


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 AMAX test piles, n values
of 0.76 and 1.7 were obtained (for piles with till plus vegetation cover and

untreated pileé respectively).
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Table 5.5 Variation ‘of KSO4 with %S in solid

Assume KSo4 = a(%s)n

Column Experiment

Leach Solution n
Synthetic Groundwater 0.61
Synthetic Surface Water 0.22
Megapure Water 0.51

AMAX Test Piles

Type of Cover n
None 1.7
Till and Vegetation 0.76
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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 AMAX 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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Fidure 5.4

[cuzt]  [wizH] Vs pH at FL-5, 1978
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Figure 5.5
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field., Data from Hoffmann et al. (1979) indicated the rate of nickel

leaching varied with (H+)O'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 column 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 column experiments also ylelded greater trace metal leaching

rates than the unmineralized samples.
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6.1

6.

2

Generation of Acid Conditions

Introduction

Acid is generated by the oxidative dissolution of iron sulfides and
consumed by dissolufion of silicate minerals and reaction of aqueous
components such as bicarbonate (HCO%) with hydrogen ions. ' The net

effect of the acid producing and acid consuming reactions determines

the change of pH in a system.

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 S5 (Shumate et . al., 1969).

7 15 =
FeS, + ZHO + =20y = Fe(OH); + 2507 + d4i' (6:1)
Fe* + 1o+ 2 pho= Fe(om), + 2H" (6.2)
32 2 ™2 3 '
= 7 = = *
s + H0 o+ 20y = 250 + 2H (6.3)

The major sulfide minerals present in the Duluth gabbro (Stevenson et al.,
1979) are pyrrhotite (Fel-x‘s’0< Xx<0.2), chalcopyrite (CuFeSz), cubanite
(CuFeZSS) and pentlandite -((Fe, Ni)gsg). Minor sulfide minerals include
violarite (NizFeS4), mackinawite ((Fe, Ni)l.ls)’ pyrite (FeS,), 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.




Fe© o+ H' + %0, = R & 4 H 0 (6.4)

+

Fe* + 3H,0 Fe(OH) ((s) + 3H (6.5)

Reaction 6.2 is the sum of reactions 6.4 and 6.5 and indicates the gen-
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 SO3) is an acid consuming reac-

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

s= + 20, = 80, (6.6)
S= + 2H + 40, = SO+ H,0 6.7)
- + -

=+ HY o+ 0, = %szoé + % H0 (6.8)
= 3+ 9 - 1g 02" 3

S + é H + é 02 = 48406 + ‘1 HZO (6.9)
= Yt e 4o = 1g 2,2

ST+ 3 H + 3 O2 = 3 S306 * 3 HZO (6.10)
S ; 0, = so?- (6.11)

If sulfide is oxidized to sulfate the oxidative dissolution of ferrous
sulfide can be expressed as
9 = +
FeS(s) + i 0, + HZO = 1fe,04 (s) + 803 + 2H (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 form FeZOS(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).

. + _ . + v :
NaA181308 + H" + 4.5H20 = 0.5 A1281205(OH)4 + Na: ¥ 2H481O4 (6.13)
. + - . 2+
CaA1281208 + 2H + HZO = A1281205(OH)4 + Ca (6.14)
. + i ' : 2+ .
5Mg25104 + 8H + ZHZO = Mgé(OH)8814010 + 4Mg + H4SlO4 (6.15)

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):
(H+) consumed = IMe*z ’ (6.16)
Where Me are molar concentrations of cations released and z, their charge.
The number of cations released‘during the first minute was approximately
equal to the number of cations present in one unit cell over the entire sur-
face of the solid (S.Sum/Tz for anorthite). Luce et al., (1971) observed
that in dissolution'of magnesium silicates (serpentine-lizardite, forsterite,
enstatite) the rapidly exchanged ions corresponded to a layer thinner than
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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Table 6.1 Mean mlncralogical composition of test samplen (volumwe perceat). From Stevenson et al (1979)

"WASTE "LEAM YDISSEMIMATED ORE" YSEMI-MASSIVE
GABBRO ROCK"  ORE" . ' orz"
CLASSIFICATION DPIQ0L  AX9001 UsS001 AX3002 AX9003 AX9N05 1P9002 1P9003 Averaes nrPoQ0n2 ALSO0L
Plarioclane 54,041 S59.112 064.881 61.457 47.3603 47.403 65.043 66,1606 58.7866 47 .242 47,8559
Sericite 1.5569 2.176 0.188 2.518 1.911% 0.24% 2,643 0.373 1.320 0.0069 3.091
Olivine 13.996 .10.510 16.173 13.536 n.267 25.841 16.308 17.127% 17.6%23 10.7464 1,513
Clinopyroxene 7.604 11.185 7.237 6.30% 5.0ua T.071 3.723 “3.717 S.6E89 26.102 2.G5%
Orthopyroxene 2.763 3.716 1.834 2.882 L.407 - 2.132 0.231 0.618 1.517 2.315 18.472
Monocrystalline - .
amphibole 0.054  3.567 --b 0.095 12.225 0.0606 1.387 1.055 2.471 - 0.025
Fibrous . )
amphibole 0.005 0.288 - 0.935 0.850 -— 0.934 - 0.077 0.366 - T 0,024
Chlorite 1.696 1.136 - 1.349 . 1.950 3.887 1.337 2.078 2.612 2.202 0.403 D145
Serpentine 0.016 0.257 0.097 Q.441 0.033 7.659 0.731 0.026 1.498 0.014 -
Iddingsite 0.017 0.075 0.172 0.C06 0.019 0.19¢4 0.079 0.0064 0.090 0.053 -~
Tale L - - - - " 0.006 0.061  0.463 0.087 - -
Tiotite 3.2846 ° 1.738 3.785 3.037 3.010 2.4131 1.696 1.788 2.624 5.031 4,475
Smectite - 0.021 0.051 ‘0.030 0.053 - 0.025 0.026 0.031 - -
Celadonite 0.014 ~-- - _— e - - - - - -
Opaques? 4,565 5.098 4,025 4,776 5.190 . 4.720 3.474 5.365 4,592 7.923 19.239
Chalcopyrite~ .
cubanite 0.133 0.769 0.875 0.962 1.458 1.355 1.403 1.778 1.305 1.341 3.231
Pentlandite 0.032  0.037 0.102 0.012- 0.113 0.043 0.117 0.025 0.009 N.341 0.161
Pyrrhotite 0.403 0.844 0.882 .1.093 T1.105 G497 . 0.953 1.571 1.017 3.073 12.816
Ilmenite- T : i
maenctite 3.99% 3.447 2.164 2.694 2.510 2.885 0.998 1.989 2.197 3.142 2.564
Craphite — - -— 0.015 0.004 - - - 0.003 0.025 D.467
Spincl - - - 0.009 - - - — 0.001 - -
Myrmckite - - 0.106 0.042 —— —— " 0.288 0.065 0.034 - -
Apatite 0.182 0.085 0.075 0.149 0.172 0.346 0.050 0,013 0.134 0.074 0.118
Epidote 0.167 0.953 0.017  0.203 0.470 - -- 0.698 0.322 0.255 - -
Allsaite - - - 0,090 —_ ’ - 0.007 0.051 0.025 —— -
Calcite 0.026 0.056 0.007 0.065 0.017 - 0.089 0,077 0.042 0.006 —_—
Quartz — - - — —-— -— - - - - 0.03
Cordierite - 0.027 - 1.515 0.106 - 0.013 - 0.272 — 5.350

" 8The value.shown for opaaucs is the sum of the 5 following values

-~ means not detected or not preseant (0%),



6.

3

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
the result of the dissolution of chloride saltslz
Me2*C1 (s) -= Me®* + zC1” 6.17)
Equation 6.16 must therefore be adjusted to
(H') consumed = iMe*z - (C17) (6.18)
since reaction 6.17 adds Me*’ to solution but involves no consumption of
H, |
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 HY. |
FeS + 3 0, + H,

Z+ A : s
The release of one mole of Me  from a silicate mineral phase indicates the

0 = %pezos(s) + SOZ + 2H* (6.19)

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

processes can be written

d (scidity) _ 2d(S0) d(MeZyvg | drel) | L
dt dt dt dt
(6.20)

1the chloride content of the gabbro is minimal but salt water was encountered

in Amax test shafts.,
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6.4

If the net change in acidity is positive,'Ra = 2 (SOZ)/Z(MeZ+)*z > 1 and

if net acid production is negative, Ra < 1., Agnew and Corbett (1969) found
that the sum of acidity and hardness ((Ca2+} + (Mg2+)), 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.

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 (SOZ)
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 = 110uM (6.21)
While the actual (H*) is 19 uM. 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 ©, where

(SOZ) due to iron sulfide dissolution

0 =
(sof) total (6.22)

If the rate of metal sulfide oxidation were dependent only on the amount of
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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6.5

at pH 5 was due to oxidation of copper and nickel sulfides. Using a value
of © = 0.86,
(H") =20 (50,) - & (Me?*)*z = 65 M. (6.23)

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

Ry = 2 (50)) / & (Me*T)z - (C1) (6.24)
was calculated for all water quality samples with results from the Amax

test piles presented in Figure 6.2.1

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

K" and C1” 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, RA = 0.89, indicates that acid consumption is generally greater than
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 RA value among the
Amax piles was observed at FL-5 where the lowest median pH was observed.

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

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

The calculation of the change in acidity is impractical since the con-

centrations of SO, and Me“* are on the order of 10-2 M and change in
(H*) is generally' less than 10-% M, The general trend of the predicted

change in acidity is reflected by the trend observed for Ry-
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PNAY

SITE
FL-1
FL-2
FL-3
FL-4
FL-5
FL-6
EM-8
Seep-1
Seep-3

US Steel
Pit

0.92

0.95

0.90

0.84

0.96

0.88

0.89

0.96

0.94

1.21

on a molar basis

NA: not available

weight percent Ni

pH
MEDIAN n
7.8 16
7.6 =12
7.5 10
7.5 45
5.4 18
7.6 12
7.2 13
7.0 11
7.0 7
5.4 13

weight percent Cu

Table 6.2

PARAMETERS
USED

Ca,Mg,Na,K,C1,S0,

Ca,Mg,SO4

0
Ca,Mg,S 4

Ca,Mg,S0,

Ca,Mg,S0,

Ry, Median pH and Rock Composition at Field Sites

% S asl

DESCRIPTION

Test Stockpile

Waste rock Stock-
pile

Lean Ore Stockpile

Bulk sample site

FeS
65
65
65
65
86
71
NA3
NA
NA

60

0.6

0.6

0.6

0.6

1.45

0.83

NA

NA

NA

0.9

COMPOSITION (Wt %)2

FeS

1.1

1.1

1.1

1.1

3.4

1.6

NA

NA

NA

1.5

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

CuS

- 0.51

0.51
0.51
0.51
0.45
0.57
0.0574
0.043%
0.294

0.80

NiS
0.12
0.12
0.12
0.12
0.14
0.14
0.014°
0.014°
0.08>

0.26



Figure 6.3

%
Ry VS pH
(1978 Data for AMAX File FL 5)
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An estimation of © 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 © was made using
equation 6.25; the resultant values ranged from 0.89 to 0.98, with mean and
median equal to 0.93.
0= ( (507 - (") - (u%) - (Co?") - (@n?h))/ (s0) (6.25)
The mole fraction of sulfide present as iron sulfide was 86%.
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?* - (C17) res-
pectively, The theoretical acid production for waters of low alkalinity can
be represented by

d(HY) 20 d(sop)  d(Cl17) dMe® ")z

+ - I (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 consﬁmp-
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

: . A . . : i iron
iron sulfide and silicate mineral dissolution rates. Nine types of iro
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sulfides and numerous silicate minerals have been identified in the Duluth
gabbro (Stevenson et al, 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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