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Abstract. '!he addition of alkaline materials to supplement 
deficient "neutralization p:,tential 11 (NP) of mine s:i;x:>il, and thus 
to prevent or abate acid mine drainage, has not been successful 
at rrost surface coal mines in Pennsylvania. A basic problem may 
have been improper accounting for acid-prcx:luction {X)tential and 
thus. inad~te addition rates of calcium carb:mate (Caoo3), 
calcnnn o,ade (Cao), or calcilnn hydroxide [Ca(OH)il at many 
mines. The comnonly used acid-base accounting method is based on 
the following overall reaction: 

FeSz + 2 CaCXl:J + 3. 75 Oz + 1.5 HzO > 

Fe(OH) 3 + 2 so4- 2 + 2 ea+2 + 2 co2 (g), 

'Where the acidity from 1 mole of pyrite (FeS2 ) is neutralized by 
2 rroles of earo3 . 'lhis method presumes that gaseous carbon 
dioxide ( co2 ) will exsol ve, and therefore may underestimate by up 
to a factor of 2 the quantity of eaco3 required to neutralize the 
11:maximum p:,tential acidity11 (MPA) in the mine sp:,il. 'Ihis pa:r;:er 
reviews some gecdlemical reactions involving FeS2 and various 
alkaline additives that supp:irt the argumant that the acid-base 
accounting method for =np.11:ing MPA from overburden analyses 
should be revised. Considering the stoichiometry of the 
following overall reaction: 

FeSz + 4 Ca.C:03 + 3.75 Oz+ 3.5 H20 > 

Fe(OH)3 + 2 S04-2 + 4 ea+2 + 4 HCXJ:i-, 

4 moles of Ca.003 are required to neutralize the :rraxirnum i;x:>tential 
acidity prcduced by the oxidation of 1 nole of FeS2 . 'Iherefore, 
the multiplication factor for computing MPA from the overb.trden 
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 ~istent problem 
ass~iated with many surface coal mines. AMO 
typical! y contains large concentrations of sulfate 
iron, and other metals, and results mainly from th~ 
exposure. and accelerated. oxidation of pyrite ( FeS,) 
and addi t1onal iron-sulfide or -sulfate minerals in 
the coal and overb.lrden. However, where substantial 
calcium- or magnesiurn-carb:::inate materials, such as 
limestone strata, overlie the coal, mine drainage is 
comm::Jnly alkaline. By corollary, where mined strata 
contain pyrite t:ut lack naturally occurring 
calcareous material, the inp:Jrtation and ad.di tion of 
alkaline material to the mine si;x:>il should offset 
the deficiency and prevent or abate AMD. However, 
where alkaline additives have been incorporated with 
mine . sp::,il at surfa~ coal mines in Pennsylvania, 
few sites have shown 1ntpr0vement in water quality or 
abatement of AMO (Brady et al. 1990). 
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'Ihl.s pa:per describes the chemical reactions that 
are the basis for computing the maximum i;x:>tential 
acidity and net neutralization i;x:>tential of mine 
sp::,il. Emphasis is placed on evaluating reactions 
with calcite (calcium cartx:mate, earo3), 11quick 
lime11 (calcium oxide, Cao), and 11hydrated lime" 
[calcium hydroxide, Ca(OH) 2 J, which are used as 
alkaline additives intended to prcxiuce near-neutral 
( 6 < pH < 8) discharge water from surface coal 
mines. 
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llcid-Base Acoounting 

Acid-base accounting (ABA), which simplifies the 
complex hydrogeochemical system through use of a 
limited number of variables, has teen used 
extensively in the past to estimate the quantity of 
alkaline material required to neutralize the 
potential acidity of mine spoil (diPretoro 1986; 
diPretoro 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). ABA was developed on the 
assunption that the stoichiometry of the follrn,ring 
overall reaction of FeS2 and caoo3 applies ( Sebek 
et al. 1978; Willian"S et al. 1982): 

FeS2 + 2 caco3 + 3. 75 o2 + 1.5 HzO > 

Fe(OH) 3 + 2 so4- 2 + 2 ca+2 + 2 co2 (g). (1) 

The ~lication of reaction 1 is that acidity 
produced from 1 mole (mol) of FeS2 [64 grarrs (g) of 
sulfur ( s) ] is neutralized by 2 mol of ca~ ( 200 
g), or 1 g s to 3.125 g ca~. On this basis, 31.25 
tons of calcium carlx>nate (ca~) will neutralize 
the acidity from 1,000 tons of rcx::k that CXJntains 
1.0 weight percent (%) pyritic sulfur. In 
accordance with accepted ABA methods ( Sebek et al. 
1978) , the total sulfur cx:mcentration in weight 
percent is multiplied by 31.25 to obtain a "maximum 
p::>tential acidity" (MPA), which has tmits of tons of 
ca~ per 1,000 tons of overhrrden (tons caco3;1,ooo 
tons) and which assumes that the sulfur is pyritic 
and acid prooucing. The 31.25 multiplication factor 
was intended to provide equivalent units for direct 
oomparison with 11neutralization p:,tential11 (NP), 
which has 1.IDits of tons caco3;1,ooo tons. Sucsequent 
workers computed the 11net neutralization p::>tential 11 

(NNP) for .coal-bearing strata by subtracting volume--
or weight-weighted MPA from NP (NNP = NP - MPA) 
(Erickson and Hedlin 1988; diPretoro and Rauch 1988; 
Brady et al. 1990). A negative, or deficient, NNP 
has been interpreted as the quantity of caco3 that 
must be added to abate or prevent AMD. For example, 
if weight-weighted NP is 30 tons ca.003;1, ODO tons 
and total sulfur concentration is 1. 0%, then MPA = 
31. 25 tons caCOyl, ooo tons and NNP = -1. 25 tons 
caroy1, 000 tons. To create a net neutral mine 
s!X)il, 1. 25 tons of caoo3 would need to re added to 
every 1,000 tons of overt:urden. HOvlever, the ABA 
methcxi based on the stoichiometry of reaction 1 may 
underestllilate MPA because of the presumption that 
co2 will exsol ve, and thus may underestimate the 
caoo3 required to supplement deficient NNP. 

PreVious Work 

Although not originally intended for the 
purp::,se, ABA foll0v1ing the method. of Sebek et al. 
( 1978) has been used in attempts to predict 
p:ist-mi.ning" water quality. H0v1ever, several 
researchers have arrived independently at the 
conclusion that equal quantities of NP and MPA 
(computed by multiplying the total sulfur in percent 
by a factor of 31.25) do not prevent AMO. Brady and 
Hornberger (1989) identified a given stratum as 
!X)tentially acid or alkaline producing by using 
threshold concentrations for total sulfur or NP 
respectively, of 0.5 % or 30 tons cam3;1,ooo to~ 
(and which reacted with dilute hydrcx:hloric acid). 
'Ihese threshold concentrations were corrorabated by 
laboratory experiments by Willians et al. ( 1982) and 
Morrison (1988) and also by Pennsylvania Department 
of Envirorunental Resources data on overburden and 
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water quality at numerous surface coal mines. Note 
that 0.5 percent total sulfur, when multiplied by 
31.25 to conpute MPA, equals 15.6 tons cacoy1,ooo 
tons, roughly half the guideline numl:er of 30 tons 
cacoy1,ooo tons for NP. Skousen et al. (1987, p.4) 
suggested that a stratum which contains values 
greater than 5 tons ca00:3;1,ooo tons as ''Max Needed" 
(n0Jative NNP) prcxluced acid; conversely, values 
greater than 20 tons caoo:y1,ooo tons as 11Ex:cess11 

(positive NNP) produced alkaline drainage. 

diPretoro (1986) and diPretoro and Rauch (1988) 
showed that NP and MPA were not equivalent in using 
the ratio derived cy- di vi ding the cunrul.ati ve 
volume-weighted NP by MPA for composite strata. 
diPretoro and Rauch (1988) found that sites having a 
NP /MPA ratio of less than aoout 2. 4 prcduced acidic 
drainage, whereas llX>St sites having a ratio greater 
than 2. 4 produced alkaline drainage. Ferguson and 
Erickson (1988) shCY,,,Ted that mine sites with a 
multiple-strata average NNP of 30 tons ca.003;1, 000 
tons or greater always prcduced alkaline drainage. 
They also found that 59 percent of mine sites with 
NNP of 7 to 30 tons caco3;1, 000 tons produced 
alkaline drainage, and only 11 percent of the sites 
with NNP less than 7 tons cacoyl, ooo tons produced 
alkaline drainage. Weighted NP in 11equi valent" 
arrounts as MPA was not sufficient to prevent AMO. 

Geochemi.stry of Acid Mine Drainage arrl 
Alkaline Additives 

'Ihe follCY,,,Ting discussion reviews some overall 
acid-forming and neutralizing reactions that are 
relevant to AMO, M!JA., and the addition of alkaline 
materials at surface coal mines. No effort. is made 
to acxxrunt for hydrogeochemical variables such as 
surface- and ground-water flow paths, proxill1i ty and 
distrihltion of reacting minerals, solubilities and 
reaction rates of minerals, or the wide range of 
hydrcx:::hemical conditions in mine sp::,il. 

Production of Acidity 

AMO results from the interactions of oxygen, 
water, tacteria, and sulfide minerals (Singer and 
stumm 1970a, 1970b; Nordstrom et al. 1979; Kleirnnann. 
et al. 1980; cathles 1982). Pyrite (FeS2), and less 
conmonly, marcasite (FeS2) are the principal 
sulfur-bearing minerals in bituminous coal (Davis 
1981; Hawkins 1984) , and l:ecause of its wide 
distribution, pyrite is recognized as the major 
source of AMD in the eastern United states ( sturnm 
and Morgen 1981, p. 469-471). The following 
overall stoichiometric reactions may characterize 
the oxidation of pyrite and other FeS2 minerals: 

FeS2 + 3.5 02 + H~ > Fe+2 + 2 so4- 2 + 2 H+, (2) 

Fe+2 + 0.25 o2 + if > Fe+3 + 0.5 H20, (3) 

Fe+3 + 3 HzO > Fe(OH) 3 + 3 H+. (4) 

The oxidation of sulfide in pyrite to sulfate 
(reaction 2) releases dissolved ferrous iron (Fe+2) 
and 11acidity11 (H+) into the water. SUbseguentlv 
ferrous iron is oxidized to ferric iron (Fe+3 ) 
(reaction 3), which if separated from the pyrite 
surface, hydrolyzes and fonns insoluble ferrihydrite 
[Fe(OH) 3) J (reaction 4), and releases more acidity. 
The overall oombination of reactions 2 through 4 may 
be written as follows: 



FeSz + 3. 75 Oz + 3.5 HzO > 

Fe(OH) 3 + 2 so4-Z + 4 Ir". (5) 

In reaction 5, 3.75 mol of oxygen are consl.Ilt'led to 
oxidize 1 nol of pyrite, and 2 IOC)l of sulfate, 4 mol 
of acidity, and 1 mol of ferrihydrite are produced. 

Neutralization of Acidity 

Acidity produced by the aqueous oxidation of 
pyrite may react with carOOnate, 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 AMO in addition to 
sulfate and iron, such as manganese, almninum, 
calcimn, magn~ium, scxlium, p::,tassium, and silica. 

The rost acid-reactive minerals are the 
carbonates: calcite (CaCO:J), dolomite [CaMg(ro3)2J, 
and siderite (FeC03 ) . cart:onates are present in 
variable quantities as individual mineral grains and 
as cementing agents in limestone, dolostone, 
sandstone, and shale. Limestone and dolostone are 
comp:>Sed predominantly of calcite and dolomite, 
respectively; shale and sandstone are composed 
predominantly of silicate minerals, Wt may contain 
some carl::onate as cement or matrix. Dissolution of 
calcite, dolomite, and other calcium- or magnesium-
bearing cart:onate minerals tends to reduce acidity, 
increase alkalinity, and raise pH; however, 
dissolution of sideri te and the sutsequent 
hydrolysis of iron may increase acidity, and reduce 
pH. The dissolution of calcite by the following 
sequence of reactions serves as an example: 

caoo3 + 2 H+ -> ca.2+ + H2oo3 * , 
Ca.003 + H2003* > ea_2+ + 2 H003-, 

(6) 

(7) 

Reaction 6 represents acidic conditions (pH< 6.4) 
where calcite is not ab.mdant and is totally 
dissolved by reacting 1 mol of calcite and 2 mol of 
free acidity and producing 1 mol of dissolved 
calcitun and 1 mol of dissolved carbJn dioxide 
{ [Hzro/J = [ro2(aq) + [H2ro3°]), which is a weak 
acid (Krauskopf 1979, p. 40-42; stUllDll and Morgan 
1981, p. 171-214; Hem 1985, p. 92, 105-111). Note 
that gaseous co2 is not indicated as the product in 
reaction 6. In practice, during latx:>ratory 
determination of overturden NP, co2 may be exsol ved 
when calcite and other carbJnate minerals are 
reacted with dilute acid. However, co2 may 
concentrate in 00th the gaseous and aqueous phases 
in mine S}X)il. Elevated partial pressure of 002 in 
the unsaturated zone of mine sp:,il is comm::>n 
(Lusardi and Ericksen 1985), especially during the 
growing season, and will cause a concomitant 
increase in the concentration of H2oo3* and other 
aqueous carbJn-dioxide s:pecies (l.angrmri.r 1971; 
Shuster and White 1972; Hanron et al. 1975). 

If calcite is ab.mdant, the dissolved carOOn 
dioxide will continue to react with calcite 
( reaction 7) producing bicarOOnate ions and raising 
pH. The overall combination of reactions 6 and 7 
represents the condition where dissolution of 
calcite prcxluces 11alkalinity11 in excess of nacidityn 
and raises the pH ab:Jve 6. 4 where bicarOOnate 
(HOOJ-) is the dominant dissolved carOOn-dioxide 
s:pecies: 

(8) 
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Reaction 8 shows that 1 nol of calcite will 
neutralize 1 mol of free acidity and produce 1 nol 
each of dissolved calcium and bicarbJnate. Reactions 
5 and 8 may be combined to indicate a nmaxinn.Jmn 
neutralization i;x,tential of calcite, where no co2 is 
exsolved: 

FeS2 + 4 Ca.003 + 3. 75 o 2 + 3.5 H20 > 

Fe(OH)3 + 2 S04-2 + 4 ea+2 + 4 H(l)3-. (9) 

Reaction 9 shows that the acidity produced from the 
oxidation of 1 mol of FeS2 ( 64 g S) may be 
neutralized by 4 mol of Ca<J::l:i ( 400 g), which 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 002 (Williams et al. 1982). 

On the basis of the calcite-to-sulfur mass ratio 
of 6.25, a multiplication factor of 62.5 to compute 
MPA from total sulfur is appropriate for ABA if all 
sulfur is from pyrite. 'Therefore, considering the 
earlier example for overb.rrden, where NP = 30 tons 
Ca.003/1,000 tons and total sulfur = 1 % (only now 
using the 62.5 factor), then MPA = 62.5 tons 
CaCO:J/1,000 tons and NNP = -32.5 tons earo3/1,000 
tons. Instead of the previously COTipJ.ted 1. 25 tons, 
now 32. 5 tons of caoo3 per 1,000 tons overb..trden 
would be required to supplement the deficient NNP. 

"Quick lime11 (calcium oxide, Cao) and 11hydrated 
lime11 [calcium hydroxide, Ca(OH) 2] (Rochow 1977, p. 
129), which comp:ise lime-kiln flue dust, have twice 
the neutralization p::>tential as calcite. Because 
the lime COI!lfX)unds have lower unit mass than Ca~, 
they are required in equivalent ratios less than 
3, 12 according to the following reactions: 

Ca(OH)z +"2 H+ ~> ea+2 + 2 HzO, 

eao + 2 If'" > ea+2 + H2o. 

(10) 

(11) 

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

FeSz + 2 Ca(OH)z + 3.75 Oz > 

Fe(OH)3 + 2 S04-2 + 2 ea+2 + 0.5 HzO. (12) 

Reaction 12 shows that the acidity prcrluced from the 
oxidation of 1 mol of pyrite (64 g S) may be 
ne1;1tra~ized by 2 ID?l of calcium hydroxide (148 g), 
which is a mass ratio of 2. 31 g of calcium hydroxide 
to 1 g of pyritic sulfur. Analo:Jously, from 
combining reactions 5 and 11, a mass ratio of 1. 75 g 
of calcium oxide to 1 g of pyri tic sulfur is 
required to attain neutralization. Thus on a weight 
basis, 1 ton of Ca(OH)2 has the neutralization 
equivalent of 2.7 tons of CaCO:J. 

Sideri te ( FeC03) is comrron in coal -bearing 
strata and is frequently cited as having no net 
effect on acid-production or neutralization where 
co2 gas is exsol ved ( stumm and Morgan, 1981; 
Williams et al. 1982). However, considering the 
argument for conditions with elevated. partial 
pressure of co2 , oxidation of siderite may produce 
net acidity in the fonn of dissolved carton dioxide: 



'lb~ H:f))3 * generated in reaction 13 may react with 
additional carl:x:>na.te, silicate, or hydroxide 
minerals. 'Ihe effect of siderite as a p:>tential 
acid-fanning mineral is apparent by combining 
reactions 7 and 13 as follows: 

Feeo3 + cacn3 + 0.25 o 2 + 2.5 Hfl > 

Fe(OH)J + ca+2 + 2 HCD3-. (14) 

In reaction 14, the acidity produced from 1 rrol of 
siderite is neutralized by 1 IIX)l of calcite. Thus, 
if siderite is present, additional alkaline material 
beyond that required to neutralize the acidity from 
pyrite may be necessary. ~ Impurities such as Mn, Mg", 
and to a lesser extent ca, may sul:stitute for Fe in 
siderite (M:::,rrison et al. 1990). 'Ihe Fe and Mn may 
hydrolyze and prcx:luce acid; however, the Mg- and ca 
may have neutralizing ability similar to dolomite 
and calcite. 

Pi w1ssion 

!Jlle presentation of acid-fanning and acid-
neutralizing reactions was sinplified by writing and 
then combining independent equations as 11neutral 
overall" reactions that eliminated tt+ as a reactant 
or product. 'Ihus, the overall stoichiometries in 
reactions 1 and 9 equate quantities of acid-
producing and -neutralizing materials and are useful 
for acid-base acx:ounting application. However, 
reactions 1 and 9 are 11end-member11 reactions; the 
hydrogecx:::hemical relations in mine-sp:Jil ground 
water or discharge probably lie soemwhere between 
the tvAJ end members J:ecause some a:,2 will exsol ve 
and some will dissolve. 

No attempt has been ma.de in the atove review to 
discuss the combined effects of variable purities, 
degrees of crystallinity, and particle sizes of 
minerals; microbiological catalysis of reactions; or 
relative reaction rates. For example, the 
presumption that 4 rro1 of cacn3 are required to 
neutralize the acidity from 1 IIX)l of FeS~ (reaction 
9) inplies that the prcxiuction of acidity is rate 
lilniting, or slc:,,.;r relative to neutralization, and 
that neutralization is instantaneous. Furthenrore, 
the computation of maximum p:Jtential acidity (MPA) 
as 62. 5 times the total sulfur concentration, in 
weight percent, should yield a CXJnservative 
estimate, J:ecause not all a:,2 will dissolve nor will 
all sulfur be pyri tic and acid prcxlucing. TO 
detennine quantities of alkaline additives required 
at surface coal mines, site-specific characteristics 
such as mining method, pre- and post-mining 
overb.rrden comp:,sition, p:,st-mining reclamation and 
hydrogeology, and alkaline additives used and 
placement technique also :must be evaluated. 'lhe 
conrpanion paper by Brady et al. ( 1990) reviews some 
of the site-specific factors and compares 
post-mining water quality and ABA computations of 
MPA using the conventional and newly proposed 
multiplication factors of 31.25 and 62.5, 
respectively, for selected surface coal mines in 
Pennsy1 vania. 

smmary arrl Conclusions 

In summary, the ABA method. currently in use, 
'which presumes 2 mol of H+ may be neutralized by 1 
IIX)l of ca.CX>:3 , may underestimate by up to a factor of 
2 the caa:,3 required to neutralize the maximum 
:r;x,tential acidity from the oxidation of pyrite and 
the hydrolysis and precipitation of iron, because of 
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the presumption that all ro2 will exsolve. However, 
some a:,2 will dissolve fonning a weak acid that 
reacts with carOOnate minerals. Assuming no 
exsolution of ro2 , 1 rrol of FeS2 will produce 4 mol 
of tt+, which may be neutralized by 4 IIX)l of caa:,3 
(reaction 9), 2 mol of ca(OH) 2 (reaction 12), or 2 
mol of ca.a. On a weight basis then, 1 g of pyritic 
sulfur may be neutralized by 6.25 g of caoo3, 2.31 g 
of ca(OH)2 , or 1. 75 g of ca.a. Considering these 
equivalent weights, MPA as tons of caoo3 deficiency 
per 1, 000 tons of overburden should be computed by 
multiplying total sulfur, in weight percent, by 
62.5. 'Ihe ab:::lve discussion is based only on the 
stoichiometry of the overall reactions ( 9 and 12) 
and assumes that the rate of acid prod.uction will 
not exceed the rate of acid neutralization. 'Ihe 
actual acidity may be less than the computed. MPA 
because not all a:,2 dissolves and not all sulfur 
generates acidity. Finally, dissolution of siderite 
will prod.uce net acidity when the partial pressure 
of ro2 l:eco:mes elevated and the iron is hydrolyzed 
and precipitated. 

In conclusion, for conservative estimates of 
overb.lrden net neutralization potential (NNP) , a 
revised multiplication factor of 62.5 should be used 
to compute maximum 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 comments during 
preparation of this manuscript. 
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