u l f u r  species,  t h e  equa t i on  can 
be r e w r i t t e n :  

Percent  conv. = I s u l f a t e  s u l f u r  x 100 p c t  
I t o t a l  s u l f u r  

Immedia te ly  p r i o r  t o  weather ing,  samples f o r  XPS 
a n a l y s i s  were washed w i t h  b o i l i n g  4.8 N HC1 t o  
remove s u l f a t e ,  r i n s e d  w i t h  methanol, and d r i e d  
under vacuum. C y l i n d r i c a l  wafers  (13 m d iameter  h by 0.5 mm) were pressed under 700 kg/cm pressure .  
Weather ing chambers (F ig .  2) were cons t ruc ted  so 
t h a t  wafers  c o u l d  be removed w i t h o u t  d i s t u r b i n g  t h e  
atmosphere w i t h i n  t h e  chamber. P r i o r  t o  each 
exper iment,  t h e  chambers were washed w i t h  an 
a c i d i f i e d  s u r f a c t a n t  (sodium 1 a u r y l  s u l f a t e )  
s o l u t i o n  and then  r i n s e d  w i t h  methanol t o  reduce 
t h e  1 i k e l  ihood t h a t  b a c t e r i a l  c a t a l y s i s  cou ld  
occur .  

P e r i o d i c a l l y  d u r i n g  t h e  t e s t ,  one wafer  f rom 
each oxygen atmosphere was removed and p laced  i n  a 
Leybold-Heraeus LHS-10 photoe lec  r o n  spectrometer 
opera ted a t  a p ressu re  o f  2X10-H mbar o r  lower .  
X-rays f rom a magnesium anode (Mg K = 1253.6 eV) 
and an ana l yze r  pass energy o f  100 eV were used f o r  
t h e  a c q u i s i t i o n  o f  S(2p) data .  B ind ing  energy 
c a l i b r a t i o n s  were c a r r i e d  o u t  by a d j u s t i n g  t h e  
measured b i n d i n g  energy f o r  t h e  C(1s) spectrum o f  
a d v e n t i t i o u s  carbon t o  284.6 eV and s h i f t i n g  a l l  
o t h e r  measured b i n d i n g  energ ies  co r respond ing l y .  
Peak areas w i t h i n  t h e  S(2p) r e g i o n  a t t r i b u t a b l e  t o  
s u l f i d e  s u l f u r  and s u l f a t e  s u l f u r  were determined 
w i t h  t h e  Leybold-Heraeus DS-5 d a t a  system. The 
pe rcen t  conve rs ion  was c a l c u l a t e d  f o r  each wafer  
and p l o t t e d  versus weather ing  t ime.  

F igu re  2. Schematic o f  chamber used f o r  t h e  XPS- 
moni tored weather ing  o f  p y r i t e  wafers.  Wafers 
a r e  p laced  i n  r o d  c u t - o u t s  where t h e y  can be 
removed one a t  a t i m e  w i t h o u t  d i s t u r b i n g  t h e  
environment i n  t h e  chamber. 

Small Column S tud ies  

Four 40-cm by 2.54-cm I.D. columns (F ig .  3) 
were f i l l e d  w i t h  5 g each o f  p y r i t e  d i spe rsed  i n  
100 g o f  30 - 60 mesh acid-washed s i l i c a  sand. 
Glass wool a t  t h e  base o f  each column prevented t h e  
sample f rom washing o u t  o f  t h e  column. The columns 
were designed t o  a l l o w  p y r i t e  t o  weather under 
unsa tu ra ted  c o n d i t i o n s  i n  known oxygen atmospheres. 
C e r t i f i e d  gas m i x t u r e s  c o n t a i n i n g  0.005, 0.1, 0.3, 
0.5, 1.0, 5.0, 9.6, o r  14.5% oxygen, 5.0% carbon 
d i o x i d e ,  and ba lance n i t r o g e n  were ob ta ined  i n  
compressed gas c y l i n d e r s .  Gas m ix tu res  were 
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F i g u r e  3. Schematic of  se t -up  used f o r  smal l  
column weather ing  t e s t s .  

bubbled th rough  water  t o  humid i f y  t h e  gas stream, 
passed through a ro tometer ,  and then i n t roduced  
i n t o  t h e  base o f  each column (F ig .  3 ) .  The gases 
f l owed  up through t h e  p y r i t i c  m a t e r i a l  and Uere 
exhausted t o  t h e  atmosphere th rough a gas t r a p .  A 
f l o w  r a t e  o f  20 ml/min was main ta ined through each 
column. Ana l ys i s  o f  gases e x i t i n g  t h e  columns 
showed t h a t  t h i s  f l o w  r a t e  was s u f f i c i e n t  t o  
m a i n t a i n  cons tan t  oxygen con ten t  th roughout  t h e  
column. The columns were leached weekly w i t h  

200 ml o f  16 megohm de ion i zed  wa te r  ( c o n t r o l l e d  
oxygen atmospheres were main ta ined d u r i n g  l e a c h i n g  
p e r i o d s ) .  A most p robab le  number (MPN) t y p e  o f  
b a c t e r i a l  enumerat ion (American P u b l i c  H e a l t h  
A s s o c i a t i o n  1985; Cobley and Haddock 1975) was 
performed on each l eacha te  t o  determine t h e  
presence/absence o r  number o f  b a c t e r i a .  

Larqe Column S tud ies  

The 1 arge columns were cons t ruc ted  u s i n g  
1.92-111 l e n g t h s  o f  0.29-m d iameter  c a s t  a c r y l i c  
(F ig .  4 ) .  Three room temperature  exper iments were 
conducted w i t h  t h e  l a r g e  columns: (1) comparison 
o f  two a p p l i e d  oxygen p a r t i a l  p ressures  d u r i n g  
unsa tu ra ted  l each ing ;  (2) comparison o f  f o u r  
u n s a t u r a t e d  l e a c h i n g  f r e q u e n c i e s ;  and ( 3 )  
comparison o f  unsa tu ra ted  l e a c h i n g  w i t h  wa te r -  
s a t u r a t e d  l each ing .  De ion ized water  was added 
through t h e  t o p  o f  t h e  columns f o r  a l l  l e a c h i n g  and 
f l u s h i n g  t e s t s .  Fo r  t h e  f i r s t  t e s t ,  t h e  t ops  o f  
t h e  columns were c losed  t o  t h e  atmosphere. 
C e r t i f i e d  gas m i x t u r e s  c o n t a i n i n g  1.5% and 10.5% 
oxygen, ba lance n i t r o g e n  were h u m i d i f i e d  and f lowed 
through t h e  columns a t  a r a t e  s u f f i c i e n t  t o  
m a i n t a i n  a cons tan t  oxygen p a r t i a l  p ressure  
th roughout  t h e  columns (3.1 L/min). For t e s t s  two 
and th ree ,  t h e  t o p  o f  t h e  columns remained open t o  
t h e  atmosphere. Du r i ng  a1 1 unsa tu ra ted  l e a c h i n g  
t e s t s ,  t h e  v a l v e  on t h e  f i n a l  l eacha te  c o l l e c t i o n  
system remained open w i t h  t h e  end o f  t h e  tube kep t  
under water  t o  avo id  oxygen i n f l o w .  Du r i ng  
f l u s h i n g  t e s t s ,  t h e  columns remained sa tu ra ted  w i t h  
wa te r  w i t h  a cons tan t  water  l e v e l  main ta ined a t  
0.15 m above t h e  su r face  o f  t h e  sha le .  Twenty 



Figure 4. Schematic o f  set-up used f o r  l a r g e  
column weathering tes ts .  

l i t e r s  o f  w a t e r  were added and withdrawn 
simultaneously t o  mainta in  t h i s  water l e v e l .  MPN 
b a c t e r i a l  enumerations were performed p e r i o d i c a l l y  
t o  insure the  presence o f  v i a b l e  b a c t e r i a l  
populat ions. 

Anal v t i c a l  

The leachates from both the small column and 
1 arge column t e s t s  were analyzed f o r  s u l f a t e  using 
i o n  chromatography. Gas chromatography was used t o  
determine oxygen i n  the  e f f l u e n t  gases from the  
co l  umns . 

RESULTS AND DISCUSSION 

Surface Studies 

The room temperature ox ida t ion  o f  p y r i t e  
surfaces was c a r r i e d  ou t  under a b i o t i c  condi t ions 
a t  0.5, 5.0, 10.0, and 21% oxygen and 88% r e l a t i v e  
humidity.  The surface ox ida t ion  o f  p y r i t e  a t  21% 
oxygen i s  shown i n  F igure 5. I n i t i a l  ox ida t ion  
r a t e s  are rap id .  The apparent pass iva t ion  t h a t  
occurs a f t e r  300 h rs  o f  weathering i s  an a r t i f a c t  
o f  t h e  XPS t e c h n i q u e  r e s u l t i n g  from the  
mobi l  i z a t i o n  and r e c r y s t a l  1  i z a t i o n  o f  ox ida t ion  
products. Howe-er, the  slope o f  the  least-squares 
f i t  l i n e  through the  i n i t i a l  po in ts  i s  i n d i c a t i v e  
o f  the  ox ida t ion  r a t e .  A b i o t i c  surface ox ida t ion  

r a t e s  a t  0.5, 5.0, 10.0, and 21% oxygen are shown 
i n  F igure 6. Oxidat ion r a t e s  measured by XPS i n  
t h i s  study are based on the amount o f  p y r i t e  a t  the  
sur face and "ava i lab le "  f o r  reac t ion  and, are 
s i g n i f i c a n t l y  f a s t e r  (20 t o  40 t imes) than r a t e s  
t y p i c a l l y  reported. Pub1 i shed ox ida t ion  ra tes  are 
based on bu lk  p y r i t e  content (amount o f  s u l f a t e  
produced o r  oxygen consumed per  gram bu lk  p y r i t e  
per hour) al though on ly  a small f r a c t i o n  o f  the  
bu lk  p y r i t e  i s  a t  the  surface and ava i lab le  f o r  
react ion.  
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Figure 5. XPS-monitored a b i o t i c  weathering o f  a  
p y r i t e  surface a t  21% oxygen and 88% r e l a t i v e  
humidity.  
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Figure 6. A b i o t i c  surface ox ida t ion  r a t e  a t  
d i f fe ren t  oxygen p a r t i a l  pressures. 

I n  t h i s  study, the  a b i o t i c  surface ox ida t ion  
r a t e  (Table 1) i s  found t o  be independent o f  oxygen 
content above 10% ( 0 - t h  order react ion) .  Below 10% 
oxygen, the  r a t e s  are p ropor t iona l  t o  the  oxygen 
content ( f i r s t  order  reac t ion ) .  

Table 1. A b i o t i c  Oxidat ion o f  P y r i t e  Surfaces 

React i o n  
Oxvaen order Rate eauation 

Below 10 p c t  1 s t  dSOq/dt = (0.45 mg SOq/g-FeS2/hr/pct 02 ) (pc t  02) t 0.64 

Above 10 p c t  0  dSOq/dt = 5.0 mg SOq/g-FeS2/hr 



Small Columns 

Oxidat ion wi thout  Bacter ia .  A b i o t i c  ox ida t ion  
experiments were c a r r i e d  ou t  on HC1 -washed p y r i t e  
under unsaturated condi t ions a t  oxygen contents o f  
0.5, 5.0, 9.6, and 14.5%. MPN b a c t e r i a l  counts 
performed on the  leachates ind ica ted  t h a t  the  
columns were s t e r i l e  throughout the experiment. 
P lo ts  o f  cumulat ive s u l f a t e  i n  the leachates versus 
weathering t ime (F ig.  7) are l i n e a r  and show t h a t  
a b i o t i c  p y r i t e  ox ida t ion  i s  h i g h l y  dependent on the  
oxygen content o f  the  column atmosphere. Oxidat ion 
r a t e s  were ca lcu la ted  from the  slope o f  the  l e a s t -  
squares l i n e  f i t  t o  cumulat ive s u l f a t e  p l o t s .  
A b i o t i c  ox ida t ion  r a t e s  a t  d i f f e r e n t  oxygen 
contents are shown i n  Figure 8 (wi thout  bac te r ia )  
and Table 2. The a b i o t i c  ox ida t ion  o f  p y r i t e  a t  
small -column scale i s  1 s t  order above 5% oxygen. 
Below 5% oxygen, the r e a c t i o n  order appears t o  
f a l l  below 1 which agrees w i t h  publ ished r e s u l t s  
(Nicholson, G i l l  ham, and Reardon 1988). I n  surface 
studies, p y r i t e  ox ida t ion  was independent o f  oxygen 
p a r t i a l  pressures above 10%. However, a t  small 
column scale, the  reac t ion  i s  f i r s t  order i n  t h i s  
range. It can be speculated t h a t  a t  surface scale, 
the d i f f u s i o n a l  component o f  p y r i t e  ox ida t ion  ( the  
most s e n s i t i v e  t o  oxygen p a r t i a l  pressure) i s  
minimal. 

Oxidat ion w i t h  Bacter ia .  The room temperature 
b i o t i c  ox ida t ion  o f  p y r i t e  was c a r r i e d  ou t  under 
unsaturated cond i t i ons  a t  oxygen contents o f  0.005, 
0.1, 0.3, 0.5, 1.0, and 10% (5% oxygen column broke 
dur ing t e s t ) .  Each column was inoculated w i t h  
30 ml o f  ac id  drainage from a coal mine i n  
Westmoreland County, PA. MPN's were performed 
dur ing  the  experiment t o  make c e r t a i n  t h a t  each 
column contained v i a b l e  bac te r ia .  
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Figure 8. A b i o t i c  r a t e s  o f  p y r i t e  ox ida t ion  i n  
small columns maintained a t  d i f f e r e n t  oxygen 
p a r t i  a1 pressures. 

Cumulative s u l f a t e  versus weathering t ime 
p l o t s  f o r  b i o t i c  ox ida t ion  are shown i n  Figure 9. 
Oxidat ion r a t e s  were determined from the  slope o f  
the  least-squares f i t  l i n e  through the  s ta t ionary  
phase. At  t h i s  time, the  e f f e c t  o f  s u l f a t e  o r  
f e r r i c  i r o n  added w i t h  the  inoculum would be 
i n s i g n i f i c a n t .  The inoculum could, a t  most, 
c o n t r i b u t e  on ly  about 60 mg o f  s u l f a t e  inc lud ing  
s u l f a t e  from the  ox ida t ion  o f  p y r i t e  by f e r r i c  i r o n  
i n  the inoculum. Un l i ke  a b i o t i c  ox idat ion,  b i o t i c  
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Figure 9. P l o t s  o f  cumulat ive s u l f a t e  load versus 
weathering t ime f o r  the  b i o t i c  weathering o f  
p y r i t e  i n  small columns under d i f f e r e n t  oxygen 
p a r t i  a1 pressures. 

Figure 7. P lo ts  of cumulative s u l f a t e  load versus 
weathering t ime f o r  the a b i o t i c  weathering o f  
p y r i t e  i n  small columns under d i f f e r e n t  oxygen 
p a r t i a l  pressures. 

Table 2. A b i o t i c  Oxidat ion i n  Small Columns 

Reaction 
Oxvqen order Rate eauation 

Be1 ow 5 p c t  F rac t iona l  I n s u f f i c i e n t  data 

Above 5 p c t  1 s t  dS04/dt = (0.006 mg S04/g-FeS2/hr/pct 02) (pc t  02) + 4.63 



Table 3. B i o t i c  Oxidat ion i n  Small Columns 

Reaction 
Oxvqen order Rate eauation 

0.1 - 1  p c t  1 s t  dS04/dt = (0.073 mg S04/g-FeS2/hr/pct 02) ( p c t  02) t 7.22 

Above 1  p c t  0  dS04/dt = 0.13 mg S04/g-FeS2/hr 

ox ida t ion  i s  no t  s i g n i f i c a n t l y  i n h i b i t e d  by reduced 
oxygen contents (Fig. 8, w i t h  bac te r ia )  and Table 
3. I n  f a c t ,  the  reac t ion  r a t e  i s  independent o f  
oxygen p a r t i a l  pressures (0-order reac t ion )  above 
1%. Below 1% oxygen, the  reac t ion  appears t o  be 
f i r s t  order u n t i l  some p o i n t  below 0.1%. 

The ox ida t ion  r a t e  a t  oxygen p a r t i a l  pressures 
above 1% (0.13 mg SOq/g-FeSp/hr) i s  i n  good 
agreement w i t h  publ ished r a t e s  (Table 4 ) .  It i s  
a lso  apparent t h a t  the ra tes  o f  a b i o t i c  and b i o t i c  
p y r i t e  ox ida t ion  are n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  
oxygen p a r t i a l  pressures above 15% (Fig.  8 ) .  The 
r o l e  o f  b a c t e r i a  i s  t o  susta in  h igh ox ida t ion  r a t e s  
a t  low oxygen p a r t i a l  pressures. 

Larqe Columns 

Small column t e s t s  ind ica ted  t h a t  the r a t e  o f  
b i o t i c  p y r i t e  ox ida t ion  was independent o f  oxygen 
p a r t i a l  pressures ( 0 - t h  order reac t ion )  above 1%. 
This  ind ica tes  t h a t  measures taken t o  reduce oxygen 
p a r t i a l  pressures would be i n e f f e c t i v e  a t  reducing 
p y r i t e  ox ida t ion  unless oxygen could be maintained 
a t  l e v e l s  below 1%. This i s  n o t  economically 
poss ib le  a t  present using b a r r i e r s  other  than 
water. I n  l a r g e  column tes ts ,  no d i f fe rence  i n  
b i o t i c  p y r i t e  ox ida t ion  r a t e  was found between 
columns w i t h  appl i e d  atmospheres o f  1.5% and 10.5% 

oxygen ( F i g  10). These r e s u l t s  corroborate the 
r e s u l t s  o f  small column t e s t s  and i n d i c a t e  t h a t  
cu r ren t  oxygen-impermeable o r  -consumptive b a r r i e r s  
(except water) w i l l  no t  be e f f e c t i v e  a t  l i m i t i n g  
p y r i t e  ox ida t ion  wi thout  b a c t e r i a l  i n h i b i t i o n .  
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F igure 10. P l o t s  o f  cumulative s u l f a t e  load versus 
weathering t ime f o r  saturated and unsaturated 
p y r i t i c  shale i n  l a r g e  columns. 

Table 4. Pyrite oxidation zates, oxygen depMdence, and water dependence reported by other authors. 

Observed O2- Hz* Pyrite Particle species 
Investisator rate d d e n c e  M e n c e  tWe size Temerature Monitored Renarks 

Braley (1960) 0.13 mg NA 
SO -2 (first-order) &-7 

Clark (1965) 0.11 mg Linear NA 
SO -2 l~eS2 (first-order) 7- hr- for dissolved 

oxygen 

Morth and 0.06 mg Non-linear Non-linear 
Smith (1966) SOP;!~-'F~S~ (fractional (order 

order) exceeds1 
as 100% 
relative 
humidity is 
appm-)  

Nicholson atd 0.13 ng Adsorptfm NA 
athers (1988) SO -2 '~eS2 (Laqmur- 7- hr- type) 

Sulfur 
ball 

Sulfur 
ball 

Sulfur 
ball 

Not 
spec. 

Massive, 
fmn 

various 
locations 

-8 + 40 
mesh 

Sulfate 

-40 + 50 ZOO C Sulfate 
mesh 

2-8 nun 25O C Sulfate Spoil 
sample 

76 um 23O C Sulfate Cakmate 
buffered 

NA - Not applicable. 
ND - Not determined. 



The e f f e c t  o f  l e a c h i n g  frequency i s  shown i n  
F igu re  11. Columns 1 -4  were leached as f o l l o w s :  
column #1, 1L eve ry  day; column #2, 7L every  
7 days; column #3, 14L every  14 days; and column 
#4, 21L eve ry  21 days. The r e s u l t s  o f  t h i s  
exper iment i n d i c a t e d  t h a t  t h e  b u i l d  up o f  weathered 
p roduc ts  d i d  n o t  r e t a r d  p y r i t e  o x i d a t i o n  by su r face  
p a s s i v a t i o n .  An a l t e r n a t i v e  exp lana t i on  i s  t h a t  
t h e  s o l u b i l  i z a t i o n  o f  s u l f a t e  m ine ra l s  under these 
c o n d i t i o n s  may be s lower  than p y r i t e  o x i d a t i o n .  
There fore ,  l e a c h i n g  f requency t e s t s  may o n l y  be 
i n d i c a t i v e  o f  t h e  r a t e  o f  o x i d a t i o n  p roduc t  
s o l u b i l i z a t i o n  r a t h e r  than p y r i t e  o x i d a t i o n .  

cnn 1 L C 4 C H N G  INTERVAL / 0 - 

F i g u r e  11. P l o t s  o f  cumu la t i ve  s u l f a t e  l o a d  versus 
w e a t h e r i n g  t i m e  a t  d i f f e r e n t  l e a c h i n g  
f requenc ies .  

Resu l t s  o f  t h i s  s tudy i n d i c a t e  t h a t  a t tempts  
t o  l i m i t  p y r i t e  o x i d a t i o n  under unsa tu ra ted  
c o n d i t i o n s  would be d i f f i c u l t  and undoubtedly 
expensive.  However, water  i s  an e f f e c t i v e  oxygen 
b a r r i e r .  F i g u r e  12 compares t h e  r a t e s  o f  r e l e a s e  
o f  s u l f a t e  under unsa tu ra ted  and wa te r - sa tu ra ted  
c o n d i t i o n s .  For  unsa tu ra ted  l each ing ,  s u l f a t e  was 
re leased  a t  a  r a t e  o f  18.2 g/day compared t o  
0.7 g/day when t h e  sha le  remained inundated and 
f l u s h e d  b iweek l y  w i t h  20 L o f  oxygen-satura ted 
water  (D.O. = 8  mg/L). S t o i c h i o r n e t r i c a l l y ,  t h e  
amount o f  oxygen added through f l u s h e s  w i t h  oxygen- 
s a t u r a t e d  water  can account f o r  0.2 g/day o f  
s u l f a t e  f rom t h e  o x i d a t i o n  o f  p y r i t e .  The 
remain ing 0.5 g/day o f  s u l f a t e  re leased  cou ld  be 
due t o  a d d i t i o n a l  p y r i t e  o x i d a t i o n  f rom f e r r i c  i r o n  
r e s i d e n t  i n  t h e  columns o r  d i s s o l v e d  oxygen 
t r a n s f e r r e d  f rom t h e  atmosphere. It i s  a l s o  
p o s s i b l e  t h a t  some o f  t h e  s u l f a t e  i s  f rom t h e  
con t i nued  s o l u b i l i z a t i o n  o f  p r e v i o u s l y  formed 
s u l f a t e  compounds. A d d i t i o n a l  t e s t s  us ing  oxygen- 
dep le ted  water  f o r  t h e  20-L f l u s h e s  r e s u l t e d  i n  a  
s u l f a t e  r e l e a s e  r a t e  o f  0.5 g/day. 

The importance o f  m a i n t a i n i n g  complete water  
i n u n d a t i o n  was i l l u s t r a t e d  d u r i n g  these t e s t s .  A  
l e a k  developed between t e s t s  t h a t  dropped t h e  l e v e l  
o f  t h e  water  t o  0.5 m  below t h e  suface o f  t h e  
sha le .  It i s  n o t  known how l o n g  t h i s  upper 0.5 m  
o f  sha le  was exposed, b u t  i t  was f o r  no more than 
32 days. Du r i ng  and f o r  a  s h o r t  p e r i o d  a f t e r  
r e s a t u r a t i o n ,  t h e  s u l f a t e  re lease  r a t e  i n t o  
s o l u t i o n  was a  minimum o f  6.9 g/day, t e n  t imes t h e  
r a t e  d u r i n g  s a t u r a t i o n .  A f t e r  r e s a t u r a t i o n ,  t h e  
s u l f a t e  r e l e a s e  r a t e  dropped t o  p r e - l e a k  1  eve1 s. 
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F i g u r e  12. P l o t s  o f  t h e  cumu la t i ve  s u l f a t e  l o a d  
versus weather ing  t i m e  f o r  1  arge columns 
ma in ta ined  a t  oxygen p a r t i a l  p ressures  o f  1.5% 
and 10.5%. 
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When m a t e r i a l  i s  f i r s t  exposed by min ing,  
f r e s h  p y r i t e  su r faces  occur  a long f r a c t u r e s  i n  t h e  
newly broken rock .  The pH o f  t h e  m a t e r i a l  i s  near -  
n e u t r a l ,  which l i m i t s  f e r r i c  i o n  s o l u b i l i t y  and t h e  
c a t a l y t i c  e f f e c t  o f  b a c t e r i a  on p y r i t e  o x i d a t i o n .  
I n  t h i s  scenar io ,  t h e  a b i o t i c  su r face  o x i d a t i o n  
r a t e s  determined by XPS a r e  app l i cab le .  These 
r a t e s  a r e  r a p i d  because t h e  r e a c t i o n  i s  n o t  
d i f f u s i o n - l i m i t e d  a t  t h i s  p o i n t .  The oxygen 
p a r t i a l  p ressu re  would have t o  be main ta ined below 
10% t o  a f f e c t  p y r i t e  o x i d a t i o n  r a t e s  i n  f r e s h  
m a t e r i a l .  A l though these  c o n d i t i o n s  may o n l y  e x i s t  
f o r  a  few days, t h e  i n i t i a l  a b i o t i c  o x i d a t i o n  i s  
impor tan t  because i t  e s t a b l i s h e s  t h e  low-pH, 
f e r r o u s  i r o n - r i c h  environment necessary f o r  t h e  
growth  o f  i r o n - o x i d i z i n g  b a c t e r i a .  

- 

Once b a c t e r i a l l y - m e d i a t e d  p y r i t e  o x i d a t i o n  i s  
es tab l i shed ,  t h e  oxygen p a r t i a l  p ressure  would have 
t o  be ma in ta ined  below 1% t o  r e a l i z e  any r e d u c t i o n  
i n  o x i d a t i o n  r a t e .  Reducing oxygen p a r t i a l  
p ressures  t o  t h i s  l e v e l  w i t h  s o l i d  covers  i s  n o t  
p r a c t i c a l .  However, i f  b a c t e r i a  a re  i n h i b i t e d ,  any 
r e d u c t i o n  i n  oxygen p a r t i a l  p ressure  f rom 
atmospher ic (21%) w i l l  r e s u l t  i n  a  p r o p o r t i o n a l  
decrease i n  p y r i t e  o x i d a t i o n  r a t e .  

The most e f f e c t i v e  s t r a t e g y  f o r  l i m i t i n g  
p y r i t e  o x i d a t i o n  i s  t o  p l a c e  p y r i t i c  m a t e r i a l  below 
a  permanent water  t a b l e .  Resu l t s  o f  t h i s  s tudy  
i n d i c a t e  t h a t  p y r i t e  o x i d a t i o n  r a t e s  can be reduced 
by a t  l e a s t  96% w i t h  i nunda t i on .  However, i t  i s  
impor tan t  t h a t  p y r i t i c  s p o i l  be immedia te ly  
f looded.  Any s to rage  above t h e  water  t a b l e  w i l l  
r e s u l t  i n  r a p i d  p y r i t e  o x i d a t i o n  even a t  l ow  l o v e l s  
o f  oxygen un less  b a c t e r i a  a r e  i n h i b i t e d .  The 
o x i d a t i o n  p roduc ts  t h a t  fo rm d u r i n g  s to rage  w i l l  be 
s o l  u b i l  i z e d  when t h e  m a t e r i a l  i s  f looded,  r e s u l t i n g  
i n  an s l u g  o f  degraded water .  However, once t h e  
s t o r e d  o x i d a t i o n  p roduc ts  a re  removed, water  
q u a l i t y  w i l l  improve. Any f i e l d  t r i a l  of 
i n u n d a t i o n  must a l l o w  f o r  d i f f e r e n t i a t i o n  between 
s u l f a t e  d e r i v e d  f rom p roduc t  s o l u b i l i z a t i o n  and 
s u l f a t e  f rom on-going p y r i t e  o x i d a t i o n .  It i s  a l s o  
d e s i r a b l e  t h a t  groundwater f l o w  through t h e  
impoundment be slow and f rom an oxygen-depleted 
source, i f  poss ib le .  O x i d a t i o n  r a t e s  determined 
f o r  o x w e n - s a t u r a t e d  aqueous p y r i t e  suspensions 



(N icho lson ,  Gillham, and Reardon 1988) are 
equiva lent  t o  the  r a t e s  determined i n  t h i s  study 
f o r  unsaturated condi t ions.  This ind ica tes  t h a t  
f l o o d i n g  w i l l  no t  reduce p y r i t e  ox ida t ion  i f  the  
p y r i t e  i s  contacted by a h igh f low o f  oxygen- 
saturated water. However, these condi t ions are 
u n l i k e l y  t o  e x i s t  i n  an inundated b a c k f i l l .  

R e s u l t s  o f  t h i s  study i n d i c a t e  t h a t  under 
unsaturated condi t ions,  p y r i t e  ox ida t ion  ra tes  can 
on ly  be reduced by b a c t e r i a l  i n h i b i t i o n  i n  
conjunct ion w i t h  an oxygen-consumptive o r  oxygen- 
impermeable b a r r i e r .  Inundating p y r i t i c  mater ia l  
w i l l  reduce ox ida t ion  r a t e s  by a t  l e a s t  96% and i s  
the  the  most e f f e c t i v e  means o f  c o n t r o l l i n g  p y r i t e  
ox ida t ion .  
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AN APPLICATION OF ACID-BASE ACCOUNTING FOR 
HIGHWAY CONSTRUCTION IN EAST TENNESSEE' 

by 

J.T. Ammons, C.B. Coburn, Jr., and P.A. Shelton2 

Abstract. Concern over the environmental impact 
of hiqhwav construction on the foothills Scenic 
~arkwa; in- east Tennessee prompted the use of acid- 
base accounting to evaluate overburden rocks. Samples 
were acquired during active construction to evaluate 
the acid producing potential of the overburden. A 
core was provided representing the middle portion of 
the overburden for acid-base accounting and 
mineralogical analyses. Substantial quantities of 
pyrite were noted in a few zones in the overburden. 
Most of the overburden contained sufficient 
neutralizers to neutralize the potential acidity if 
the overburden was blended in the fill during 
construction. Higher neutralization potential values 
in the overburden were directly related to the 
relative proportion of dolomite detected in the 
samples. 

Additional key words: acid-base accounting, 
highway construction, east Tennessee. 

Introduction 

The Tennessee Department of 
Transportation (TDOT) had expressedconcern 
that acidity problems might be encountered 
during the construction of the Foothills 
Scenic Parkway in East Tennessee (Fig. 1). 
These concerns were based on sporadic 
vegetation failures observed on the 
previously completed section of the 
parkway. 

Certain sections of the precambrian 
rocks of east Tennessee contain pyrite 
(FeS,), (Byerly and Middleton, 1981) and 
the oxidation of pyrite will result in the 
formation of acidity. Drastic land 
disturbances, such as highway construction, 
expose iron disulfide to the air and water 
necessary to promote the following reaction 
presented in a simplified form: 
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Charleston, West Virginia, April 23-26, 
1990. 
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Coburn, Jr. is Professor of Biology, 
Tennessee Technological University, 
Cookeville, Tennessee. P.A. Shelton is 
Research Associate, Southern Illinois 
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The production of sulfuric acid affects 
water and soil quality. Minerals are 
dissolved in the acid environment developed 
during the oxidization process, and 
elements are mobilized in the soil which 
could impact water quality in the immediate 
watershed. 

Jago and Byerly (1988) conducted a 
leaching study on pyritic precambrian rocks 
containing pyrite in east Tennessee. Using 
acid-base accounting, they establishedthat 
the acid-producing potential for the 
material under evaluation was 23.7 tons per 
1000 tons material (CaCO, equivalent). 
They concluded that additions of interlayer 
lime to fill material improved the leachate 
quality. 

The objectives of this study were to 
identify the acid producing strata in the 
overburden core and to access the 
environmental impact for revegetation and 
water quality. 

Materials and Methods 

Several samples were analyzed from the 
active construction site to assess whether 
the overburden had acid-producins 
potential. An overburden core was provided 
by TDOT from the geologic section affected 
during construction. Water quality 
sampling stations were in place to monitor 



chemical parameters for pre-construction, 
active-construction, and post-construction 
phases of the project. 

The first sampling was completed on- 
site during active construction. Six 
samples were removed at random from 
disposal piles. Different rock types were 
selected to determine if materials placed 
in the fill were potentially toxic. The 
Tennessee Department of Transportation 
provided a thirty-two foot section of the 
overburden for laboratory analyses. The 
upper twenty-five feet of the core was not 
sampled. The overburden core and the pile 
sample sites were located near Caylor Gap 
on the Wear Cove, Tennessee Geologic 
Quadrangle (Fig. 1). 

Both overburden core and pile samples 
were ground to less than 60 mesh and were 
analyzed using acid-base accounting (Smith 
et al. 1974; Sobek et al. 1978). Total 
sulfur values were used to calculate the 
acid-base account. The neutralization 
potential followedthe guidelines presented 
by Shelton et al. (1984). 

Mineralogical analyses were conducted 
on the overburden core samples. Ground 
samples (less than 60 mesh) were placed in 
metal powder sample holders and scanned 
from 2 degrees to 60 degrees 2 theta using 
copper ( k )  alpha radiation (McMurdie et al. 
1986). 

Water quality has been monitored since 
the inception of the construction on the 
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parkway. Station I (Fig.1) is a water 
monitoring sampling station in the 
watershed draining Caylor Gap where the 
overburden core and the pile samples were 
collected. Data reported are an average of 
twelve months for each year. 

Results and Discussion 

Preliminary sampling 

Results from the pile samples obtained 
during active construction are reported in 
Table 1. The rocks were identified as part 
of the Anakeesta formation, Precambrian 
age, from the Great Smokey Mountain Group. 
The Anakeesta formation consists of "dark 
gray, bluish-gray, black slates with 
interbeds of fine-grain sandstoneqq 
(Hardeman 1966). Three of the pile samples 
were potentially toxic (Table 1). Samples 
showing a deficiency of 5 tons/1000 tons 
material (CaCO, equivalent) are considered 
potentially toxic (Smith et al. 1974; Sobek 
et al. 1978). 

Overburden Analysis 

All of the samples contained a 
significant concentration of total sulfur 
(>0.4%) (Table 2). In most samples, 
sufficient neutralizers were present to 
counteract potential acidity. 

Potentially toxic zones were found at 
depths of 30 to 37 feet and 47 to 52 feet 
(Table 2 and Fig. 2). The potentially 
toxic 

Figure 1. Location of Overburden Core, Pile Samples, and Water Monitoring 

Station on the Foothills Scenic Parkway. 



Table 1. Acid-Base Account of Grab Samples. Foothills Scenic Parkway. 

CaCO, equivalents ( tons/ 1000 tons material) 
Sample Paste Munsell Percent Max From 
Number pH Color Fizz Sulfur Sulfur N.P. Deficiency Excess 

1 5.8 2.5Y6/0 None .063 1.98 1.03 -95 
2 5.4 5Y8/1 None .019 .58 .11 .47 
3 7.4 5Y6/1 Slight .031 .96 1.03 .07 
4 6.2 2.5Y6/0 Slight 2.149 67.16 2.86 64.30 
5 7.3 2.5Y7/0 Slight .684 21.38 .92 20.46 
6 7.0 2.5Y6/0 Slight 2.358 73.69 2.86 70.83 

rocks were sandstone conglomerates with a 
dark shale-slate intercalate. Pyrite was 
visually confirmed between the bands of 
shaly slate and the sandstone conglomerate 
with the aid of a 10X hand lens. 
Revegetation and water quality problems can 
be anticipated if the potentially toxic 
materials are deposited on the surface. 

The physical stability of the pyrite 
containing rocks were not evaluated in this 
study, but the rapidity of rock 
disintegration in the fill indicates that 
water quality and revegetation may be 
impacted. Future studies on the 
Precambrian rocks in east Tennessee should 
include physical stability and\or 
weatherability evaluations. If these rocks 
are resistant to physical and chemical 
breakdown in the construction fill, 
products from the oxidation of pyrite will 
be minimized. This will enhance success of 
revegetation and reduce affect on water 
quality in the watershed. A rapid, 
chemical and physical breakdown may affect 
the stability of the fill plus increase 
surface area which will increase oxidation 
reactions in rocks containing pyrite. 

Mineralogy 

Primary minerals present in the 
overburden samples were chlorite, 
muscovite, orthoclase, quartz, anddolomite 
(Table 3). Pyrite was not detected in the 
x-ray analysis. Samples containing less 
than 10% dolomite were potentially toxic 
(Table 2). The presence of dolomite 
contributed heavily to the high NP values. 
In the absence of dolomite, the NP's are 
low. The dolomite is probably responsible 
for the majority of the bases in these 
overburden rocks. 

Sulfate andmagnesium concentrations in 
the water varied over the five-year period 
(Fig. 3), but showed a slight increase. 
The variation in sulfate was probably due 
to differences in rainfall over the five- 
year period. The increase in magnesium 
concentrations were probably related to 
weathering of dolomite in the fill. 

Conclusions 

Substantial quantities of pyritic 

0 1 00 200 300 
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Figure 2. Acid-Base Account of Foothills Parkway Overburden Core. 



Tahle 2. Acid-Base Account of Overburden Core. Foothills Scenic Parkway. 

CaCO, equivalents (tons/1000 tons material) 
Sample Munsell Percent Max From 
Number Depth Color Fizz Sulfur Sulfur N.P. Deficiency Excess 

Strong -843 
Slight .717 
Slight 2.840 
Strong -67 4 
Strong 1.160 
Moderate .8lO 
Moderate 1.443 
Moderate 2.853 
Moderate .925 

Table 3. Summary of Mineralogical Analyses for Overburden Core. Foothills Scenic 
Parkway. 

Sample Depth Chlorite' Muscovitez orthoclase' Dolomite' Quartz5 

ft ------------------- Approx. Percentage - - - - - - - - - - - - - - - -em- -  

' - Chlorite - (Fe,A1,Mg).(Si,Al),O,,(OH). 

" - Orthoclase - KAlSi,O, 
- Dolomite - Ca,Mg(Co,), 
- Quartz - SiO, 

materials are present in the Precambrian 
rocks studied on the Foothills Scenic 
Parkway. Byerly and Middleton (1981) 
reported acid-base account values for 
potentially deleterious rocks southwest of 
the Great Smoky Mountains in Monroe County, 
Tennessee. Values in this study ranged from 
a deficiency of 7.69 to 42.88 calcium 
carbonate equivalent (tons/1,000 tons 
material). This is compared to samples 
from the Foothills Parkway where the pile 
samples ranged from an excess of -07 to a 
deficiency 70.83 and the overburden samples 
ranged from an excess of 271.08 to a 
deficiency of 87.88 calcium carbonate 
equivalent (tons/1,000 tons material). Most 
zones in the overburden tested on the 
Foothills Parkway contain sufficient 
quantities of basic materials to neutralize 
potential acidity in the fill if the 
materials are blended. This is supported, 
in part, by results reported by Jago and 
Byerly (1988). In a pyritic material 

encapsulation study involving .Precambrian 
rocks, they found the best leachate quality 
was achieved by interlayering limestone 
with the fill material. 

Higher NP values in the Foothill's 
study are directly related to the relative 
proportion of dolomite detected in the 
samples. This is probably responsible for 
elevated levels of magnesium in the water 
quality samples. 

The following are suggestedguidelines 
to accomplish the best post-construction 
environmental quality: 

1. Complete an overburden analysis (acid- 
base accounting) on the geologic section 
to be removed during construction. 

2. During construction, monitor overburden 
for changes in depth or sequence of 
acid-toxic rocks. 
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Figure 3. Five-Year Average of Sulfate and Magnesium Water Quality Data. 

Station I, Foothills Scenic Parkway. 

3. Examine older fills constructed from 
the same geologic materials for 
presence of acid-toxic rocks and 
vegetation success. 

4. Study the physical stability of 
overburden rocks under controlled 
experimental conditions. 

5. Monitor water quality in watersheds 
affected by construction activities. 
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