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INTRODUCTION

drainage (AMD) is contaminated effluent from

mines and mining wastcs that results from the oxidation of iron-
sulfide minerals exposed to air and water. The intensity and dura-

tion of AMD fo

rmation are complex functions of deposit geology,

mineralogy, and hydrology, and the subsequent interaction of cli-
mactic conditions upon ore and waste when exposed by various
mining methods. Because AMD can produce effluent containing
acid- and heavy-metal concentrations that exceed water quality
standards and is pcrccived as trreversible once started, it is one of
the more Vexing environmental problems facing land-managing
agencics and the minerals industry today. Consequently, reliable
prediction tools that quantify the risk for a particular mine waste
to produce AMD are actively sought by the minerals industry and

regulators.

Today numerous tools in the form of various laboratory “stat-
ic”- and “inetic”-predictive lests are available for fees that rangt

from $35 to as

much as $5,200 per sample. Static tests are short

term (usually measured in hours or days) and yelatively low cost
per sample (from $35 to $135). Their objective is t0 provide an
estimate of a mine waste's capacity to produce acid and its capac-
ity to neutralize acid. One shortcoming of static tests is that they
measure only the capacities for acid production and consumption
and do not consider the differences between the respective disso-
lution rates of acid-producing and acid-consuming minerals.
Another potential source of error inherent L0 gtatic-test-data inter-

pretation is the

assumption that all acid-producing and acid-con-

suming minerals present will react completely, an assumption
which ignores the influence of acid-producing and acid-consum-

ing mineral par

ticle-size and morphology.

Kinetic tests are long term (usually measured in months and
sometimes years) and expensive per sample (from $500 to as
much as $5,200). Their objectives are to confirm or reduce uncer-
tainty in static-test classifications (i.e., the sample is either acid-
or non-acid producing), identify dominant chemical-weathering
reactions, and determine ucid-gcneralion rates and temporal vari-
ations in leachate water quality. This is accomplished by acceler-
ating the natural weathering rate of a mine-waste sample under

closely controlled

laboratory conditions (Lapakko, 1988;

Lawrence, 1990; White and Jeffers, 1994). One shortcoming of

kinetic tests is

the extended amount of time required to perform

the Lests, as it is not uncommon for these tests to continue for at

least 20 weeks

(e.g., Lapakko and Wessels, 1995).
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As state and federal land-managing agencics have become
aware of these predictive tests, they have required operators to
subject larger populations of mine-waste samples to & variety of
predictive tests as part of the permitting process. Because several
different kinds of laboratory-predictive ests are now available,
poth operator and regulator have asked similar questions such as:
1) which tests are most commonly used today,

2) how are these (ests performed, and

3) how accuratc are these tests?

These questions are partially addressed by the objectives of this
paper, which are 10}

1) summarize mine-waste dissolution chemistry and its relation-
ship to data produced by laboratory-predictive tests,

2) identify the static-test methods most commonly used in the
United States and Canada,

3) summarize their protocols,

4) identify sources of error in neutralization potential (NP) deter-
minations and quantify their influence on selected samples,
and

5) suggest measures {o improve NP determination accuracy.
Previous analyses of predictive tests have been presented by

Perry (1985), Ferguson (1985), Ferguson and Mehling (1986),

Ferguson and Erickson (1988), Coastech Research Inc. (1989),

Bradham and Caruccio (1991), and Lapakko (1992a, 1993,

1994a), This report includes relevant questions and conclusions

from the more recent literature. It elucidates these points and
draws additional conclusions based on data generated by selected
static tests on mine-waste samples obtained from a variety of

metal-mine settings. These tests werc performed from 1991

through 1995 in the course of cooperative AMD-related studies by

Minnesota Department of Natural Resources (MDNR) and the

U.S. Bureau of Mines (USBM).

MINE WASTE DISSOLUTION
Sources of acid

The dissolution of iron sulfide minerals such as pyrite and
pyrrhotite is responsible for the majority of mine-waste acid pro-
duction (Stumm and Morgan, 1981). Equations {1] and [2] are
commonly published reactions believed to represent typical pyrite
and pyrrhotite chemical-weathering products (after Stumm and
Morgan, 1981; Nelson, 1978):
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. FeS,(s) + (T/2)H,0 + (15/4)0,(g)

= Fe(OH),(s) + 4H*(aq) + 2503 (aq) (1]
FeS(s) + (5/2)H,0 + (9/4)0,(g)
= Fe(OH),(s) + 2H*(aq) + SO} (aq) [2]

These weathering reactions produce acidic, iron- and sulfate-rich

aqueous water which can
1) contact sulfide minerals and accelerate their oxidation,

2) evaporate partially or totally to precipitate hydrated iron-sul-
fate and other minerals and (or)
3) contact host rock minerals which react to neutralize some or all

of the acid.
Acidic flow which migrates through the mine waste will exit as

AMD.

Hydrated iron-sulfate minerals precipitate during the evapora-
tion of acidic, iron- and sulfate-rich water within mine-waste
materials and store (for potential subsequent release) acid gener-
ated by iron sulfide mineral oxidation. The more common hydrat-
ed iron-sulfate mincrals that occur as efflorescent salts on the sur-
faces of weathering pyrite include melanterite, rozenite, szomol-
nokite, romerite and copiapite (FeSO,7H,0, FeS0,4H,0,
FeSO,H,0, Fe?* Fcf*(SOd) 4+ 14H,0, and Fe?*Fe,**(S0,)¢(OH),
+20H,0, respectively) (Alpers et al., 1994). According to
Nordstrom (1982) and Cravotta (1994), these sulfate salts are
highly soluble and provide an instantancous source of acidic water
upon dissolution and hydrolysis. They are partially responsible for
increased acidity and metals loadings in the receiving environment
during rainstorm cvents.

As an example, equations [3], [4], and [5] summarize the step-
wise dissolution of melanterite.

FeSO,7H,0(s) = Fe?*(aq) + SO, (aq) + TH,0 (3]
Fe?*(aq) + (1/4)0,(g) + H*(aq)

= Fe**(aq) + (1/2)H,0 4]

Fe3*(aq) + 3H,0 Fe(OH),(s) + 3H*(aq) [5]

The net result of equations [3] through [5] is summarized in equa-
tion [6], which shows a net production of two moles, acid pro-
duced for each mole of melanterite dissolved.

FeSO, » TH,0() + (1/4)0,(g) = Fe(OH,)(s)

+80,%(aq) + (9/2)H,0 + 2H*(aq) [6]

Cravotta (1994) showed that a similar aqueous dissolution of
romerite produced six moles of acid for each mole of romerile dis-
solved. The cumulative storage and incremental release of acid
from these salts may help explain the lag from mine-waste place-
ment to AMD-formation particularly in arid climates,
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According to Nordstrom (1982), the formation of hydrated iron
sulfates is an important intermediate step that precedes the precip-
itation of the more common insoluble iron minerals such as
goethite and jarosite. However, jarosite is slightly soluble (Alpers
ct al., 1994) and can, therefore, contribute acid according to equa-
tion | 7). For example, recent preliminary leach studies

KFe(SO,),(OH)g(s) = K* + 3FeOOH(s)

+250,(aq) + 3H*(aq) 7

on natural and synthetic jarosites conducted by USBM showed a
drop in pH from 6 in the deionized water leachate to 3 or 4 after
contact with the jarosites. Because of its relatively low solubility,
the acid contributed by jarosite dissolution is probably small rela-
tive to that by dissolution of more soluble hydrated iron sulfates.

Sources of neutralization

The balance between the rates of acid production by iron-sul-
fide mincral oxidation and host rock buffering will-determine the
acidity of mine-wasle drainage. The most cffective minerals for
neutralizing acid are those containing calcium carbonate and mag-
nesium carbonate. Examples include calcite, magnesite, dolomite, -
and ankerite (CaCO,, MgCO;, CaMg(CO,),, and CaFe(CO,),,
respectively). Equation [8] represents the dominant dissolution
reaction of calcite (CaCO5) with iron-sulfide-generated acid (H)
above pH 6.4, while equation (9] is the dominant reaction below
pH 6.4 (Drever, 1988): :

CaCO;4(s) + H*(aq) = HCOy (aq) + Ca?*(aq) (8]

CaCO4(s) + 2H*(aq) = H,CO;(aq) + Ca’*(aq) 91

The dissolution rates for the calcite reactions shown in equations
[8] and [9) are relatively rapid. However, dissolution rates are not
the same for all carbonates; for example, Rauch and White (1977)
and Busenberg and Plummer (1986) have reported that the rates,of
magnesium carbonate and calcium-magnesium carbonate (i.e,
magnesite and dolomite) dissolution are substantially slower than
that of calcium carbonate. Additionally, iron carbonates do
provide for net acid neutralization under oxidizing conditions
to oxidation of the ferrous iron released, subsequent precipit
of ferric hydroxide, and the consequent acid production (reac
4,5). ;
Dissolution of silicates such as plagioclase-feldspar miner
(e.g., anorthite in equation [10], Busenberg and Clemency, 19]
and olivine minerals (c.g., forsterite in equation [11], Hem, 1
can also neutralize acid under acidic conditions, but their disso
tion rates (and subsequent acid neutralization) are slow relati
the carbonate minerals.

CaALSi,04(s) + 2H*(aq) + H,0
= Ca?*(aq) + ALSi,04(OH),(5)
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Mg?_(SiO,‘(s) + 4H*(aq) = IMgZ*(aq) + H,5i0,4(q) (11]

The effectiveness of silicate-mineral neutralization is thought to be

optimizcd by these factors:

1) the acid-production rate is relatively slow,

2) feldspar minerals comprise & significant percentage of the
overall mineralogy, and

3) the available silicate-mineral surface area is large (Morin and
Hutt, 1994).

STATIC TEST METHODS

The most commonly-used stalic test is known as acid-base
accounting (ABA; Ferguson and Erickson, 1988). Several varia-
tions of ABA are in use in the United States and Canada (Lapakko,
1992a); they include standard ABA (Sobek et al., 1978), modified
ABA (Coastech Research Inc., 1989; Lawrence, 1990;
Reclamation Research Unit and Schafer and Associates, 1987), the
B.C. Research Initial Test (BCRL Bruynesteyn and Duncan,
1979), and the NP(pH6) Test (Lapakko, 1994a). This report will
focus on these Lests,

The Net Acid Production (NAP) (Coastech Research Inc.,
1989) and Net Acid Generation (NAG) (Miller et al., 1990) tests
are based on the principle that hydrogen peroxide accelerates the
oxidation of iron gulfide minerals. The acid consequently pro-
duced dissolves neutralizing minerals present, and the net result of
the acid production and neutralization can be measured directly.
This test does not require sulfur determinations and is, therefore,
more readily conducted in a field laboratory than other static tests.
Problems associated with this type of test and a modification of the
protocol are presented clsewhere (Lapakko, 19924, 1993; Lapakko
and Lawrence, 1993). Hydrogen peroxide based tests are not dis-
cussed here. Likewise, the paste pH test (Sobek et al., 1978) and
the acid concentration present test (Bucknam, personal commun.,
1994), which measure the acid present on mine-waste particles,
are not addressed in this report.

Acid-base accounting

Principles

The acid-base accounting (ABA) tesl was originally designed
to evaluate the acid-producing capability of coal-mine wastes. It is
now used to evaluate both coal- and metal-mine wastes. ABA mea-
sures he balance between the acid-producing potential (AP) and
acid-neutralizing potential (NP) of each mine-waste sample. AP is
detcrmined by sulfur assay and represents the sulfur contained in
acid-generaling iron-sulfide minerals present in the sample. The
AP value is calculated based on {he assumption that two moles of
acid will be produced for each mole of sulfur present (equations
{11 and [2]). Because one mole of calcium carbonate will neutral-
jze the lwo moles of acid (equation [91), the percent sulfur
obtained from the sulfur assay is multiplied by 31.25! to yield AP
in units of tens calcium carbonate cquivalent per thousand tons
mine waste. NP is determined by subjecting the mine-waste sam-
ple to some form of acid digestion and represents the amount of
acid-neutralizing carbonate minerals present in the sample. NP
value is also reported in units of tons calcium carbonate per thou-

sand tons of mine waste. This report expresses AP and NP in
equivalent and more concise units of kg calcium carbonate per ton
of mine waste or kg/t CaCO;.

Net-neutralizing potential (NNP), which is the difference
between these values (NP - AP = NNP), is one of the measure-
ments used to classify a mine-waste sample as potentially acid or
non-acid producing. The NNP is often called the “acid-base
account” of the sample. 1f NP is greater than AP, NNP is positive;
conversely, if NP is less than AP, NNP is negative.

The question of how positive or negative the NNP must be for
a sample to be considered safely non-acid producing (or con-
versely, definitely acid producing) has been a source of classifica-
lion controversy. Recent ABA classifications for minc-waste sam-
ples are based on both NNP and the NP/AP ratio (i.e., if NP> AP,
then NP/AP > 13 conversely, if NP < AP, then NP/AP < 1), Three
categorics comprise the ABA classification (“high,” “uncertain,”’
and “low” acid-producing potential). The ranges of NNP and
NP/AP values included in each of the {hree categories have been
described by Brodie et al. (1991), Day (1989), Ferguson and
Morin (1991), and Morin and Hutt (1994) and are shown in Table
15.1. Note the variability in the NNP values for each category as
compared with the more consistent corresponding NP/AP values.
Also note that NNP values have not been defined for the “non
acid” category. Samples classified in the “yncertain” category are
Lypically subjected to Kkinetic testing (Ferguson and Morin, 1991).

TABLE 15.1—Interpretation of acid-producing potential for samplcs
subjected to ABA static tests, based on NNP (kg/t CaCO3) and NP/AP
ratio.

Acid-Base Account Acid Uncertain ‘Non-
- [ o Acid
NNP: T
Appalachian coul-mine criterion'<-5 ND ND
B.C. metal-mine criterion’ <0 ND ND
Ferguson & Morin, 1991, p. 86 ND 20<NNP<+20 ND
Day, 1989 <+10 ND ND
NP/AP:
Brodic et al., 1991, p. 121 <1 1<NP/AP<3 >3

Morin & Hutl, 1994, p. 148 <l 1<NP/AP<l3t0 40 >131t040

15abek, et al., 1978, p. 3.

2ferguson and Morin, 1991, p. 86.

ND, not defined in refcrence.

K_A. Morin (1989, oral commun.) observed {hreshold NNP values for acid produc-
vion of -15, +10, and 20 kg/t CaCO, for modified procedure on yarious sets of
samples.

The ABA classification that requires a mine-waste sample (o
meet or exceed an NP/AP ratio of 3 to 1 to be considered non-acid
producing has interesting ramifications when sample sulfide con-
tent approaches 9%, If the sulfide is present as pyrite, the pyrite
would represent about 17% of the sample mass; and, if the sulfide
is present as pyrrhotite, the pyrrhotite would make up about 21%
of the sample mass. In cither case, all of the remaining sample

——————

1A 1 to 1 mole ratio of S t0 CaCO, (32 g/mole and 100 g/mole, respec-
lively) is equal Lo & weight ratio of 1:3.125, Multiplying the weight-percent
sulfur contained in {he sample by 4,125 converts the sulfur to weight per-
cent colcium carbonate required o neutralize the produced acid; multiply-
ing by 31.25 yields the required amount of calcium carbonate in parts per
thousand.
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mass would have to be calcium carbonate to meet the 3 to 1 crite-
rion. Therefore, mine-waste samples containing more than 9%
sulfide would be classified as acid producers during the initial
sample screening process (Lapakko, 1992a). Table 15.2 compares
percent sulfide (converted to percent pyrite and pyrrhotite) with
the corresponding percent of calcium carbonate required to be pre-
sent in the sample to meet 3 to 1 criterion proposed by California
and Montana, and 1.2 to 1 criterion required by Nevada (U.S.
EPA, 1994, Table 7).

TABLE 15,2—Percent sulfide converted to percent pyrile and pyrrhotite,
and compared with corresponding percent calcium carbonate required to
meet NP/AP 3:1 and 1.2:1 criteria,

Weight Percent o _NP/AP
Sulfide  Pyrite Pyrrhotite 3:12 1.2:17
(S*)  (FeS,) (FesSg-Fey(S,,)! % CaCO;) (% CaCOy)

025 0.47 0.61- 0.66 2.34 0.94
0.50 0.94 1.23- 1.32 4.69 1.87
1.00 1.88 2.46- 2.65 9.38 3,75
3.00 5.63 7.38~ 7.94 28.13 11.25
5.00 9.38 12.29-13.24 46.88 18.75
700 1313 17.21-18.53 65.63 26.25
8.50 15.94 20,90-22.50 79.69 31.88
8.89 16.67 NAp 83.34 33.34

'Range of compositional varintion (Dana, 1963, p. 428).
2California and Montana (% S X 3.125 X 3 += % CaCO,).
3% 82" x 3,125 x 1.2 = % CaCO4,

NAp, not applicable,

Protocols

Standard ABA Method—This method was developed by
Smith et al. (1974) and later modified by Sobek ct al. (1978); it is
often referred to as the standard Sobek method. The AP is deter-
mined based on the total sulfur content obtained by sulfur assay
and assumes that all sulfur is present as sulfide.

The first step in determining the NP is a “fizz” test which is
designed to estimate the calcium carbonate and magnesium car-
bonate content of the sample. An acid solution comprised of one
part concentrated hydrochloric acid to three parts water is applied
dropwise to 0.5g of sample, and the extent of “fizzing” is observed
(the “fizzing” is the result of the reaction of the acid and carbon-
ate present in the sample—equation [9]). Based on the vigor of
this reaction, the volume and concentration of hydrochloric acid to
be added to 2g of minus 60-mesh mine-wasle sample are deter-
mined (“no fizz,” 20 ml 0.1N; “slight fizz,” 40 ml 0.1 N; “moder-
ate fizz,” 40 ml 0.5 N; “strong fizz,” 80 ml 0.5 N). The mixture of
acid and mine-waste sample is then boiled until the reaction has
ceased (as indicated by cessation of bubble production). After the
boiling step, the mixture is cooled and titrated to pH 7.0 with sodi-
um hydroxide (NaOH) to measure the amount of acid consumed
during its reaction with the sample.

Modified ABA Method—This method, which is also known
as the modified Sobek method was developed by Coastech
Research Inc, (1989) and described by Lawrence (1990). While
similar to the Standard ABA Method in sample mass and acid con-
centration and volume used, the modified ABA method bases the
AP on sulfide content rather than total sulfur, This requires addi-
tional steps during analysis to speciate the dominant sulfur forms
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present in the sample. This speciation can be accomplished with i
cither a combustion-infrared spectrophotometer (e.g., a LECO fur-
nace), or a sequential, wet-chemical leach (Sobek et al., 1978; see
“Carbon-Sulfur Analysis" for details). Basing the AP on the sul-
fide-sulfur content assumes that sulfur present as sulfate is not
acid producing (e.g., sulfate minerals such as gypsum and barite,
which are common to some western U.S. metal mines). In place of
a heated acid digestion, the modified ABA uses a 24-hour, ambi-
ent temperature, agitated acid digestion to determine the NP, At
the completion of the 24-hour digestion, the mixture of acid and
mine-waste sample is required to have a pH range of 1.5 to 2.0 (if
not, the test is re-run with an acid addition that is adjusted based
on the previous test’s final pH). A titration endpoint of pH 8.3 is
used rather than the reportedly unstable pH 7.0 value used in the
standard ABA method (Coastech Research Inc., 1989).

B.C, Research Initial Method—(BCRI, Duncan and Walden,
1975; Bruynesteyn and Duncan, 1979). Although this method uses
different terminology and different units of quantification, the ter-
minology and units are translated to be consistent with those of the
ABA methods for ease of presentation. As with the standard ABA,
AP is based on total sulfur content. NP is determined by titrating,
with 10N sulfuric acid, a stirred mixture of 10g mine waste (70%
minus 325 mesh or, equivalently, 70% of the particles having
diameter less than 0,044 mm) and 100 ml distilled water. The titra-
tion is continued until pH 3.5 is reached and less than 0.1 ml of
acid is added over a period of 4 hours. More recently, a 1.0N st
furic acid titrant has been used (O'Hearn, personal comm
1996).

NP(pH6) Method—The NP(pH6) is the same as the B

Research Initial method except for the strength of acid anl 3
endpoint used. Specifically, a slurry comprised of 10g soli it
100 ml deionized water is titrated with 1N sulfuric acid unt EH
6.0 is reached, and less than 0.1 ml of acid is added overap e
of 4 hours. The resulting volumes of acid for the respective fir
points are then converted to parts per thousand calcium car o
equivalent (NP). The NP obtained at pH 6 is termed the “effe fu
NP, or the calcium carbonate equivalent available in the sa ni
maintain the pH above 6 (Lapakko, 1992b). The NP(pHO6) | e
differs significantly from the previously mentioned tests inl 5
“digestion” occurs at pH 6 rather than in a more acidic. all
ment. e  fid
Modified NP (pH6) Method—A modification of ar
(pH6) method was necessary to evaluale mine-waste samp. ter
contained only traces of actual calcium- or magnesium- val
mineral NP, or whose carbonate minerals were mainl
bonate (e.g., siderite, ankerite, and ferroan do!omi:c).,Tlg{ be

ditions caused titration endpoints to be exceeded with:
the first drop of titrant during BCRI and NP (pH6) titrati
ods. The problem was resolved by distributing six
aliquots of the solid sample to separate 400-ml b
each sample was slurried with 100 ml of deionized wa
furic acid was added to the slurried sample in the fi
which served as a control. Pre-selected, progressively:
volumes of acid were added to each of the sample:
tained in their respective beakers (numbered 2 throug
of the sample beakers were then placed on an orbité
agitated for a total of 4 hours. After the first and 5_e¢
periods, and after three subsequent 1-hour increm
was stopped and pH measurements were taken and Ie
each sample. Recorded pH obtained at specified

from each sample was converted to corresponding
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concentration. Hydrogen ion concentration representing pH 6 and
its corresponding acid volume was estimated by interpolation for
each sample. The estimated acid volume at pH 6 was converted 1o
calcium-carbonate equivalent NP. The NP obtained at pH 6 is
termed the weffective” NP, or the calcium carbonate equivalent
available in the sample o maintain the pH above 6 (Lapakko,
1992b).

Carbon-Sulfur (C-S5) Analysis——-Bucknam (1995a) is devel-
oping @ consensus-based ASTM-standard method for total carbon
and sulfur determination (o estimate carbonate, sulfide, and sub-
sequent acid-base account in metal-mine ore, concentrate, tailings
and waste-rock samples. The approach is predicated on the con-
cept that all sulfide present is associated with iron (and therefore
can be used to quantify acid production potential) and all carbon-
ate is associated with calcium and magnesium (and therefore can
be used to quantify acid neutralization potential). Total carbon and
sulfur analyses for these samples are determined by 2 combustion-
infrared speclropholnmeter (c.g, a LECO furnace). Carbonate
and sulfide are determined from sample duplicates through par-
tial-decomposition procedures, followed by combustion-infrared
spectrophotometer C-S analysis, The parlial-decomposilion pro-
cedures include pyrolysis (muffle roast at 550°C) and chemical
decompnsition (individual hydmchloric-acid, nitric-acid, and
sodium-carbonate leaches).

The muffle-furnace roast at 550°C drives off sulfide sulfur as
sulfur dioxide, and organic carbon as carbon dioxide. The pre-
treated sample is then analyzed for carbon and sulfur, and the
results are subtracted from the total carbon and sulfur results of a

non-pretreated sample split. The remaining sulfur determined in
the pretreated splitis assumed Lo be sulfate sulfur, and the remain-
ing carbon is considered to be carbonate.

Chemical decomposition using hydrochloric acid is intended
to solubilize carbonate minerals. Total carbon and sulfur values
from the hydrochloric-acid pretreated sample represent organic
carbon, pyritic sulfur, some trace-metal sulfides, and organic sul-
fur; carbonate carbon is estimated by difference. The purpose of
nitric acid decomposition is to oxidize sulfides to sulfate. Sulfate
reports to the acid leachate and consequently is separated from the
solid phase. The sodium carbonate leach is intended to solubilize
all sulfates (with the exception of parite—BasSO,) while most sul-

fides are unaffected and remain in the solid phase. When samples
are subjected to chemical decomposition, their sulfide-sulfur con-
tents are estimated by subtracting the nitric-acid residual-sulfur
value from the sodium-carbonate residual-sulfur value.

This proposed ASTM method for ABA by C-8 analysis has
peen distributed for interlaboratory testing. 1t will be available

after tests are completed and the method has received the required
ASTM-committee appmvz\ls (Bucknam, 1995h, written com-
mui.).

An alternative sulfur-speciation method to the C-5 analysis
method is the sequential, wet-chemical-leach speciation method
for sulfur forms (total, sulfide, and sulfate) described in Sobek et
al. (1978).

Protocol modifications for this study—Three modifications
of standard protocols were made in USBM methods used for the
present study. First, a standard minus 150 mesh particle size was
used for the standard ABA, modified ABA, and modified
NP(pHO) lests. This was done 1O normalize for particle size
effects, The minus 150 mesh fraction was selected since it was
used by USBM to prepare samples for chemical analysis. Two
additional changes were made to the standard ABA method:

1) the titration endpoint of pH 7.0 was changed to the more sta-
ble endpoint of pH 8.4, and

2) the qualitative “near boiling” temperature for the acid leach
was modified to heat the sample pulp for 1 hour in a water bath
maintained at 85°C.

RESULTS AND DISCUSSION
Sources of error from protocol variables

Static tests quantify the potential of mine waste samples (0
produce and neutralize acid, The commonly used static tests quan-
tify acid producing potential (AP) using cither total sulfur or sul-
fide-sulfur content to estimate the quantity of acid-producing min-
erals present (Table 15.3). The total sulfur content will overesti-
mate the actual AP of samples containing substantial non acid
producing sulfate minerals (€.8. barite or gypsum). On the other
hand, the sulfide-sulfur measurement will underestimate the actu-
al AP of samples containing substantial acid-producing sulfate
minerals (.8, melanterite or jarosite, reactions 6, 7). Knowledge
of the mine waste sulfate mineralogy will indicate if the sulfate
minerals present, if any, are acid producing and, thereby, allow
selection of the more appropriate AP quantification. Existing
technigues, such as those using 2 combustion furnace with subse-
quent quantification of the sulfur dioxide evolved (e.g., LECO
furnace, as applied in ASTM E-1019, ASTM E-395, ASTM D-
4239), are capable of accurately determining either total sulfur or
sulfide-sulfur and, thereby, the AP,

Different static-test methods can producce markedly different
NP values for the same sample (Lapakko, 1992a, 1992b, 1994a).

TABLE 15.3—Standard and modified ABA, BCRI, and NP(pH6) static test methods.

ABA Particle size AP . o NP-D£1grminatiug" Acid Leach -~ _
method (mcsh)' Sulfur (Acid, and N) pH Duration Temperature
= e fom . fane) __{howrs) R %) B
ABA, standard -60 Total HCl, 0.1-0.5 0.5-7.0 1 85
ABA, modified -200 Sulfide HCl, 0.1-0.5 1.5-2.0° 24 : 25
BCRI -100 to -400 Total H,80,, 1.0 3.5 4+ 25
NP(pHO) -150 to -325 Sulfide H,S0,, 0.1-1.0 6.0 4-120 25

). 75% passing 325 mesh has

-

Iparticle size for the BCRI test was reported as -100 mesh by Bruynesteyn
been used by industry Jaboratorics (Lapakko 1994a).

2pH is not controlled with this method.

¥This range was used by Lawrence Consulting LTD. (1991);

and Duncan (1979) and -400 mesh by Bruynesieyn and Hackl (1982

a range of 1.010 1.6 was reported in an carlicr p

ublication (Lawrence 1990).
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Protocol variablés which may contribute to these differences
include mine-waste particle size (tailings are typically run “as
received"); “digestion” variables such as the acid used, amount of
acid added (i.e., digestion pH), temperature, and duration; and the
endpoint pH of the “hack titration,” if a back titration is used
(Table 15.3). The most influential of the protocol variables arc
particle size, extent of acid addition, and the back titration end-
point, The extent to which protocol variables will affect the mea-
sured NP is dependent on the sample mineralogy.

Particle size—To examine the effect of particle size on NP, the
standard ABA method was used to determine the NP of the -1/4
inch, -60 mesh, -150 mesh, and -325 mesh fractions of three rock
samples (Table 15.4). The minus 1/4-inch size was included
because it is commonly used in humidity-cell accelerated-weath-
ering tests, such as those described in White and Jeffers (1994).
For each of the rock types, NP increased as particle size
decreased. This trend reflects increasing dissolution of acid-neu-
tralizing minerals, due to increasing mineral surface area with
decreasing particle size (¢.2. Lapakko and Antonson, 1991).
Thus, the reduction of particle size in neutralization potential
determinations increases the dissolution of acid-neutralizing min-
erals which, in turn, Jends to overestimation of the NP of the larg-
er particles. The extent of this overestimation would tend to be
greater for the BCRI and NP(pH6) tests, in which finer particle
size fractions are used (Table 15.3).

TABLE 15.4—Standard-ABA NP increased as particle size decreased.

Sample size Sample NP (kg/t CaCOy)

(mesh) __1-C MN-4 3-A
-325! 8 15 943
-150! 6 12 915
-60! 6 11 900
-1/4 inch? 0.09 2 ND

12.g sample mass.
220-g sample mass.
ND, not determined.

Amount of acid added—The amount of acid added during the
digestion can have a substantial influence on the NP value deter-
mined. As the acid addition increases, pH tends to decrease. This,
in turn, leads 1o increased dissolution of acid-neutralizing miner-
als and a consequent increase in the NP measured. Indeed, the
general approach for determining NP has been criticized since the
low pH in the strongly acidic digestions may dissolve minerals,
with consequent acid neutralization, which would not dissolve
(and neutralize acid) at circumneutral pH (Lutwick, 1986). That
is, minerals which dissolve to neutralize acid at low pH in NP
digestions may not dissolve fast enough (at higher pH) to main-
tain neutral pH conditions in the environment. Consequently, NP
digestions have been reported to generally overestimate the envi-
ronmentally practical capacity of mine wastes to neutralize acid
(Lapakko, 1994a), One example of such overestimation is report-
ed for Duluth Complex rock, in which silicate mineral dissolution
contributed to the standard ABA NP, In both laboratory and field
tests, this dissolution neutralized acid produced by oxidation of
sulfide minerals present in the rock. However, the rate of dissolu-
tion was not fast enough to maintain drainage pH above 6.0 even
for rock of moderate sulfide mineral content (Lapakko, 1988,
1990; Lapakko and Antonson, 1994; Lapakko, 1994b).

LAPAKKO, AND R.L. Cox

To illustrate this phenomenon, the standard ABA NP of 14 ti
samples was compared to the amount of acid neutralized by the |
samples prior to drainage pH decreasing below 6.0 in laboratory
tests. This observed neutralization potential has been referred to as It
the “empirical NP” (Lapakko, 1994b). In all 14 cases the standard it
ABA NP overestimated the cmpirical NP by 5 to 21 kg/t CaCO, : g
(Table 15.5). Even after drainage from these rocks had acidified H
(decreased below pH 6.0), indicating that no neutralization poten- si
tial remained, the standard ABA tests conducted on the leached 1 2
solids indicated a residual NP, Examination of the unleached, 0
empirical, and leached NP values clearly indicates that the stan- it
dard ABA NP overestimates the actual capacity of these mine :
wastes to neutralize acid while maintaining drainage pH above

6.0. T
e
bx
TABLE 15,5—Standard ABA NP (kg/t CaCO,) of fresh and leached =
Duluth Complex drill core samples. Si
Sample PCT S Unleached Empirical Minimum Leached Change ;
NP NP! pH NP ___inNP
G 0.92 21.8 0.40 4.20 13.9 -19
H 0.92 21.8 0.41 4.55 20.8 -1.0 T
K 1.24 12,6 0.61 4.20 11.8 -0.8
L 1.24 12.6 0.58 4.15 12.9 +0.3 ik
C 1.35 10.5 0 3.75 10.2 -03
Q 1.74 9.1 0 4,05 5.9 -3.2
R 1.74 9.1 0 4,00 72 -1.9 Ts
S 1.87 23.72 2.0 4.50 83  -154
T 1.87 23.72 1.8 4,20 78  -159
B 2.01 79 0 3.70 8.3 +0.4 T
U 217 7.9 0.22 3.90 3513 4272 ©
v 2.17 7.9 0 4.55 3513 4272
W 2.57 5.1 0 3.95 2.4 2.7 T
X 2.57 5.1 0 3.95 37 ol ”
INeutralization potential above pH 6 observed in laboratory dissolution test.
Zavernge of duplicate values: 204, 27.1 kg/t CaCO4. T
30ne sample of U, ¥ combined. The reason for the increase in NP after leaching i
unknown. T¢
This error can be exacerbated and reproducibility hindered s T
to the potential for variable acid addition in the standard ABA -
modificd ABA NP digestions. Acid addition can vary with
standard ABA and modified ABA (although to a lesser degrec
not with the BCRI “litration” of a mine wasle sample, du 5
which mineral dissolution and neutralization oceurs at pH gt c:\
than or equal to 3.5. This is higher than the typical pH rang by
ABA test and the prescribed modified ABA test range (15 E
and, consequently, acid neutralization due to the dissolutio 2 d
atively unreactive minerals would contribute less “false NP be
BCRI test. Nonetheless, mineral dissolution and acid neu H
tion can occur in the BCRI test at lower pH values, and m Tl
be rapid enough to maintain mine waste drainage pH 4
Contributions from low pH mineral dissolution and a '
ization are climinated in the NP(pHG6) test. A us
The acid added in the standard ABA digestion vanes i
ml 0.1N to 80 ml 0.5 N hydrochloric acid, a twenty-fol In
based on a subjective interpretation of the “fizz" tes i

of acid addition can produce a digestion pH ranging {T
In the modified ABA the amount of acid added is b
“fizz” test, but is also limited by requiring a pH range %
at the end of the digestion, During the BCRI and NP(p
tions” of a mine wastc sample, mineral dissolution an
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tion occurs at pH greater than or equal to 3.5 and 6, respectively.

Lapakko (1992b) reported that increasing H' additions for the
modified ABA digestion by factors of 1.25 to 5 increased the
resultant NP by an average of 27 kg/t CaCOs,, with a maximum
increase of 76 kgft CaCO, (Table 15.6). These values demonstrate
graphically the influence of the digestion acid strength on NP,
However, the actual impact on modified ABA values is limited
since the protocol requires digestion pH in the range of 1.5 to
2.0, Thus, the potential range of the acid addition is limited by the
objective criterion of the target pH range rather than the subjective
imerprelalion of the “fizz” test (Lapakko, 1992b).

TABLE 15.6—Effect of acid addition on NP (pH 8.3 titration endpoint)
determined by modified ABA method (Lapakko, 1992b). pH, = pH at
beginning of titration, NP in kg/t CaCO;.

Sample ml HCI N HCI H* pH, NP
e equivalents
T 40 0.100 0.004 4.83 200
40 0.300 0,012 1.37 187
40 0.500 0.020 0.65 205
T2 30 0.300 0.009 2.09 170
40 0.500 0.020 0.64 200
T3 40 0.100 0.004 4.39 78
20 0.527 0.010 1.20 146
40 0.500 0.020 0.81 148
T4 40 0.100 0.004 4,39 76
20 0.5217 0.010 1.14 144
40 0.500 0.020 0.62 152
TS 40 0.100 0.004 2,14 69
60 0.105 0.006 1.65 92
40 0.500 0.020 0.51 88
T6 \ 40 0.100 0.004 214 41
60 0.103 0.006 1.76 62
™ 30 0.527 0.016 1.28 219
40 0.500 0.020 0.74 226
T8 40 0.100 0.004 4.59 69
20 0.527 0.010 2.18 109
T9 20 0.105 0,002 1.85 22
40 0,100 0.004 0.51 16
TI0 35 0.5217 0.018 1.22 204

40 0.500 0.020 1.00 210

In contrast, the impact in the standard ABA test can be sub-
stantial, since the acid addition is based strictly on @ subjective
evaluation of the “fizz” test by the laboratory technician. Differing
evaluations of this test lead to different acid additions and, conse-
quently, variations in the NP determined. Lapakko (1991) report-
ed that increasing the acid addition to a hydrothcrmnl-quanz-curr
bonate gold tailing sample from 40 ml 0.1N HCL to 40 m! 0.5N
HCY, increascd the resultant ABA NP [rom 20 to 174 kg/t CaCO3.
The initial digestion pH values for the two acid additions were
4,87 and 1.17, rcspcctively.

Back titration endpoint—The ABA and modificd ABA tests
use back titrations, to respective endpoints of 7.0 and 8.3, follow-
ing the digestion step 10 determine the amount of acid remaining
in solution. With hydrothermal quartz-carbonate hosted gold tail-
ings, modified ABA NP values using a pH 7.0 endpoint were typ-
ically 20 to 30 kg/t CaCO4 higher than those for the pH 8.3 end-
point, with a maximum increase of 165 kgft CaCO4 (Table 15.7).

This suggests that the pH7.0 titration endpoint did not account for

all of the acidity in solution. In particular, the Jower titration end-

point did not allow for the oxidation of ferrous iron (released from
iron carbonate minerals, for example) and subsequent precipitation
of iron hydroxide (Lapakko, 1992b). The contribution of iron and
other metals in solution can be accounted for by peroxide addition,
as described in methods for determination of mineral acidity
(ASTM Method D1067 or American Public Health Association et
al., 1992). Since the BCRI and NP(pHO) methods do not include a
back titration, acidity released during the digestion step (e.g., iron)
is not accounted for.

TABLE 15.7—Comparison of ABA NP values determined at pH end-
points of 7.0 and 8.3. Acid addition for ABA was 40 ml of 0.5 N HCI
unless otherwise noted (Lapakko, 1992b).

Sample gtandard ABA NP, kg/t CaCO4
S _pH.7.0cndpoint H 8.3 endpoint
T1 231 205
228 208
T2 202 173
T3 202 173
188 163
T4 190 162
178 156
TS 106 98
91 85
T61 69 48
T 270 241
T8 174 142
T8l 80 14
191 18 17
T10 373 208

I Acid addition 40 ml of 0.1 N HCL

Acid type—Except for the influence of digestion duration on
the NP(pH6), there is little evidence tO indicate the influences of
the remaining digestion yariables (acid type, temperature, dura-
tion) are substantial, Standard and modified ABA digestions use
hydrochloric acid, while the BCRI and NP(pH6) tests usc sulfuric
acid. Pyrrhotite is more soluble in hydrochloric than sulfuric acid
and, therefore, might be expected to contribute more false NP in
the standard and modified ABA tests than the BCRI and NP(pH 6)
tests. Jennings and Dollhopf (1995) repotted an average of 80% of
three pyrrhotite samples was solubilized by treatment with 491 M
HCI (approximately 150 ml HCV/g -100-mesh pyrrhotite).

However, solubilization of pyrrhotite under the conditions of
the ABA NP determination appears [0 be slight. No increase in
ABA NP values was observed as the pyrrhotite content of Duluth
Complex rocks increased from 1,2% to 6.5% (Lapakko, 1995)- To
further examine this phenomenon, the USBM subjected pyrrhotite-
pearing samples of Duluth Complex rock to a procedure similar to
the ABA ncqualiz:uion—potcmial determination. Samples of 80%
passing 150 mesh were subjected 10 40 ml 0.1 N HCI (plus 60 ml
E-pure water) for one hour at 80°C. The pyrrhotite dissolution dur-
ing this digestion was minimal. The average sulfur content (LECO
furnace) of the three samples was 1.50£0,10% after the test as
compared to 1.60+0.03% before the digestion. Thus, it is conclud-
ed that little false NP would be contributed by pyrrhotite dissolu-
tion in the presence of hydrochloric acid in the standard and mod-
ified ABA static tests. Apparently either
1) pyrrhotite was solubilized by the more concentrated hydrochlo-

ric acid used by Jennings and Dollhopf (1995) but not by lower
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concentrations in the standard ABA, or
2) there was some difference between the pyrrhotite present in the

samples examined in the two studies,

Digestion temperature and duration—Relative to the modi-
fied ABA, the clevated temperature used in the standard ABA
digestion may enhance the dissolution of host rock minerals. On
the other hand, a greater degree of neutralizing mineral dissolution
would be expected with the longer digestion duration of the mod-
ified ABA test. However, previous rescarch indicated that, within
the ranges typical of standard and modificd ABA testing, the influ-
ence of elevated temperature and test duration on 12 mine waste
samples of variable composition (Coastech Research Inc., 1989)
and 10 hydrothermal-quartz-carbonate-hosted-gold tailings was
negligible (Lapakko, 1992b).

To examine the effect of modified NP(pH6) digestion duration
on NP results, USBM subjected five samples to this test. Sample
3-Ais nearly 100% calcite; 3-B is comprised of 60% carbonate as
dolomite/ankerite; sample 3-D contains approximately 5% car-
bonate as ankerite and dolomite; and the final two samples were
purchased specimens of calcite and siderite. With this digestion
the NP values after 120 hours of digestion werc typically 1.1t02.3
times those after a 4-hour digestion (Table 15.8), The increase for
samples dominated by caleite (3-A and calcite sample) was small
relative to that for samples dominated by magnesium and iron car-
bonates, reflecting the relatively rapid dissolution of calcite. That
is, the most of the calcite dissolved within the first four hours of ,
digestion, while the majority of magnesium carbonate dissolved
between 4 and 120 hours. Thus, for this test, measurement of NP
contributions from magnesium carbonates requires a longer dura-
tion than those from calcium carbonate.

TABLE 15.8—Successive NP results from 4-, 24-, and 120-h modified
NP(pH6) leaches of two mineral specimens and three carbonate-rock
samples.

Sample Neutralization potential
(kg/t CaCO5)
4 hours 24 hours a 120 hours

3-AT 737 790 864
3-B? 105 204 250
3.D? 10 19 32
Calcite 859 ND 945
Siderite 2 ND 9

ND, not determined,

! Approximately 100% calcite.

260% carbonate as dalomite and ankerite.
3Approximately 5% dolomite,

Effect of sample mineralogy

The extent to which protocol variables will affect the NP deter-
mined by various tests is dependent upon the mineralogy of the
sample under examination, Tests were conducted on carbonate
and feldspar minerals to assess their contribution to measured NP,

Carbonate minerals—Two relatively pure carbonate minerals
(“Iceland-spar” calcite and siderite) were purchased from a com-
mercial supplier. Their X-ray-diffraction (XRD) patterns were
nearly perfect matches with respective patlerns of their corre-
sponding XRD-reference samples, XRD analysis detected some
MnCO; in the calcite sample, and some mixed carbonates of cal-
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cium, magnesium, iron, and manganese in the siderite sample. X-
ray fluorescence analysis of the samples indicated traces of man-
ganese, iron, and strontium in the calcite sample and traces of
manganese and calcium in the siderite sample. The purchased
samples were pulverized to-80% passing 150 mesh and, along
with mixtures of the two samples, subjected to four different NP
procedures (C-S analysis, standard ABA, modified ABA, modified
NP(pHG)),

The C-S method determined the “calcite™ sample was 57% car-
bonate (CO;) which, assuming none of the carbonate was associ-
ated with iron or manganese, implies an NP of 950 tons
CaCO,/1000 tons rock. This value yields an upper bound for the
NP present with calcium and magnesium carbonates, assuming
the technique accurately determined the carbonate content of the
sample. Furthermore, it indicates that approximately five percent
of the sample was comprised of noncarbonate minerals, The
agreement among the three remaining static tests was good, and
the values determined were roughly 90% of the maximum calci-
um/magnesium carbonate content indicated by the C-S method
(Table 15.9). The difference between the results of these three tests
and the C-8 determination may be due to (1) the presence of some
iron and (or) manganese carbonate (approximately 10% of the
entire sample) or (2) incomplete digestion of the sample by the
standard and modified ABA and modified NP(pH6) methods.

TABLE 15.9—Neutralization potential (NP) of calcite and siderite using
four different techniques (kg/t CaCO,).

NP-determination methods

Sample Expected C-§ ABA, ABA, NP(pH6),
value!  analysis  standard modified modified?
Calcite 1000 948 863 858 859
Siderite 0 772 763 632 2
5:5:90% 50 864 89.5 NA 352
10:10:80° 100 1721 165 NA 86.5
10:20:70° 100 2491 241 NA 94.9
20:10:70° 200 267 254 NA 178

NA, not analyzed,

'Expected NP = percent calcite x 10,

24-h test duration,

*Ratio of calcile: siderite: quartz.

“Calculated bused on values from “pure” samples,

Underestimation of the total calcium/magnesium carbonate =

content is atypical of static test NP determinations in general, but
may have resulted from the extremely high calcite content of (he -
sample. The amount of acid added in the standard and modified
ABA was precisely that required to dissolve a sample of pure cal
cite. In other words the acid added in these two tests was only
slightly in excess of the carbonate mineral content and, consc
quently, the digestion of the calcite may have been incomplete due
to slow reaction al higher pH. Similarly, the modified NP(pH6)
digestion of calcite may have been incomplete due to the near neu
tral conditions of this test. 4

For the siderite sample the C-S method yielded a carbonate
(CO,4) content of 46.3% which implies an NP of 772 tons
CaCO,/1000 tons rock, assuming none of the carbonale was asso:
ciated with iron. Based on the XRD analysis of the sample it
more reasonable to assume the carbonate was associated with iron;
which yields a siderite content of 89% and a noncarbonate mi
al content of about [ 1% for the sample, This further implies a ¢z
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-cium/mngnesium carbonate NP of 0. The standard and modified
~ ABA techniques both yiclded NP values well above the expected
~ value of 0 kg/t CaCO, (Table 15.9). This indicates that the diges-

tions dissolved the siderite, but that the oxidation of ferrous iron
and subsequent precipitation of ferric oxyhydroxide in the back
titration was incomplete (see also Lapakko, 1992b, 1994a). The
modified ABA technique yielded a lower NP, indicating a lesser
attack of the siderite during the digestion (Table 15.9).

The modified NP(pH6) was in excellent agreement with the
expecled value, and indicated that the dissolution of siderite was
minimal at the higher digestion pH of this test. That is, only a
small amount of acid could be added to the mixture of water and
siderite sample and still maintain‘a pH of 6. Apparently the disso-
lution of siderite was minimal in the less acidic NP(pH6) diges-
tion. If significant siderite dissolution did occur, the ferrous iron
released was oxidized and precipitated as ferric hydroxide with
the consequent acid production (equations [4] and [S]). Thus, this
acidity would be accounted for in this test rather than being
neglected due to its presence as aqueous ferrous iron, which can
occur in other static tests.

The trends observed for the calcite: siderite: quartz mixtures
semi-quantitativcly reflected the analyses of the “pure” samples.
The standard ABA NP values exceeded the expected values by an
average of almost 80%, further supporting a substantial contribu-
tion of “false” NP by siderite in the standard ABA, In contrast, the
modified NP(pH6) values were an average of 14% below the
expecled values, suggesting an incomplete digestion of the calcite.
These errors were calculated assuming both the “calcite” and
“siderite” samples were pure mineral phases, Since the C-S analy-
sis indicates the “calcite” sample was less than pure, it is likely
that the actual errors in the ABA NP values were slightly higher,
while those for the modified NP(pH6) method were slightly lower.

Feldspar minerals—To determine the extent (o which various
feldspar minerals contribute to the NP determined by standard
ABA, three different specimen-grade feldspars were subjected to
a standard-ABA NP digestion, Acid additions [or this test produce
a calculated pH range of 0.5 to 1.8, prior to mine waste sample
addition. Under these low pH conditions, a reaction similar to
equation [10] occurs. Potassic feldspar (microcline), and the cal-
cic and sodic end members of the plagioclase feldspars (bytown-
ite-ANT0-90 and oligoclase-AN10-30, respectively) were select-
ed because they arc common mineral constituents of rock types
common to mine waste from metal mines. After completion of the
acid leach, the leach mixture was filtered and the filtrate analyzed
for potential feldspar-dissolution products (Al, Ca, K, Na, Si).

Table 15.10 shows that bytownite is solubilized to a much
greater extent than either oligoclase or microcline. Concentrations
of selected cations from bytownite dissolution are one o two
orders of magnitude greater than corresponding cation concentra-
tions for oligoclase and microcline. Cation concentrations for
oligoclase and microcline were nearly identical. Additionally,
bytownite dissolution has a buffering cffect on the acid leach that
is not demonstrated by either oligoclase or microcline (pH 3.5 ver-
sus pH 2.0).

A second standard-ABA NP-determination acid leach was
conducted on splits of the same bytownite and oligoclase samples
to determine if measurable NP would result from the rigorous
leach conditions. Because the previous microcline and oligoclase
acid-leach results were nearly identical (Table 15.10), NP was not
determined for microcline. Resulting NPs are listed in Table
15.11. Results are consistent with the acid-leach results summa-

rized in Table 15.10; bytownite NP ranged from 12 to 24, while
oligoclase NP ranged from 0.0 to 0.4. Although calcium carbon-
ate was lotally absent from the specimen-grade feldspars, bytown-
ite dissolution resulting from the standard-ABA acid Jeach pro-
duced measurable NP and erroneously suggested the presence of
more than 2% calcium carbonate. The significance of the tests
summarized in Tables 15.4, 15.10, and 15.11 is that NP can t?c
overcstimated by tens of parts per thousand due toldiffercn‘ct.:s in
sample-size reduction and unanticipated dissolution of silicate

gangue mincrals.

TABLE 15,10—TFiltrate analyses' after acld leaches (standard ABA
methed) of three non-carbonate-bearing specimen-grade feldspars

Sample Oligoclase Bytownite Microcljnc
. (sodic) calcic) (potassic) '

2.02 3.46 1.99

Ilzllj 4.30 31.40 4,30

Ca 5.19 66.10 5.26

K 1.40 4.60 2.10

Si 1.50 128.00 <l

Al 2.04 99.40 2,04

ICation concentrations in mg/l (parts per million)

TABLE 15.11—Comparison of average pH and range of NP \.'alucs
determined from acid leaches (standard ABA method) of specimen-grade

bytownite und oligoclase feldspars.

Sample _pH _ NP!
Bytownite (calcium feldspar) 2.6 12-24
Oligoclase (sodium feldspar) 1.9 0.0-0.4

IExpressed us kg/t CaCO;.

1t should, however, be noted that feldspars can provide practi-
cal acid neutralization. Morin and Hutt (1994) reported thatlfor
more than a decade of weathering in the field, the 50% calcium
'l'cldspar present in tailings neutralized the gcid produced by the
oxidation of pyrite present in a concentration of 1.'9%." F:actmfs
which enhanced the effectiveness of feldspar neutralization in this
case were ' )
1) the relatively fine particles and consequent high specific sur-
face area of the feldspar, o
2) the feldspar was largely calcium feldspar, which is more reac-
tive that sodium or potassium feldspar (Table 15.1‘0), and
3) possible subaqueous conditions which would' limit the rate of
pyrite oxidation and consequent acid production,

Comparison of NP determinations on
yarious mine waste samples

The extent to which various NP methods will differ for a igi.vcn
mine waste sample is dependent upon the sa{nplc composition.
Lapakko (1992b, 1994a) compared various static test NP \‘falucs to
each other and to the total calcium carbonate and magnesium car-
honate content, or mineralogic NP (equation [121). The mingr-
alogic NP was used to estimate the actual neutralization potential
of mine waste samples, assuming that calcium carbonate and
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magnesium carbonale present in the mine waste samples, and only
these minerals, would dissolve to maintain a pH of at least 6.0. The
mineralogic NP allows estimation of Static-test NP accuracy in
the absence of adequate laboratory or field data required to deter-
mine the empirical NP (see definition of “empirical NP” on page
330 under the heading “Amount of acid added”).

Mineralogic NP = 10 X (%CaCQ,) + 11.9 x (%MgCO,)  [12]

For 10 hydrothermal quartz-carbonale tailings Lapakko
(1992b) reported that, relative to the standard ABA method, the
NP determined by the modified ABA method was lower, and more
closely approximated the mineralogic NP (Table 15.12), The com-
bined quartz and carbonate mineral content of the tailings aver-
aged about 50%, with feldspar, chlorite, and mica constituting an
average of 42%. The partial dissolution of some or all of these sil-
icate minerals during standard and modified ABA NP-test diges-
tions resulted in test NP values that exceeded corresponding min-
eralogic NP values. Modified ABA NP values that were less than
mineralogic NP values suggest incomplete dissolution of the cal-
cium and magnesium carbonates during the 24-howr digestion
period.

TABLE 15.12—Comparison of neutralization potentials of hydrothermal
quartz-carbonate hosted gold tailings as determined by standard ABA,
modified ABA, and calcium carbonate plus magnesium carbonale con-
tent.

Neutralization potential, kg/t CaCO,

Sample ABA, ABA, CaCO, +
standard modified MgCO,
Tl 230 200 207
T2 230 180 189
T3 195 130 163
T4 184 130 147
TS 98 92 65
T6 69 64 45
T7 270 220 229
T8 174 120 110
9 18 16 14
T10 373 200 200

Lapakko (1994a) used a similar approach to evaluate standard
ABA, modified ABA, and B.C. Research Initial neutralization
potentials of ten mine waste samples of varying mineralogy. The
standard ABA and modified ABA produced similar NP values on
most samples. For four of the samples the standard ABA and mod-
ified ABA NP values were not significantly different from the
mineralogic NP of four samples, and were within 10 kg/t CaCO,
of the mineralogic NP of an additional three samples (Table
15.13). The major minerals in thesc scven samples were quartz,
potassium feldspar, and mica. However, for the remaining three
samples NP values from these two static tests exceeded the min-
eralogic NP by 13 to 47 kg/t CaCO,. The mineralogic components
contributing to the excessive static test values for these three sam-
ples were calcium feldspar (and perhaps pyroxene and olivine),
clinopyroxene, and iron carbonates.

The B.C. Research Initial NP values were slightly higher than
those for the standard and modified ABA, perhaps due to the
smaller particle size used in the BCRI. Nonetheless, the BCRI NP

respectively), and the carbonate mineralogy is dominated
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values for eight of the samples were within 10 kg/t CaCO, of the ?
corresponding mineralogic NP. The BCRI NP valucs for the ;
remaining two samples were 15 and 49 kg/t CaCO, higher than i
the corresponding mineralogic neutralization potentials, Both of
these samples contained iron carbonates, which were identificd as
responsible for the excessively high BCRI NP values. The
NP(pH6), similar to the BCRI but using an endpoint of pH 6.0,
was proposed as an alternative for NP determination. This method
was within 3 kg/t CaCO, of the mineralogic NP of all ten samples,

TABLE 15,13—Ncutralization potential (kg/t CaCOs) of mine waste |
samples from various rock types.

Sample Standard Modified  B.C. Mineralogic

ABA ABA Research  NP(pHG6) NP
RKI 12 9.6 7.7 3.0 0 (029! {
RK2 35 33 11 2.8 1 (0-23) f
RK3 15 14 25 3.3 5 (1.9-9.7) :
RK4 28 28 33 28 32 (28-37)
TL1 27 27 30 24 19 (17-23)
TL2 18 20 25 16 16 (13-21) i
TL3 46 61 82 30 19 (8.1-33) |
TL4 3.8 2.9 15 1.8 5 (3.7-6.6)
TLS 7.5 3.2 20 15 12 (98-17) &
TL6 99 72 58 55 46 (35-52)

'Error bar in parenthesis.

To further illustrate the difference among static test neutraliz
tion potentials, the USBM subjected samples from four differe
rock-type groups to four different methods of NP determinatio
(C-S analysis, standard ABA, modified ABA, and modifi
NP(pHG6)). The four rock-type groups tested were latite porphyry,
mudstone, carbonate, and gabbro, Major mineral constituents fi
cach rock-type group and a range of corresponding weight-|
cent estimates for each mineral are listed in Table 15.14. Min
weight-percent ranges for latite porphyry, mudstone, and carb
ate were estimated using X-ray diffraction (XRD), while estimale
for gabbro were made using point counts from thin sections.
15.15 shows the response of the four rock-lype groups (as
enced by their respective mineralogies) to the four NP-dete
tion methods. :

General gangue mineralogy for the latite porphyry and n
stone samples are similar. More importantly, XRD-determin
carbonate content for both rock types is low (3 to 5%, a

carbonate species such as ankerite, siderite, and
dolomite/magnesite (Table 15.14), C-S analysis of the latite
phyry suggests that less than 1% (expressed as CaCO;)
ly present, whereas C-S analysis results of 4 to 6%
stone samples are in good agreement with the XRD es
about 4%.

Insufficient acid addition to the latite porphyry and mudsfo

L)

samples was first thought to be a plausible explanation a
estimated NP by the standard and modified ABA: a
However, when ABA acid-leach solutions [rom latit v
and mudstone samples were titrated (to a pH 8.4 end g

end of their respective leaches, between 85 and 100
inal acid volume had not reacted with the rock samp
concluded instead that the carbonate present was p
associated with iron and, for these solids, the stan td,
fied ABA methods did not greatly overestimatc the
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TABLE 15.14—Range of weight-percent estimates for major mineral constituents comprising the four rock-lype groups.

Telra, tetrahedrite

magnesium carbonate content. That is, the iron carbonate present
did not contribute NP at the low pH digestions in these tests. A
second explanation is {hat calcium and magnesium carbonates
were present and of low reactivity (due perhaps, to iron oxyhy-
droxide coatings on their surface) and did not dissolve in the ABA
digestions. Preliminary USBM scanning-electron microscopy
(SEM) studies of related mudstone samples documented presence
of rhombohedral carbonate occurrences rimmed with higher-den-
sity iron-calcium-manganese carbonate (Chirban, unpub. labora-
tory notes, 1991).

TABLE 15.15—Neutralization potential (NP) of four different waste-
rock groups by NP-determination method (NP expressed as kg/t CaCOs).

NP-determination methods :
Waste-rock C-S ABA, ABA, NP(pH6),

group Sample analysis standard modiﬁgﬂ_ﬁ@ﬁgﬂ_‘_
Latite porphyry 1-B 5.8% 0.0 0.0 0.1
Mudstone 1-C 59 4.42 3.9? 1.9
1-D 40° 6.9° 2.9% 23
Carbonate 3-A 919? 885 g72% 737
3-B 3692 263% 204? 105
3-D 36 402 59 10
Gabbro MN-2 7.9 29 10 2.8
MN-4 8.3 28 7.8 0.2
MN-6 6.5 21 16 7.4

14.hour test duration
2pverage of two lests

Carbonate sample NP-determination test results are in good
agreement with respective sample mineralogy. According to C-8
analysis, sample 3.A contains 90% calcium carbonate equivalent
which has been identified by XRD as calcite. Standard and modi-
fied ABA NP values were 959% of the C-S NP value, and modified
NP(pH6) was 80% of C-S NP, These results are consistent with
calcite’s rapid reaction rate and subsequent nearly-complete
digestion when subjected 10 excess acid, Sample 3-B contains
about 40% calcium carbonate equivalent which has been identi-
fied by XRD as dolomite, Standard and modified ABA NP values

Major e - J_rigck_-’l‘ypc Growp o
Mineral Latite
Constituents _porphyry ____ Mudstone ____ Carbonate Gabbro -
Iron sulfide Py (6) Py (3-24), Po (0-5) ND Po (0.6-3)
Base-metal sulfide ND Tetra (tr.) ND Cp (1.5-3)
Carbonate Ankerite! (3-5) Siderite? (1-2) Calcite (10-90) ND
Kutnohorite? (1-2) Dolomite (5-20)
Dolomite, ferroan” (tr.) Ankerite! (3-4)
Magnesite, ferroan® (Ir.)
Ankerite'(ir.)
Silicate Microcline (20) Microcline (5-10) Quartz Labradorite (60-65)
Albite (15) Albite (5-10) Pyrox/amphib (14-19)
Quartz (50) Quartz (45-50) Olivine (5-7)
NOTE: values in parentheses represent percent of minerals present ICa(Fe,MEXCO,)?
ND, Not detected 2FeCOy ’
Po, pyrrhotite 3Ca(MnMg)(CO,)
Py, pyrite 1CaMg.Fe)(CO4)
Cp, chaleopyrite 5(Mg,Fe)CO;

for sample 3-B were 70 and 809% of the C-S value, respectively.
The underestimated ABA NPs may be due to insufficient acid
addition; minimal titrant was required during the back titration to
reach a pH 8.4 endpoint because 80 to 909 of the acid was con-
sumed during its neutralization by the sample. The modified
NP(pH6) value was only 28% of C-S NP, and is believed to be a
result of insufficient leach time (4 hours). Dolomite has a slower
dissolution rate compared with that of calcite; when sample 3-B
was allowed to leach for a 120-hour period, an NP of 250 or 68%
of C-S NP was achieved, which was more than twice the NP
obtained by the 4-hour leach (sec Table 15.8). Sample 3-D con-
tains only about 4% calcium carbonate equivalent which has been
identified by XRD as ankerite., Standard and modified ABA NP
values are 100+% of C-5 NP. This is consistent with the amount
of excess acid present at the completion of the respective leaches
(about 50 to 80% of the original yolume was neutralized during
the back titration), However, modified NP(pHG6) value was only
289% of C-S NP, but again this was believed to be a function of
insufficient leach time (4 hours). When sample 3-D was Jeached
for a 120-hour period, an NP(pH6) value of 32 or 89% of C-S NP
resulted.

Gabbro sample mineralogy is dominated by calcium, magne-
sium, and iron-magnesium silicates, and contains less than 1%
carbonate (identified by C-S analysis as calcium-carbonate equiv-
alent). Standard ABA NP values for all three gabbro samples werc
three times larger than their respective C-S NPs, while modified
ABA NP values were only slightly higher for two of three sam-
ples. Overestimation of gabbro-sample NP by the standard ABA
method is most likely caused by dissolution of calcic plagioclase
which is the dominant gangue ‘mineral in each of the three sam-
ples (MN-2, 4, and 6). Standard ABA NP values obtained for the
gabbro samples are consistent with observed dissolution of pure
calcic plagioclase samples when subjected to the same (est (sec
Table 15.10). Modified NP(pH6) results are one and two orders of
magnitude lower for gabbro samples MN-2 and MN-4, compared
with their corresponding standard ABA NPs. These results are
consistent with the higher pH conditions of the modified
NP(pH6) test (pH > 6.0), which would be less likely to solubilize
much calcic plagioclase.
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SUGGESTIONS FOR IMPROVING
STATIC-TEST ACCURACY

The following suggestions are offered to help solve specific
problems with NP-determination tests that were identified in the
previous section.

+ The method of determining acid production potential should
be based on the sulfur-bearing minerals present. If only iron
sulfide is present, the AP can be based on total sulfur determi-
nation. If other sulfur-bearing minerals are present in substan-
tial quantities, it may be necessary to determine their abun-

. dance to accurately quantify the AP. )

+  Know the carbonate mineralogy and major host rock minerals

* present in samples being tested. :

+ “Ifiron carbonates are present, care should be taken to allow for
iron precipitation in the back titration of the standard and mod-
ified ABA tests. This precipitation can be enhanced by use of
an endpoint of 8.3 rather than 7.0 and allowing additional time
for endpoint pH stabilization, It can be essentially eliminated
by the addition of hydrogen peroxide, as used for mineral acid-
ity determination (ASTM method D-1067 or American Public
Health Association et al., 1992).

« If no iron carbonates are present, measurement of carbon diox-
ide evolved from the sample will accurately quantify the calci-
um/magnesium carbonate content of the mine waste. Errors
from commonly used static tests will be limited to those intro-
duced by dissolution of noncarbonate host rock minerals dur-
ing the NP digestion and the attendant low-pH acid neutraliza-
tion,

+ The presence of minerals such as calcium-rich plagioclase
should be noted. The possible contribution of false NP by dis-
solution of these minerals in low-pH digestions must be con-
sidered. Only if the rate of acid production is quitc slow, will
these minerals neutralize acid while maintaining a neutral pH
in the environment. Their practical neutralization potential is
severely limited if they are present in waste rock,

+ The NP(pHG6) test will probably be more accurate than the
standard ABA, modified ABA, and BCRI initial tests in quan-
tifying the NP present as calcium carbonate and magnesium
carbonate for samples containing elevated levels of siderite
(iron carbonate) or calcic plagioclase (e.g., labradorite). This
test, however, is often more time consuming than the more
commonly used NP determinations.

« For waste rock samples, NP digestions should be conducted on
larger size fractions in addition to the recommended size

- reduction, in order to better quantify the influence of particle
size on the available NP, Testing minus 1/4-inch samples will
further benefit interpretation of humidity cell data from waste
rock samples.

SUMMARY

Static tests conducted on a variety of metal-mine-waste sam-
ples showed that neutralization potential (NP) variability for a
giveri sample was (1) most strongly influenced by differences in
sample particle size, amount of acid addition, back-titration end-
point, and sample mineralogy; (2) influenced in one test by diges-
tion duration; and (3) virtually unaffected by acid type and tem-
perature of digestion:

» Reducing particle size of three samples from minus 1/4 inch to

W.W. Warre IIL, K.A. Lapakko, aND R.L. Cox

minus 325 mesh increased NP by 8- to 43-kg/t CaCO,

(increases of 98% and 5%, respectively).

« Increasing acid strength by up to five times increased the NP
of ten samples by 5 to 76 kg/t CaCOj (increases of 3 to 50%,
respectively).

+ Changing the back-titration endpoint from pH 7 to pH 8.3
decreased NP by 20 to 30 kg/t CaCO, (decreases of 1 1to 15%,
respectively).

+ The influences of temperature (25 vs 85°C) and digestion
duration (1 vs 24 hours) on standard and modificd ABA NP
values for 12 mine-waste samples of variable composition and
for 10 hydrothermal-quartz-carbonate-hosted gold-tailings
samples were negligible.

« When digestion duration of the modified NP(pH6) test was
increased from 4 to 120 hours for 5 carbonate-rock samples,

NP increased by 1.1 to 2.3 times.

The extent to which protocol variables affect NP is a function of

sample mineralogy:

+ Standard ABA digestions performed on specimen-grade sodic-
and calcic-end member feldspars produced NP ranges of 0.0-

0.4 and 12-24 kg/t CaCO,, respectively. Although carbonate N

was not present in the feldspar samples, resulting calcic

feldspar dissolution by the acidic ABA digestion produced an

NP that is equivalent to the presence of as much as 2.4%

CaCO;.

+ For mudstone and carbonate rocks, standard ABA, modified
ABA, and modified NP(pH6) determinations yiclded lower NP
values than that indicated by the total carbonate content of the
rock (carbonate content was determined by speciating sample
total-carbon content into carbonate- and organic-carbon com-
ponents). The difference was attributed to:

— the presence of some iron or manganese carbonate and (or),

— the inability of static-test digestions to dissolve calcium and
magnesium carbonate which were coated with iron and
manganese precipitates.

+  For Duluth Complex rock the standard and modified ABA NE. = =
values were typically two to three times those estimated based
on the carbonate content of the rock, apparently due to acid -
neutralization by calcic plagioclase dissolution in the statictest
digestions. In contrast, the modified NP(pH6) values were less= =
than or equal to estimates based on the carbonate content ofthe: -
rock, reflecting the less acidic (and more conservative) condi-
tions of this digestion.
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