
Figure 5.3
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Using the limited data points from the column leaching experiment the value

of n varied from 0.22 to 0.61 (Table 5.5). Assuming average concentration

was directly proportional to leaching rate at the ~X test piles, n values

of 0.76 and 1.7 were obtained (for piles with till plus vegetation cover and

untreated piles respectively).
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Table 5.5 Variation of KS04 with %S in solid

Assume KS04 = a'C%S)n

Column Experiment

Leach Solution

Synthetic Groundwater

Synthetic Surface Water

Megapure Water

AMAX Test Piles

Type of Cover

None

Till and Vegetation
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0.61

0.22

0.51

n

1.7

0.76



5.6 Trace Metal Leaching Rates

The effect of reaction environment was analyzed by comparing rates

from the batch reactor at pH 7, the column leach of mineralized gabbro

with rainwater and Seep 3 during 1977.

Nickel leaching rates increased slightly in the order batch reactor <

stockpile < column study. Although the sulfate leaching rate (reflect­

ing the rate of metal sulfide oxidation) was most rapid in stockpiles,

the readily available transport water in the column experiment pro­

vided means for more rapid trace metal leaching.

Copper leaching of the stockpiles also appeared to be transport limit­

ed. This hypothesis is supported by the relationship between the

rate of leaching and amount of precipitation at the Erie site.

The data presented in Table 5.3 indicate that copper and nickel leach­

ing rates were from 1.1 to 8 times higher in 1977 than 1976.

The ratio of precipitation in 1977 to 1976 was 3.6 suggesting an in­

crease in trace metal leaching with increased precipitation.

The hypothesis of transport limitation is further supported by data

from ~~ test pile FL-5. As presented in Figures 5.4 and 5.5, trace

metal concentrations in leachate increase with decreasing pH. It is

more likely that this is due to increased transport than increased

dissolution since the sulfate concentrations are relatively constant

with pH (see Figure 5.1). Similar observations were made for batch

reactors based on tests designed to determine the amount of metals re­

leased from sulfide minerals and subsequently precipitated or adsorbed

into solids. The results are presented in Figure 5.6 and reflect the

dependence of aqueous mobility on pH. The dependence of the trace

metal leaching rate on pH was similar in the batch reactors and the
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Figure 5.4
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,Figure 5.5
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Figure 5.6 Metal Removal as a Function of pH in Batch Reactors
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field. Data from Hoffmann et al. (1979) indicated the rate of nickel

leaching varied with (H+)0.2 as compared with exponential values of

0.15 to 0.35 for copper, nickel, cobalt and zinc in the field (see Fig­

ures 5.4 and 5.5). The field computation incorporated the assumption

that the leaching rate was directly proportional to the observed con­

centration.

Rock composition was also a factor in trace metal leaching rates in

both the Erie piles and colwnn experiments. At Erie the Seep 3 flow

was generated from a lean ore pile and the EM-8 and Seep 1 flows were

from waste rock piles. The trace metal leaching rates for a given

year from the lean ore pile were consistently greater than those from

waste rock (with the exception of zinc in 1978). The mineralized gab­

bro in colwnn experiments also yielded greater trace metal leaching

rates than the unmineralized samples.
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Generation of Acid Conditions

6.1 Introduction

Acid is generated by the oxidative dissolution of iron sulfides and

consumed by dissolution of silicate minerals and reaction of aqueous

components such as bicarbonate (HC03) with hydrogen ions. The net

effect of the acid producing and acid consuming reactions determines

the change of pH in a system.

6.Z Relevant Literature

Acid mine drainage is commonly associated with the oxidative dissolu-

tion of pyrite (FeSZ) via the mechanism in reaction 6.1; the acid pro­

duction is a result of iron oxidation and precipitation and oxidation

of S2 (Shumate et .' al., 1969).

5
2 H20 =

+

+

ZH °2 2

1 °4 2

+

+

15 °4 2 = Fe(OH)3

Fe(OH)3

+ 2S04 + (6; 1)

(6.2)

The major sulfide minerals present in the Duluth gabbro (Stevenson et al.,

S=
2

+ H20 + 7
- °22

= (6.3)

1979) are pyrrhotite (Fe l -X .S,O< x<0.2), chalcopyrite (CuFeS2)' cubanite

(CuFe ZS3) and pentlandite((Fe, Ni)9SS)' Minor sulfide minerals include

violarite (NizFeS4), mackinawite ((Fe, Ni)l.lS), pyrite (FeS2)' Sphale­

rite ((Zn,Fe)S), and bornite (CusFeS4).

The acid producing reactions in the dissolution of iron sulfides in which

sulfur occurs as S= are the oxidation of ferrous to ferric iron and sub-

sequent precipitation of ferric hydroxide.
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2+
Fe +

+

=

=

Fe3
+ + !z H °

2

+

(6.4)

(6.si

Reaction 6.2 is the sum of reactions 6.4 and 6.5 and indicates the gen-

+ . 2
eration of 2 moles of H for each mole of Fe + oxidized. Oxidation of

sulfide to sulfate involves no generation or consumption of protons as

is demonstrated by reaction 6.6. Oxidation of sulfide to oxidation

states less than the +4 state (e.g. ,to S03) is an acid. consuming reac-

tion as is presented in reactions 6.7 to 6.10 (Nelson, 1978).

S= + 2°2 = SO= (6.6)4

S= + 2H+ + !z°2 = SO + H2O (6.7)

S= + H+ + °2 = ~S 02- + !z H2O (6.8)
2 2 3

S= 3 H+ 9
°2

1 2- 3 (6.9)+ + - = ~S406 + 4 H2O2 8

S= 4 H+ + 4
°2

1 S 02- 2 (6.10)+ 3 = + 3 H2O3 3 3 6

S= 3
°2

S02- (6.11)+ =2 3

If sulfide is oxidized to sulfate the oxidative dissolution of ferrous

sulfide can be expressed as

FeS(s) + + (6.12)

The acid production due to this reaction will increase with increasing

iron sulfide content of the material leached.

1.The Fe(OH)3 will react to fOl~ Fe203 (s) with no contribution to the
acid balance.
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Dissolution of silicate minerals present in the gabbro matrix is an acid

consuming reaction. Plagioclase and olivine are the most abundant silicate

minerals (see Table 6.1); their dissolution reactions are presented below

(Helgeson, 1969; Hem, 1970).

NaA1Si 3OS + H+ + 4.SH
2

O = 0.5 A1 2Si
2

0S(OH)4 + Na+ + 2H4Si04 (6.13)

CaA1
2
Si2OS

+ = A1 2Si20S(OH)4 + Ca2++ 2H + H2O (6.14)

SH+ + 2H
2
0 = Mg

6
(OH)SSi40l0 +

2+
SMg SiO + 4Mg + H

4
Si0

4
(6.15)2 4

In each case the metal release is equal to the acid consumption, both meas-

ured in equivalents. This occurrence was experimentally observed by Busen-

berg and Clemency (1976) during the first minute of silicate dissolution

(oligoclase, anorthite, microcline):

Where Me are molar concentrations of cations released and z, their charge.

The nlmber of cations released during the first minute was approximately

enstatite) the rapidly exchanged ions corresponded to a layer thinner than

(6.16)+(H ) consumed = EMe*z

equal to the number of cations present in one unit cell over the entire sur­

face of the solid (S.3~m/m2 for anorthite). Luce et al. (1971) observed
•

that in dissolution of magnesium silicates (serpentine-lizardite, forsterite,

one unit cell and concluded that transport in the solid itself was rate con-

tolling. Busenberg and Clemency (1976) described the weathering of feldspars

as a four stage process:

1. an initial ion exchange stage lasting approximately 1 minute during

which the surface cations were replaced by hydrogen ions from the

bulk solution:

2. an up-to-4-day non-parabolic stage characterized by the very rapid

release of cations and silicic acid into the bulk solution;
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3. a diffusion-controlled parabolic stage lasting approximately 19

days;

4. a steady-state stage characterized by the very slow release of

cations and silicic acid.

Calcium, magnesium, sodium and potassium may also be present in solution as

1
the result of the dissolution of chloride salts :

Equation 6.16 must therefore be adjusted to

+(H ) consumed = ZMe*z

(6.17)

(6.18)

since reaction 6.17 adds Me z+ to solution but involves no consumption of

H+.

6.3 Acid Generation Model

The dissolution of one mole of ferrous sulfide (FeS) with oxidation of sul-

fide to sulfate results in the production of one mole of sulfate and two

moles of H+.

FeS + ~ 0z + HZO = ~Fe203(s) + SO~ + ZH+ (6.19)
z+

The release of one mole of Me from a silicate mineral phase indicates the

consumption of z moles of H+. The net rate of acid production due to these

processes can be written

d (acidity)

dt

(6.20)

=
2 d(SO~)

dt
(6.20)

l the chloride content of the gabbro is minimal but salt water was encountered

in Amax test shafts.
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If the net change in acidity is positive, R
a

= 2 (SO~)/~(Mez+)*z > 1 and

if net acid production is negative, R < 1. Agnew and Corbett (1969) founda

that the sum of acidity and hardness ((Ca2+) + (Mg 2+)), in consistent units,

was equal to the sulfate concentration for acid mine drainage in Indiana.

Morth et al. (1972) observed a similar occurrence at 7 sites at the McDaniels

Research Site in southeastern Ohio. Paces (1972) discussed a proton balance

based on chemical analyses of groundwater circulating in felsic rocks.

6.4 Laboratory Results and Discussion

Data from batch reactor experiments provide qualitative support for the

approach presented in equation 6.20 and Figure 6.1. The increase in (SO~)

is accompanied by a parallel increase in (H+) although a quantitative verifi-

cation of the equation does not exist.

The theoretical change in (H+) at t = 860 hours is

2 * 162 2 * 107 = 110~M (6.21)

While the actual (H+) is 19 ~~. This discrepancy may be accounted for by

(Na+) and (K+), which were not measured, and by sulfate generated by dissol-

ution of metal sulfides which do not produce acid (e.g., CUS,NiS,ZnS,CoS).

In order to correct for sulfate generated by dissolution of metal sulfides

other than iron sulfide it is necessary to mUliply the sulfate concentration

by 8, where

(S04) due to iron sulfide dissolution

(6.22)
(SO~) total

If the rate of metal sulfide oxidation were dependent only on the amount of

8=------------------

metal sulfide present, iron sulfide oxidation would contribute 86% of the

sulfate concentration (since 86% of the sulfide in the solid was associated

with iron). Batch reactor data indicate that 10% of the sulfate concentration
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at pH 5 was due to oxidation of copper and nickel sulfides. Using a value

of 8 = 0.86,

(6.23)

6.5 Field Results and Discussion

Water quality data from 10 sites in the copper-nickel study area were ana-

lyzed for a relationship between concentrations of sulfate and metals

released from silicate minerals. The ratio

was calculated for all water quality samples with results from the Amax

test piles presented in Figure 6.2. 1

The average values of RA for each site are presented in Table 6.2 (Na+,

+ -K and Cl were not analyzed in all cases). An increase in RA should be

accompanied by a decrease in pH. The mean of all values from the Amax

piles, R = 0.89, indicates that acid consumption is generally greater than
A

acid production, which is consistent with the median pH values (7.5 to 7.8)

observed at 5 of the 6 piles (Table 6.2). The greatest R
A

value among the

Amax piles was observed at FL-5 where the lowest median pH was observed.

The variation of RA with pH at FL-5 is presented in Figure 6.3 and indicates,

although not conclusively, the increase of RA with decreasing pH.

1
The calculation of the change in acidity is impractical since the con-
centrations of SO= and Me z+ are on the order of 10- 2 ~I and change in
(H+) is generally4 less than 10-4 ~. The general trena of the predicted
change in acidity is reflected by the trend observed for RA·

- 321 -



Figure 6.2
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Table 6.2 ~, Median pH and Rock Composition at Field Sites

pH PARAMETERS % S as! COMPOSITION (Wt %)2
SITE RA MEDIAN n USED DESCRIPTION FeS S FeS CuS NiS

FL-1 0.92 7.8 16 Ca,Mg,Na,K,C1, S04 Test Stockpile 65 0.6 1.1 0.51 0.12

FL-2 0.95 7.6 =12 " " 65 0.6 1.1 0.51 0.12

FL-3 0.90 7.5 10 " " 65 0.6 1.1 0.51 0.12

FL-4 0.84 7.5 45 " " 65 0.6 1.1 0.51 0.12

FL-S 0.96 5.4 18 " " 86 1.45 3.4 0.45 0.14

FL-6 0.88 7.6 12 " ,. 71 0.83 1.6 0.57 0.14

tN EM-8 0.89 7.2 13 Ca,Mg, S04 Waste rock Stock- NA3 NA NA 0.0574 0.0145
N
tN pile

0.0145Seep-1 0.96 7.0 11 Ca,Mg, S04 " NA NA NA 0.0434

Seep-3 0.94 7.0 7 Ca,Mg, S04 Lean Ore Stockpile NA NA NA 0.294 0.085

US Steel 1.21 5.4 13 Ca,Mg, S04 Bulk sample site 60 0.9 1.5 0.80 0.26
Pit

1 on a molar basis

2 calculations based on weight composition using S,Cu,Ni and assuming Co,Zn negligible

3 NA: not available

4 weight percent Cu

5 weight percent Ni



Figure 6.3
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An estimation of 0 was made based on samples taken at FL-5 for which pH

was less than 5. It was assumed that all Cu, Ni, Co and Zn were transported

from the site of metal sulfide oxidation. The calculation of 0 was made using

equation 6.25; the resultant values ranged from 0.89 to 0.98, with mean and

median equal to 0.93.

o = ( (S04) - (cu2+) - (Ni 2+) - (C02+) - (Zn2+))/ (SO~P

The mole fraction of sulfide present as iron sulfide was 86%.

(6.25)

6.6 Summary

The acid producting potential of the Duluth gabbro is dependent on the rela-

tive rates of dissolution of iron sulfides and silicate minerals. These rates

can be monitored by aqueous concentrations of sulfate and Me z+_ (Cl-) res-

pectively. The theoretical acid production for waters of low alkalinity can

be represented by

= + -L: (6.26)
dt dt dt dt

If the rate of iron sulfide dissolution exceeds that of metal silicate dis-

solution, acid will be produced. The rate of acid production from leaching

reactions depends on the composition of the solid leached. The acid prod-

ucing potential increases with the iron sulfide content; the acid consump-

tion capacity increases with silicate mineral content. If the rate of sili-

cate dissolution decreases with time as was the case in the batch reactor

system, the rate of net acid production will increase with time.

Acid leachate has been observed in the copper-nickel study area at the U.S.

Steel bulk sample site and the Amax test pile FL-5. The pH at Amax test

pile FL-6 has decreased and varies between 6 and 7. The iron sulfide content

in rock at these sites is 1.5, 3.4 and 1.6%, respectively, which is higher

than at other sites studied.

Precise prediction of acid generation rates involves determination of the

iron sulfide and silicate mineral dissolution rates. Nine types of iron
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sulfides and numerous silicate minerals have been identified in the Duluth

gabbro (Stevenson et aI, 1979). Determination of dissolution rates of

these minerals under conditions of variable pH would be required to accur­

ately quantify the rate of acid production presented in equation 6.26.

Additional study of the generation of acid leachate from the Duluth gabbro

will provide additional insight for estimating rates from an empirical

approach. The study of dissolution rates of individual minerals under con­

trolled conditions would also contribute useful information for assessing

the potential for acid production.
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