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Introduction

Copper—nickel mining is fast becoming a reaiity in northeastern
Minnesota where significant deposits of base metal sulfides comprise the

Duluth Gabbro Complex. Prior to initiation of site-specific environmental

impact statements, the State of Minnesota has authorized the preparation
of perhéps one of the most scientifically meaningful Egg;ggg;_environmentél
dmpact statements. One of the problems causing potential concern is the
release of toxic heavy metals through the leaching of lean ore, tallings,
waste rock and displaced'overburden. A task force consisting of Professors
Eisenreich, Bydalek, Twasaki and.Hoffmann were charged with surveying the
literature relevant to environmental metal leaching. The following literature
survey is the_result of our efforts. The scientific literature in the

areas of chemistry, biology, hydrology and mining as well as reports and
unbublished data were consulted. Computer seérches were initiated in

Water Resources Abstracts, Pollution Abstracts, Ecological Abstracts,
Mineralogical Abstracts, Engineering index, Chemical Abstracts and Biological
Abstracts. To our astonishment, surprisingly little research on metal
leaching processes under environmental situations has been reported. Thus,

the authors summarized the fundamental processes of metal sulfide leaching

and subsequently applied, by inference and implication, this information to

" the mining of Cu-Ni in the Duluth Gabbro Complex.



Duluth Gabbro Complex-Geology and Mineralogy

Geology
Copper-nickel mineralization in the Duluth Gabbro of northeastern

Minnesota has been known for more than 90 years with early estimates
of six million tons of ore assaying at least 0.5% combined copper-nickel.
Recent estimates (Bonnichsen, 1974) show that the deposits in the Ely-
Hoyt Iakes region alone contain between 2 and 1l billion tons of mineralized
rock having a combined nickel-copper content of 0.5 to 1.0%, ard a 3:1,
Cu:Ni ratio. Several reports outlining the geology and minéralog;y of the
Duluth Gabbro have been published and are summarized belpw (Boucher, 1975;
Bonnichsen, 1972, 1975; Lawver et al., 1975; Sims, 1968; Weiblen, 1965,
1975; Fhimney, 1972; Hardyman, 1969).

The Duluth Gabbro Complex is a large body of mafic and anorthositic
plutonic rocks of ILate ’Preéambian age that underly nearly 2,500 square

miles of northeastern Mimnesota (Figure I). The large formation of various

ignéous rocks comprising the Gabbro stretches northwards from Duluth,

Minnesota to about ten miles south of Ely, then northeastwards to about

ten miles north of Grand Marais. The Duluth Complex has the general composi-
tion of a feldspar-rich (anorthositic) gabbro, but is made up of many
inﬁrusive units which differ in composition and internal structure. Prin-
cipal segregations of copper and nickel presently 'known lie along the north-
western margin of the Gabbro near Hoyt Lakes, Babbitt and the Kawishiwi
River, southeast of Ely. Significant open 'pit mining operations for taconite

are presently active in the Mesabl Range to the west and north. Disseminated
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| deposlts of copper and nickel sulfide ore are mostly confined to the area

near the base of the Duluth Complex and reported to be from 50 to 300 feet
in aggregate thickness. Exploratory mine shéffs have been sunk by INCO and
AMAX along the contact zone. The economically—important copper-nickel
deposits lie in an inclined zone several hundred feet thick and 30 to 35

miles long. Significant concentrations of copper-nickel sulfide ore have

- been traced to nearly‘one mile.

Mineralogy

The copper and nickel sulfides in the Duluth Gabbro are combined with
iron and sulfgr in a complex intergrowth. The major sulfide minerals in
decreasing order of abundance are: pyrrhotite (Fel_XS), chalcopyrite
(CuFeS2), cubanite (CuFe283) and pentlandite'(FE,N15988);v The proportions
of these minerals differ widely from place to place in-the Gabbro. Bornite
(CusFeSu) and sphalerite (ZnS) are present in much lower concentrations. The
metal sulfides are disseminated as smalil particles found in the interstices
between silicates (plagioclase, olivine, pyroxehe) or intimately intergrown
with the silicates. Bomichsen (1972) reported that the major zones of
sulfide concentration "wvary in shape, fram lenses that are parallel to the

base of the Gabbro, to lenses or very elongated bodies that are inclined

to the base, to irregular lenses."

The copper-nickel ratio is about 3:1 in the mineralized parts of the
basal intrusive unit but varies from 1:1 to 8:1 in bodies of underlying
granite. For comparison purposes, the Cu:Ni ratio in the Sudbury, Ontario |

mining region'iS'closer to 1:1. Other metals present as sulfides or other



combined form which are present in pdtentially attractive concentrations
econamically include cobalt, silver, palladiun, gold, platinum and rhodium.
Careful mineralogical and chamnical analysis of numerous drill cores have
been reported in the last twenty years (Boucher, 1975; Bonnichgen, 1972; 1975;
Grosh, et al., 1955). |

A typical bre assayed from the contact area is approximately 1.0% combined -
copper-nickel dropping to 0.5% combined at depth. Average percentages for
the copper and nickel concentraticn in ore sre (0.45-1.0)% and (0.05-.35)%
respectively. Chemical concéntrations and relative abundance of major and
minor minerals is discussed in the following section.

Composition of Gabbroic Materials

It may be useful for the non-geologists in&olved in the study of the
chemical and biological properties of gabbro material to have working
definitions of commonly encountered geological terms and scme idea of the
nﬁneraiogies and compositions of the gabbroic and contact zone rocks in the
study area. To this end, the following sections are provided;

A. .A list of most cf the minérals‘found in the rocks of the Duluth
complex ard the contact zone defined in terms of chemical com-
positions and solid-solution relationships. The formula for a
given mineral may be expressed in different forms in different
references. Cation subétitution in many minerals often makes
exact representation implausible. Notations of the form (Mg,Fe)
in the formulas indicates which cations may substitute in a given
cryskallographic site.

B. A minimal glossary containing a few geological terms commonly
encountered in the literature bearing on the study. The definitions

are taken, for the most part, from the A.G.I. Glossary of Geology
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(Gary gg_gl.,‘1972). While they may not be universally accepted,
they do provide a frame of reference. The authors of the.individual
studies cited may more precisely define terms where they Qary from
generally éccepted definitions or are by nature somewhaﬁ ambiguous.
" C. Tables of average compositional characteristics of the gabbroic_and
related rocks from the Duluth complex and the basal contact zone
compiled using data from several detailed petrographic studies. It
should be noted that the averages are taken over series of related
rocks and one for the troctolitic-gabbroic rocks of the complex).
For detailed textural descriptions, the references cited afe sug-
gested (Anderson, 1956; Hardyman, 1969; Renner, 1969; Boucher,
1975; Phinney, 1972). An overall view of the geology of the entire
study area is provided in papers by Bonnichsen (1972a, b, 1974) and

Phimey (1969, 1972).

MINERALS

Below are listed most of the minerals occurring in the rocks of the

Duluth cdmplex and the contact zone in the study area.

Major minerals

plagioclase: [(Na,Ca)A181308]: a continuous solid-solution feldspar
series with end members albite (NaAlSiBOB) to anorthite (CaAlSiBOS).
Series members in order of increasing anorthite percent are: albite
(AnO—Anlo); oligoclase (Anl

uAnBO); andesine (An3 ~An50); labradorite

0 0
(AnSO—An7O); bytounite (An7O-An90); anorthite (Ango—AnlOO).,
olivine: [(Mg,Fe)2Siou]: continuous solid-solution series with
forsterite (Mggsiou) and fayalite (FeZSiOu) as end members. Inter-

mediate varietles are olivine.
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pyroxene: a closely related group of mafic minerals commonly divided
into two groups based on crystal structure.

orthopyroxencs: (orthorhombic crystal structure) enstatite (MgSi03)

to hyperstéhene [(Mg,Fe)SiO3] forming a continuous series not ex-
tending to pure FeSiO3. .

clinopyroxenes: (monoclinic crystal structure) the main clino-

pﬁmmmsmechmymeJm(Wﬁmy,dﬂmmwmmmmeO@J@
: Si03, diopside (CaMg81296), hedenbergite (CaFeSiEO6) augite (inter-
'mediate between diopside and hedenbergite), and pigeonite (inter-
- mediate between clino-enstatite and augite). The most ccormon
pyroxenes in the Duluth complex rdcks ére augite-pigeonite énd

slightly less hypersthene.

A. N B'
~Diopéide Hedenbergite - Diopside Hedenbergite
CaMgSi2O6 FeMgSi206 CaMgSi206 FeMgSi206

/////Aug;/ L L LA

~———Pigeonite : ”

[y Hesopite V7 7 777N
MgSiO3 FeSiO3 N@Si03 FeSiO3
Clinoenstatite Clinohypersthene Enstatite Hypersthene
Fig. 2 (Fig. 15-35 from Berry and Mason, 1959). Composition diagrams for

the common pyroxenes. (A.) at high temperatures (B.) at medium

temps. The unshaded areas are miscibility gaps between the high-
and low-calcic pyroxene series.

‘Accessory and minor minerals

B

biotite: [K(Mg,Fe)3(Alsi3010)(OH)PJa, a mica commonly occurring as an
aceessory mineral in these rocks.

sulfide minerals

chalcopyrite: [CuFeS?]: the most common copper-sulfide phase in

the mineralized zone.



cubanite: [CuFe2S3]: one of the two principal coppérbearing sulfide
phases.

pentlandite: [(Fe,Ni)988]: the iron/nickel ratio in pentlandite

is somewhat variable but usually close to 1/1. |

pyrrhotite: [Fe,  S]: x may vary from 0 to 0.2.

pyrite: [FeS2] valleriite: [CuFeS:Mg,Al,Fe(OH)2J
bornite: [CuBFeSu] sphalerite: [(Zn,Fe)S]

troilite: [FeS] violarite:- [(Ni,Fe)384]
mackinawite: [FeS] | "talnakhite: [CulO(Fe,N1)18832]

oxide minerals

mégnetite: [Fe30u] '

ilmenite: [FeT103]

spinel: [C—J%g)(—,Ti,Al)ZOM]: (-) are appropriate cations
serpentine: [Mg6SiM010(OH)8]: .an alteration product of olivine.
sericite: [KA12(A1813010)(0H)2]: a fine-grained variation of muscovite.
A common alteration product.

apatite: [CaS(POu)3(F,Cl,OH)]

DEFINITIONS

gabbro: "a group of dark-colored, basic intrusive igneous rocks
composed principally of basic plagioclase (commonly
labradorite or bytowmite) and clinopyroxene (augite,
generally diallage), with or without olivine and ortho-
pyroxene; also, any member of that group. ..."

troctolite: "a gabbro that is composed chiefly of calcic plagioclase
. (e.g. labradorite) and olivine with little or no pyroxene."

anorthosite: a plutonic (formed at depth) igneous rock composed almost
entirely of caleic plagioclase.

“hornfels: "a fine-grained rock composed of a mosaic of equi-dimensional
grains without preferred orientation and typically formed
by contact metamorphism.”" — (in the study area, the hornfels
are thought to be derived from the Virginia Formation arglllite
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and the Ely Greenstones. They are composed of plagloclase
and pyroxene + olivine, biotite, and oxldes.)

picrite: "a dark-colored, ... rock containing abundant olivine along
with pyroxene, biotite, possibly amphibole, and less than
10 percent plagioclase. ..." (Boucher, however, uses this
term for olivine-rich rocks with up to 45.7 percent plagioclase.)

pegmatite: "an exceptionally coarse-grained (most grains one cm or more
in diameter) igneous rock, with interlocking crystals ..."

norite: "A coarse-grained plutonic rock containing basic plagioclase
(labradorite) as the chief component and differs from gabbro
by the presence of orthopyroxene (hypersthene) as the dominant
mafic mineral."

pgranite: "a plubonic rock in which quartz constitutes 10 to 50 percent
: of the felsic "(feldspar plus quartz)" components and in which
the alkali "(K-Na, orthoclase to albite series)" feldspar/total
feldspar ratio is generally restricted to the range of 65 to
90 percent." (actually used much more loosely for quartz-
‘alkali feldspar dominated rocks.

greenstone: ".. term applied to any compact dark-green altered basic to
ultrabasic igneous rock (e.g., .. basalt, gabbro, diabase, ..)
owing its color to the presence of chlorite, hornblende, and
epidote.. ."

iron formation: "a chemical sedimentary rock, typically thin-bedded and/or
' finely laminated, containing at least 15% iron of sedimentary
origin, and commonly but not necessarily containing layers of
chert." — (this describes quite nicely the Biwabik Iron Form-
atlon which dips under the gabbro complex in the southern
part of the study area.)

argillite: "a rock derived from clay and silt which has been compacted
more highly than a shale and less highly than a slate.'-
(the Virginia Formation which underlies the Complex in part
of the study area is thought to have provided much of the
material now seen as hornfelses and xenoliths in the Duluth
canplex, is largely argillite.)



Average modal ccmposition of gabbroic rocks; in vol.%.

Table 1.
1. 2. 3. b, 5.
ave. range ave. range  ave range ave range range
plagioclase 60 40-79 60.2 0.8-82.7 58.8 6.1-95.1 76.4 65.6-88.0 55-80
olivine 14 0.34 24.9 0.0-76.3 21.1 0-53.9 7.7 tr-19.3 12-30
hypersthene 6 0-45 1.1 0.0-15.9 4.9 0.6-23.9
(OPX) ' ‘ 2-14
auvzite 7 0.40 5.4 0.0-27.9 6.0 0-47.7 5.5 2.6~ 9.7
(CPX)
biotite 2 0- 8 2.1 0.C- 5.9 .9 0- 5.2 1.5 .4- 3.5 1- 4
serpentine 3 tr-20 (1) tr- 45.8 1.5 0-16.6 0- 5
chlorite 3 0-5 0-5
magnetite 2 0- 5
ilmenite 3.5 0.0-18.4 4.1 0-50-7 2.3 1.3~ 3.9 6-17
sulfides 2 0~ 8
other 3 0-12 1.4 0.0-34.2 4.8 1.1 0- 4.3 0-5
1. Anderson. (average of 18 samples-nos.2-19 from Anderson-Table 2. Samples ranged from mineralized
to normal to altered gabbros in rock type).
2. Handyman. (average of 49 samples from Table 1., app. 1 in Hardyman's thesis. Rock types range
from troctolite to olivine-gabbro to picrite.)
3. Boucher. (ave. of 72 samples from U.S.B.M.~ H-IA. excludes hornfels. iIncludes anorthosite,
troctolite and olivine gabbro to picrite.)
4, Phinney. (average based on Phimnmey's ave. data from 318 thin sections of anorthositic gabbro,
troctolite and norite from the South Kawishiwl and contact zones.) )
5. Vifian, Iwasaki and Bleifuss. 1967. (ranges given by the authors-p.2 for a bulk sample ranging

from olivine gabbro to troctolite.)

"other" may include considerable sericite, apatite, amphibole (hydrous equivalents of the pyroxenes),
sympleclite, [talc Mg3Si

1010

(OH)E],etc.

or



Table 2. Average modal composition of hornfels and contact rocks.

ia. 2a. 3a.
ave, range ave. range ave. range

plagioclase 54,4 bI5,7-65.8 48.8 10.3-75.8 L.6 4o.6-48.7
olivine 8.0 0-17.0 ,

OPX (hyp.) 29.6 - 2.0-44.9 12.8 0-40.6 10.8 6.3-15.4
CPX (augite) 3.3+ JA4-13.2 17.4 0-65.1

biotite 1.9 - 7.4 .7 0- 2.2 17.6  13.6-20.6
opaques (ilm) 4.5 2.0-10.6 3.3 0- 8.5 13.9 4,3-23.5

(sulf) = .9+ .1- 9.6
other 3.0 0-11.3 3.3 0-16.4 13.5

la. Renner, 1969. (ave. of 16 samples from "D-series' rocks from the Duluth
complex-~Virginia Fm. contact zone.) ‘

2a. Boucher, 1975. (ave. of 9 samples from U.S.B.M.-DDH-IA. hornfels)

3a. Hardyman, 1969. (these averages are based only on 2 samples of

’ hornfels and are thus rather poor as averages.)

"Table 3. Opaque compositional distribution (vol. %).

*
1b. 2b. 3b. Ip,
cu Fe S

chalcopyrite 31.5 1L4.8 22.7 35 33 35
cubanite 22.5 13.4 11.2 22 43 35
pyrrhotite 22.4 37.1 24.3 —_ 61 39
pyrite 2.3
violarite 3.5
pentlandite 4.9 5.7 3.4
oxides 12.9 ¥ 37.6 A
other tr .8 (42 27 31)-bornite

.
ave. vol.% — 10.6 8.9

opaque in samples

1b. Anderson, 1956. (ave. vol.% for opaques from 10 samples.)
2b. Hardyman, 1969. (ave. vol.% for sulfides from 15 thin sections.)
3b. Boucher, 1975. (ave. vol.% for opaques from 16 thin sections.)
4b. Hardyman, 1969. (elemental compositions for chalco., cuban.,
pyrr., and bornite averaged from Hardyman's microprobe anal.
on 7,5,0, and 2 grains of the respective sulfides.)
¥ these averages are based on total sulfides not total opaques.




" Table 4. Average plapioclase and olivine compositions.

lc. 2c.
plagioclase-mole % in An- CaAlSi308 57 ' 51
olivine-mole % Fo- Mgzsiou 53 ' 39

lc. Hardyman, 1969. (plagioclase ave.--2ll samples; olivine-35 samples)
2c. Renner, 1969. (plag. ave.-2U4 samples; olivine ave.-5 samples)

Table 5. ‘Average pyroxene cOmpositibns.

d. 2d.

TXOE XX
mole % enstatite.MgSiO3 Lo 62 - 38 51
mole % ferrosilite FeSiO3 18 36i 19 L7
mole % wollastonite CaSiO L5 1 43 2

3

1d. Hardyman. (35 CPX (clinopyroxene) samples- 29 OPX samples.)
2d. Renner. (15 CPX camples - 220PX samples.)



Chemical Leaching of Metal Sulfide Minerals

Iittle dnformation is available on the chemical oxldation and leaching
of metal sulfide mincrals with regard to potentlal environmental contamina-
tion in the mineral mining Industry. Examples of métal release from stock-
piled lean ore, tailings and open pit operations associated with Cu-Ni
mining in the Ontario, Canada region are documented by Hawley (1971). Yet
understanding of the reactions responsible for metal leaching from metal
sulfide deposits under environmental conditions is lacking.

The literature summarized in the following review is drawn from the
chemical, hydrometallurgical and mining areas with the emphasis being
necessarily on the latter two. A plethora of information is available on
the formation of acid mine drainage resulting from pyrite oxidation by
oxygen, ferric ion and bacterial-catalyzed reactions. Although not directly
applicable to the Gabbro complex, added insight into the ggneral behavior
and mechanisms of leaching will be gained. The following review will
elucidate 1) the factors responsible for leaching, 2) various leaching

‘models as applied to dump or in-situ leaching, and 3) mechanisms of environ-

- mental leaching. VFurther discussions of base metal sulfide and iron pyrite
leaching have been published (Wadsworth, 1972; McKay and Halpern, 1958;
Gerlach et al, 1973; Dutrizac and MacDonald, 1974).

The najor minerals comprising the Duluth Gabbro complex and considered
in the following discussion are silica (Si)-based plagioclase, olivine and
pyroxene. The major metal sulfide minerals of economic and enviroﬁmental
interest are chalcopyrite (CuFeS2), cubanite (CuFeSQ), pentlandite (Fe,Ni)9S8)

" and pyrrhotite (Fel~x)s) where X may vary from 0 to 0.2. Of lesser concentra-
tlon are pyrite (FeS,) and bornite (Cu5FeSq). For more detailed mineral

analyses, refer to the previous section.



Thermodynamics © and Kinetics

L4

The dissolution of metal sulfides resulting in the release of héavy
metals and sulfate or elemental sulfur is a chemical process, although
thdught to be'catalyzed by microbial action. As a result, examination of
the thermodynamics and kinetics of leaching processes will estéblish the
framework within which leaching occurs. |

The principle variables in thermodynamic considerations of mineral
assemblages and stability are Eh (electrochemical potential) and pH(-log H+

activity). Temperature and pressure have relatively small effects on leach-

ing processes within the climatic constraints of the environment. The

primary means of depicting thermodynamic considerations of chemical processes
is the Eh-pH diagram or Pourbaix diagram (Pourbaix, 1966) whereby all reduction-
oxidation.reactions of interest are expressed as single electrode reactions
in which pH is an important variable as well as concentration of reactants and
products. Garrells ard Christ (1967) have calculated and constructed num-
erogs EL-pH diagrams depicting stability regions of minerals and aquebus
speéies.‘ The Eﬁ-pH diagram has been applied to leaching of metal sulfides
as é,means of predicting products of oxidation as a function of solution
écidity. It should be understood that EhrpH diagrams can depict which
reactions are favored thermodynamically but not those which are determined
by kinetics. Peters (1971), Garrells and Christ (1967) and Peters (1972)
have discussed in great detail the use of Eh~pH diagrams and should be con-
sulted for further details. '

The oxidation of metal sulfide minerals is integrally related to the

stable and metastable sulfur species in solid or aqueous form. Figure 3.

0 couple (Garrells and

illustrates the Eh-pH relationships of the sulfur-H2
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Figure 3. Potential-pH diagrams of the S-H,0 system at 2500
for activity = 1 (a) stable staté and (b) metastable

state. (From Peters, 1970).
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Christ, 1967; Peters, 1970, 1973). The EhmpH diagram would lead us to predlct
that tl. oxidation of reduced sulfur (S=,HS-,H2S) would resvlt mainly in SOu=

format i whereas metastable S species such as S203= and SSE are actually

observat.

Tt Eh—pH diagram for chalcopyrite (CuFeS2), the most prevalent Cu~
bearing mineral in the Duluth Gabbro conplex,is shown in Figure 4.
The diagram predicts that chalcopyrite is stable under conditions of reducing
potential and alkaline pH conditions. If chaléopyrite is placed in an acidic,
oxidizing environment resulting potentially from the oxidation of pyrrhotite
(Fel_XS), chalcopyrite would become unstable and form bornite, pyrite and
hydrogen sulfide releasing additional acid. Purther oxidation would lead to
decompoéition of bornite to chalcocite. In reality, the formation of pyrite
is exceedingly slow and bornite and chalcocite are unstable under these
conditions. Covellite (CuS), the product of CuFe82 destabilization, is rapidly
oxidized by Fe+3 or O2 to form Cu+2 and elemental sulfur or sulfate. Chemical
oxidation tends to favor metastable So‘formation while bacterial-catalyzed
oxidations favor sulfate formation. It is important to remember that Eh—pH
diagrams predict reactions which are irreversible kinetically and therefore
may not be environmentally accurate. Pyrite formaticn ih the destabilization
of CuFeS2 is such an example. .In addition, sulfate formation is predicted
but in dump leaching situations, elemental sulfur is the principle oxidized
sulfur product. In general, the leaching process can be viewed in a Eh—pH
diagram as a movement of electrochemical conditions from the bottom lower
right (alkaiine-pH, reducing Eh) to the top upper left (low pH, oxidizing
conditions). The leaching process is favored thermodynamically by the

2
‘introduction of acid and oxidants such as 0, of Fo'3,

2
Factors Affecting leaching

The rate and extent of metal leaching (metal sulfide oxidation) arc
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" controlled by availablility of dissoived oxygen, tempbratﬁre, degree of surface
saturat®*~ by water, acidity (pH) , particle $ize, presence of chemical and
microbial catalysts and solution composition, The effect of inorgénic and
organic substanceé on the extent of leaching at equilibrium will be discussed
in a later section.

The oxidation of pyrite (FeS2) as a primary component responsible for

acid mine drainage is thought fo occur as follows (Smith and Shumate, 1971).

FeS,(s) +7/2 0, + 2801:2+ Fe™@ 4+ ot
Fe'2 + 1/ 0, + it 2 met3 410 H,0

N |
Fe'd + 3,0 * Fe(0H),- (s) + 3 H'

Pyrite is attacked by O2

abid to solution and Fe+2 is oxidized to Fe+
is likewise an effective oxidant for FeS2 as follows:
FeS,(s) + 14 Fe'3 + 8 HO % 15 Fet®e

whereby sulfide is oxidized to SOq~2, releasing

3 by oxygen. Ferric ion (Fe+3)

+ 2 sou“2 +16 1t

The regeneration of Fe+3 is thought to be assisted by bacteria such

as Thiobacillus ferrcoxidans and Ferrobacillus ferrooxidans which are dis-

cussed in a later section.

The | - . equation above denotes the hydrolysis of ferric iron. At
elevated concentrations of Fe+3, formation of basic ferric sulfates and
ferric hydroxides at pH > 3 is responsible for the charac@eristic yellowish--
.brown deposits known as "yellowboy" which coat acid waste discharges.
Summing the three equations above, we obtain:

FeS,(s) + 15/4 0, + 7/2 H0 < 2H50, + Fe(OH) 4 ()
The oxidation of pyrite and other iron-bearing minerals such as pyrrhotite

l_XS)‘where x = 0 to 0.2 and marcasite (FeS2) by 02 or Fe+3 result in

low pH (high acidity) waters. The additional hydrolysis of Fe*3 to form

(Fe

insoluble substances also relecases acid as shown below for reactions occurring



in mine drainage to surface waters:

A

75 (80))5 + 6 Hy0 T2 Fe(OM)4(s) + 3 HyS0,

+4

Fe (50,)3 + 2 Hyo

The acidity of acid mine drainage correlates well with the amount of

2 Fe(0H)S0,(s) + H,S0,

pyrite or pyrrhotite available in the system (Stum and Morgan, 1970). One
mole of FeS2 will give rise to four equivalents of hydrogen ion; two from the
oxidation of Fe82 and two from the oxidation of Fe++

In the absence of microorganisins, the oxidation of mineral sulfides
likely occurs by a surface reaction in which oxygen diffuses through a thin
surface film and reacts with the surface or reduced species in the inter~
stices of the solid surface. As a result, conditions at the surface of the'
metal sulfide control 1eaching (Smith and Shumate, 1971). At constant pH
and temperature, the rate of oxidation of pyrite and chalcopyrite is directly
proportional to the oxygen cqncentration in the water (Poz)‘
Conversely, dissolution of metal sulfides in the absence of 02 is negligible.
The>rate of pyrite oxidation increases with ihcreasing pH and decreases as
the solution goes acidic, a situation analogous to the oxidation of 8"2 by
A oxygen  (Stum and Morgan, 1970; Chen and Morris, 1972 é,b,c). The oxida-
tion of metal sulfides is more efficient with Fe+3 than with 02 (Woodcock,
1962) but there is disagreement on this point. Extremely acidic conditions
are necessary to keep ret3 in sﬁlution.

Temperature may increase the rate of pyrite oxidation by a factor of two
for every 10° ¢ rise in température if the oxidation process is chemically
controlled (Smith and Shumate, 1971; Stumm and Morgan, 1970). Diffusion
or microbial controlled oxidation will be affected by temperature in a .

. predictable manner.

The rate and extent of metal sulfide oxidation increases with decreasing
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particle siée permltting sUrfacé reactions to occur over a greater surface

area (Roman and Benner, 1973; butrizac and MécDonald, 1974). Smaller particle
sizes not only increase the surface area but also decrease diffusion 1imitétions
and generate a greater number of reactive sites (Roman and Benﬁer, 1973).

Water is important not only as a transport medium for removing oxidation
products but also as a diffusion barrier to oxygen transfer. The rate of
pyrite_oxidation;in a water-saturated metal sulfide enviromment is signif-
icantly less than that in which only the surface is in contact with humid air.
In the férmer case, OXygen transport is limited.

There is'considerable disagreement whether bacteria such as T. Ferro-
oxidans are important in the rate of metal‘suifide oxidétion. Smith and Shumate
(1971) consider microbial catalysis unimportant in the rate of pyrite oxidé—
tion. They arguelthat the water in contactﬂwith reaction sites is gmall,
and contains high concentrations of sulfate salts and sulfuric acid which
are toxic to bacteria. However, bacteria do affect discharge water by
A oxidationvof ret? to pet3 in‘ponded water releasing acid. Others (Dutrizac and l-=.
'DOﬁald,197u)conclude that the rate and extent of oxidation of pyrite, chal-
copyrite, pyrrhotite and chalcocite are significantly enhanced by bacteria,
probably by the regeneration of additional oxidant, Fe+3.

The effect of pH or acidity on the oxidation of metal sulfides is
.~dependent upon the need to generate ferric ion as a chain oxidant in addition

3

to oxygen. Highly acidic conditions are necessary to keep Fe+ in solution.
Figure 4 the Eh-pH diagram for chalcopyrite (CuFeSZ), suggests that
fairly strbng oxidizing potentials are necessary to effect dissolution of base
metal sulfides in acid media.

The dissolution of chalcopyrite by acidic ferric sulfate ié thought to

occur according to the following stoichiomctry (Sullivan, 1933; Brown

and Sullivan, 1934:
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12 2

+ 2 8°

0 + 30, 5= cut? +

CuFeS,, + | Fe 3= ¢y 4 5 pet

2

CuFfes,, + U Fe'3 + 2 1 5 Fet 4 2H,50,

2
The induced in-situ leaching by added ferric sulfate 1s thought to follow
the former stoichiometry while microbial-catalyzed oxidation the latter.
Solutions of only 1 ppm Fe+3 (1 mg/1) have a potentlal of at least +0.4 Vv
which is suffiéient to attack metal sulfides. Dutrizac and MacDonald (1974)
have concluded that chalcopyrite and pyrite dissolution occurs by direct
attack of Fe+3 on exposed sulfide.

The effect of solution composition and an integration of previously
discussed factors on the oxidation of metal sulfides can best be discussed

by considering the following model of iron pyrite oxidation (Stumm and

Morgan, 1970).

Fe(II) + 32'2
a' + 02
FeSQ(s) + 02—~—-£L—~} SO““2 + Fe(II)
FAST
+ 02 b c¢i+ FeSz(s)
SLOW

Fe(IIT) + Fe(OH),(s)
d )

The rate~determining step is the slow oxidation of ferrous to ferric iron

(b) exhibiting a half-life of ~ 1000 days at pH 3 whereas the oxidation of

Feé2(s) by ferric ion (c) ié very fast (half-1ife of 20 to 1000 minutes).
The sequence is initiated by the direct Oxiﬁation of pyrite by Qz(a)

-2

c
) an

or by dissolution followed by oxidation (a'). The oxidation of S
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go to elemental sulfur (chemically-controlled) or to sulfate (microbial-

‘assisted). The oxidation of ferrous iron proceéds slowly but ferric ion

rapidly oxidizes pyrite. Once initiated, the reaction involves oxygen only

indirectly through reaction (b).

An analogous model is proposed below for chalcopyrite dissolution:
2

Cu(II) + Fe(II) + 2 S -
a' ]\ + 02 ‘
9 N
CuFeS, + 0, ~ 2 80,7 + Fe(II) + Cu(II)
| FAST
+ 02 b c + FeSZ(s)

SLOW Fe(ITI)

J

Fe(OH)3

The direct oxidation of chalcopyrite by O2 as well as 8—2 oxidation by

O2 following dissolution have been proposed as mechanisms of leaching. The

release of heavy metals from base metal sulfides in the absence of Fe+3 has
been found to be inversely proportional to solubility product lending

support to reaction (a') (forma, et al, 1974). Other aspects of the

above model are similar to those presented for pyrite.

The above model suggests that factors controlling the oxidatlon of 8"2

‘by oxygen likely control the rate and extent of chalcopyrité dissolution. The
removal of 8—2 by oxidation would shift the solubility equilibrium to the

right favoring dissolution. Stum (1970) has found that Cu (IT), clays amd
These factors

fine charcoal powder catalyze the oxidation of pyrite by 02.

also catalyze s~ oxidation (Chen and Morris, 1972 a,b). )



Chémical substances in solution can catalyze or inhibit oxldation rates.
Inorganic and organlc complexing agents can enhance oxidation by binding
Cu(II) or Fe(Il) increasing solubilization and are discussed in a later
section. Chen and Morris (1972, a,b,c) have published a series of review
and experimental papers on 8*2 oxidation. They observed that the rate law
was dependent on the oxygen partial pressure to the 0.56 power, that thg
oxidation rate of S° by O, increased with increasing pH (maximm, pH 8 to
8.5) and that 8_2 oxidation occurred exceedingly slow at low pH where st
is the primary sulfide species. Chen and Morris (1972b) alsc reported that

Ni+2 2

and Co+ are extremely effective catélyéts for the oxygenation of
sulfide at low concentrations (lO"uM) in mildly alkaline solufion. Organics
such as phenols, hydroquincne and amines were found to be effective catalysts
 but octadecylamine, cyanide, EDTA, and others inhibited the rate of oxidation,
apparently by a chain-bresking mechanism. Krebs (1929) also found that
14n+2, Cé+2,'Ni+23 Fe+2 énd Cu+2 enhénced the oxygenation rate of sulfide..

Kinetics of Metal Sulfide Oxidation

Burkin (1965) studied the dissolution of pyrite in the presence of 0,

(0 to U4 atm.) and at temperatures from 100 to 1300 C in sulfuric acid media

~

(0-0.15 M). The reaction and rate equation for dissolution of pyrite are:

> +2 ~2 o)
FeS2 + 2 O2 ~ Fe = + Sou + S
—d[FeSZ} l :
3t =0.125 . 10 A pO2 exp (~13300/RT).
In this situation, a first order reaction order was observed for 02 but

- acidity is not a factor in the rate law. Gerlach (1965) reported a similar

7

study for pyrrhotite (Fe]_xs),leaching at p0, =1 to 5 atm., temp. = 30 to

2
"80° ¢ and [H,S0,1 = 0.4 to 1.4 m. The rate equation was similar to the above

only pO? had a recaction order of 0.5. Other ircon sulfide kinetic studies



,/‘:"w
J

2l
(McKay and Halpern, 1958; WadswOrth, 1967; Dutrizac and MacDohald, 1974) shéw
similar O2 dependency.

Smiﬂh and Shumate (1971) found that the oxidation of pyrite was directly
proportional to O2 concentration in the water phase on the surféce of pyrite and the
rate of oxidation increased from 25 to MSO C (doubledifor each 10° C rise
in temperature). Acidity was reported to have an inverse effect on pyrite

oxidation; i.e. oxidation rates increased with increasing pH, analogous to

52 oxygenation (Cren and Morris, i972a).

Roman . and Benner (1973), Wadsworth (1972) and Dutrizac and MacDonald
(1974) nave reviewed extensively the hydrometallurgical literature on the
kinetics of Cu, Ni sulfide dissolution. In géneral, acidity, oxygen, particle
size, temperatﬁre and ferric iron are rate controlling factors in leaching.
Dependence of oxygen partial pressure ranged from 0.3 to 1.0 reaction order.
Acid ferric sulfate solutions were effective in copper sulfide mineral

leaching:

2
Acid is a dependent variable because of the need to maintain Fe+

. o
CuFeS + 2 Fe2(SOq)3 + CuSOu + FeSOu + 25

3 in
solution. Temperature generally increases the rate of leaching by over-

coming activation energies of individual steps. Rates of dissolution also

increase with decreasing particle size and are directly correlatable to the

- weight of sulfide mineral present. It is important to note that metal

sulfide leaching can occur in neutral and mildly alkaline solutions if
the dominant reaction involves oxygenation.
Recently, Verhulst (1974) proposed a model for the dissolution of ZnS

in acid ferric iron media: ' )



| e
7nS + 2H' © .7ne 4 HS(aq) |
2

H,S(aq) + 2 re' " 421 + 2w
fon e | ' 144
The oxidation, qf H,S(aq) by Fe: . was found to be dependent on [IL,S]™ ",
[Fem]1.68 and [H280i;]—2.h9.

Burkstaller, et al {1975} studied the oxidation of cinnabar
(HgS) by Fe(III) in conditions similar to acid mine waters. They found that
the leaching rate increased with Fe(III) and,@lf) concentrations, quantity
of HgS present and available surface area. Oxidation rates varied fraom 1.7
'to 22.7 micramoles/2~day aﬁ 0.3 to 33 g/% HgS. HQ(II) solubilized by
leaching was refSOPbed to a great extent on the cinnabar surface.

Sullivan (1933) and Brown and Sullivan (1934) fourd that 33% of the
copper in a chalcopyrite crushed ore could be extracted in 57 days by a 1%
Fe'S solution as acid ferric sulfate. _Dﬁtrizgc et al. (1969) and others
found that chalcopyrite is leached accordiﬁg to:

CuFes, + 4 Fe'> ¥ ou'® + 5 e’ + 2 8%
They reported that at low Fe+3
3

concentrations, the rate-controlling process

was attributed to Fe+ diffusion through a constant thickening S layer on the

mineral surface. The rate was also independent of HéSOu'concentraﬁion

3

unless insufficient quantlties were added to keep'Fe+ in solution. Tabie

3

6 is a summary of observed leaching kineties in acid Fe' solution for

chalcopyrite. Note that relatively high acid concentrations are necessary

for Fe+3 leaching whereas 0, can attack metal sulfides rapidly at higher,

2
more enviropmentally compatible pH values.

Tﬁe dissolution of cubanite (CuFe283) is also aided by acid Fe+3
{(Dutrizac, gt'al. 1969):

Culfe S, + 3 Fe2(SOu)

< Ccuso, + 8 Feso, + 3 8°
23 y ' .

3



Table 6

LEACHING KINETICS OBSERVED FOR CuleS, DISSOLUTION IN ACIDIFIED FERRIC SULPHATE

2

.AND FERRIC CIILORIDE MEDIA¥

34 Activation
Material Medium Fe”  dependence energy Tempgrature Rate-controllinr-
(kcallmol) e _process
CulFeS Ferric chloride — High 35-100 Not given
concernitrate ‘
Ferric sulphate No effect between High 35.100 Not given
0.55 and 5%
e
Fe (SOM)3
CuFeS2 ‘ Ferric chloride Direct dependence 12 60-106 Not given
" between 50-100 g/1
FeCl '
| 3
Synthetic Ferric sulphate Fe3+<0;01 M, ~17 50--94 Parabolic kinet:
‘ CuFeS2 : di gct dependence . transport contr:
Fe- >0.01 M, no
effect
Natural Ferric sulphate Fe3+>0.02 M, no , 18 32-50 Linear kinetic:z
effect surface controi’
chemisorption
CuFeS Ferric chloride — High 30-106 Parabolic kinei~
concentrates : transport contr
Natural Ferric sulphate Fe3+<0.01 M, direct '20 27-85 Parabolic kinsh.
‘CuFeSz deggndence transport contr.
Pe” >0.01 M, little
effect

¥From Dubtrizac and MacDonald (1974)
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Reaction rates incrcased with the 0.6 power of Fe+3.

| N! ' 1 sulfides such as pentlardlte and millerite are readily leached

by acid solutions and are much less resistant to oxidation thén is chalcopyrite.
In nearly all cases reported by Dutrizac and MacDonald (1974), hickel sulfides

were easily leached by acid, Fe+3 or 0 The authors (1974b) have reported on

5
the percolation leaching of pentlandite ((Fe,Ni)988) with acidic ferric

sulfate solutions with and without T. ferrcoxidans present. Approximately

80% of the Ni present was leached after 12 weeks of constant slow flow with
little difference noted in the leaching rate in the presence of bacteria.
Acid ferric iron is an effective oxldant for pentlandite.

Woodcock (1967) has recently reported a‘summary of copper release rates
from dump leaéhing experiments (Table 7 ). n general, the rate of Cu
release was affected in increasing order by H2SOM < H2SOA + O2 < stou +
bacteria < stoq + FeZ(SOH)3. Chalcopyrite dissolution was markedly enhanced
by bacterial activity. '

Models of Dump Leaching

The use of hydrometallurgicalAdump leaching by the mineral industry
is similar in many respects to the leaching of lean ore and waste rock in
environmental situations with the exception that leaching rates are maximized.
Recently reported dump 1eaching models will be rpported.

Brimhall and Wadsworth (1972) used laboratory leach colums to study
02 consumption by base metal sulfide ores. The amount of 02 consumedhwas
increased markedly by lowering the pH; the high acidity also served to dis-
solve‘ganghe material. The effective pH of leaching depended on the\excessive

- acid consuming properties of the gangue.

Auck and Wadsworth (1973) later examined crushed, sterilized ore in
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" Table 8

Relative dissolution rates of common copper minerals
in dump leaching solutlon#*

Mineral Aqueoﬁs Solvent ' Dissolution Rate%*
Azurite HQSOq 1007 in 1 hour
Bornite HQSOM + 02 27% in 2l days
H2SOM + Feg(SOq)3 95% in 12 days
H2SOq + bacteria 100% in 20 days
Chalcocite Hy80, + 0, 30% in 14 days
H,80,, + Fe,(S0,)4 95% in 12 days
HéSOu + bacteria : 90% in 30 days
Chalcopyrite H,50,, + 0, Low
H,80), + Fe2(80u)3 30% in 40 days
HZSOM + bacteria 1007 in 26 days
Chrysocolla H2SOM A : ~100% in 1 day
Copper (native) HQSOM + 0, | 100% in 3 days
| H,S0y + Fe,(S0,), 100¢ in 1 hour
Covellite | H,S0, + 0, - 26% in 35 days
HESOU + Feg(SOu)3 60% in 24 days
H2SO“ + bacteria . 50% in 76 days
Cuprite | A H2SOM . - 50% in 1 hour
| HéSOu + 0, 100% in 3 days
HéSOu + FeZ(SOu)3 100% in 1 hour
Malachite H,S0), 1007 in 1 hour

¥From Woodcock (1967) o
¥#Maximum total dissolution at room temperature or 35 C.
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alternate 1each, oxidationlcycles. The rate of Cu extraction from chalcopyrite—
pyrite ore ranged from .043 to .018 g/%/day, decreasing with time at low pH.
They concluded that Fe+3, present at low pH upon dissolution and oxida£ion

of pyrite, was responsible for Cu leaching according to a cathédic reaction.
Acid consumption was observed o cease when leaching stopped.

Rickard (1974) discussed the chamical constraints on in-situ leaching
in terms of a diffusion-surface reaction model. He concluded that the rate
of' Cu release with time observed in dump leaching was due to the occurrence
of slime and precipitated salts which acted as solution barriers to oxygen
transfer. In an ore containing feldspar, calcite, etc., acid generafed by
iron‘oxidation is consumed by silicates, Al and Mg in solution. Incfeasing pH
vélues lead to precipitation of basic ferric sulfates and hydroxides.

Braun et al. (1974) proposeé‘a,modified mixed-kinetic leaching model in
which the rate of leaching is controlled by rate of oxygen diffusion to and
reaction with the sulfide mineral. KXinetics would be expected to decreas;
as the oxidation ffont moved into.the ore. Oxygen diffusion depends on the
ability of oxygen-to permeate the gangue material accumulating in the interstices

of the sulfide mineral. As a result, low pH conditions are necessary to dis-
solve the gangue. Braun et al. (1974) proposed that net acid present depended

on the following acid-consuming and acid generating reactions:
Acid-consuming:

CuFleS, + 5/4 0, + 5 i 2 ™ e reB 2L+ 50 H,)

FeS,, + 3/4 0, + 3 H 2 re'3 4250+ 30 H,0 o

2

2

CaCo. + 2 H' + 50, L Casoy + Co,, + H,0

3
Acid-Generating:

2

o > + -2
S +3/202+H2O < 2 H +Sou

+
T 3H 412 Ve0

|43
e ” + 3/2 0 203

2
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+3 -2 > + | | ‘
Fe = + 7/3 H20 + 2/3 S0, © 5/3 H + 1/3 FeB(SOu)2(OH)5 . 2 H,0

(jarosite)

.Bartlétt (1973) and Madsen et al.(1975) proposed a mixed kinetics model involvin
a steady-~state diffusion of the reactant through a reacted portion of the cre
fragment followed by a chemical reaction within a reaction zone at the surface.
The latter group found that the proposed model adequately predicted Cu 1eaching‘
from -1/2 inch fine fraction for U460 days. The ore studied included pyrite,
chalcopyrite, covellite, chalcocite and sphalerite.

Bhappu, et al (1969) studied the‘theoretical and practical .
aspects of cépper dump leaching including chemical, physical and biological
factors. The copper cre was treated with ferrous sulfate while H2SOM addition

3

proved unmnecessary. They found that Fe+2 was converted to Fe+ and acid in
the top few centimeters of the dump, correlating weli with the concentration .
of sulfur and ironéoxidizing bacteria. Ferric ion, HZSOU and bacteria were all
implicated as participating in metal sulfide dissolution. Leaching was
‘maximized under alternate wet—dry conditions since copper dissolution was a
slow process. In this instance, oxidation and dissolution of the metal sulfide
occurred during a dry but hunid period.and transport by a percolating solution

followed.

Electrochemical Aspects of leaching

7 Electrochemistry of base metal sulfide minerals may influence the rate
of weathering and metal leaching. Minerals in cbntact with each other atw

depth are at electrochemical equilibrium with respect to flow of electrons . |
.from surface.to surface. However, when the mineral sulfides are brought to

ﬁhe surface and stockpiled, théy will be subjected to chamical weathering and

new surfaces will be uncovered. Under these conditions, one metal sulfide

may enhance the dissolution rate of another throuzh electrochemical interaction.
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Sé%o (1960) has observed that between two sulfides of a specific metal, the
one with thé higher formula oxldation state 15 more stable than one with a lower
oxida£ion state and wbuld be relatively stable to chemilcal weathering, a fact
consistent with the high resistance of chalcopyrite to chanicai and bacterial
leaching (Malouf, 1970). -

The minerals present in the Gabbro have relatively close electropositive
character, i.e., no significant electrochemical driving force exists for
oxidaticn-reduction processes to oc¢ﬁr in the absence of a chemical oxidant.
Pyrite, however, is significantly more electropositive than chalcopyrite
suggesting that even small‘quantities of pyrite could induce dissclution. Any
contact of minéral sulfide surfaces of widely differing electronegativity
will likely enhance leaching. Bauer, et al. (1972) illustrated the importanée
of cathodic reactions (reduction) in the conversion of chalcopyrite (CuFeS2)

S in the presence of finely divided metal powders of Ago, cu® and Fe°.

to Cu2
The cathodic conversion of chalcopyrite can be viewed as follows:
2 CuFeS, + 2¢7 ¥ CuS+ 2Fe'C + 357
~2 . ' +
The S © in the presence of H forms H.S

2
3se+6n % 3 H,S

The anode reaction is:

o

Fe® T pet?

+2e.

The overall reaction is:
2C‘uFeSE+6H++FeO < Cu,

CuZS is unstable in the presence of 02 or Fe+

S+ 3Fc'C + 3 H,S
3 resulting in dissolution
and metal rélease.

Electrochemical investigations of pyrite leaching (Sato, 1960; Becking

et al, 1960; Hanculd, 1965) indicate that pyrite oxidation occurred when the
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potential of pyrite equalled the potential of the solution, at 650 to 660 mv.
Peters (1970) found that the high rest potential of pyrite is due to the

presence of O2 that 1s adsorbed on the surface rendering a stable "passilve"
surface. When oxygen is present, pyrite exhibits a rest potential greater

than any other sulfide mineral. A galvanic coupling between pyrite and any
other mineral sulfide would lead to cathodic reactions on pyrite (reduction)
and ancdic recactions on the other mineral. Electrochemical effects such as
these have been implicated in dump leaching processes and may be prevalent

in the leaching of metalé from stockpiled 1eanvore containing different sul-
fide minerals (including pyrite). These processes will be relatively independent

of pH.
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Bacterial ILeaching '

Bacterial-assisted leaching of pyrite and other metal sulfides 1is
a well-known phenomena in hydrometallurgical mining and is primarily ’
responsible for aéid mine drainage documented extensively for the Appalachian
coal-mining areas (Ohio State University, 1970). Bacteria thought responsible

for metal sulfide dissolution are known as Thiobacillus ferrooxidans, an

autotrophic, aerobic, acidophilic, carbon-dioxide fixing microorganism re-—
quiring reduced sulfur or iron as-an energy substrate. Fundamental studies
of bécterial leaching of pyrite and other metal sulfides from lean ores,
tailings, etc. related to environmental transport of potentially toxic
metais to ground and surface waters has been reported sparsely in the
literature. However, there is no doubt that occurrences of metal sulfide
leaching from discarded mining solids have been documented for the Sudbury,
Ontario region (Williams, 1975; Hawley, 1971) and to a much lesser extent,
the Cu-Ni mining region of northeastern Minnésota (INCOo, 1976, Eger, 1976).
This review will’necessarily depend on the extensive literature on bacterial
leaching of metal sulfides associated with hydrometallurgical mining and
acid waste formation in the coal mining industry.

Description of Bacteria

The bacterium which has been most studied and implicated in the dissolu-

tion of metal sulfides is Thiobacillus ferrooxidans (T. ferrooxidans). The
bacterium is an aerobic, autotrophic, acidophillic, carbon-dioxide fixing
microorganism which requires reduced sulfur (sulfide) and/or iron (Fe(II))

as energy substrates. T. ferrooxidans fixes CO2 and oxldizes sulfide to

sul.fate (804”2) or sulfur (SO) in the range pH 0.5 to 6.0 with optimum growth
exhibited at pH 2.0 to 4.0 (Malouf, 1970; Silverman and Fhrlick, 1964).

Sulfur (SO) as well as various polythionates and thiosulfate can be utilized
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as energy sources. Other bacteria known to contribute to acid waste

include T. thiooxidans, Ferrobacillus ferrooxidans, T. concretivorus,

F. sulfooxidans and T. ncopolitanus. Water in contact with pyrite (FeSQ)
and O2 soon becomes acidic (pH 2.0 to 3.5) due to the oxidation of sulfide

to sulfuric acid (H2SO“) and ferrous iron (Fe(II)) to ferric iron (Fe(III)):

3
FeS, + H,0 + 7/2 02 “« FeSOM + H2SOH

2 2

Ferrous sulfate can be microbially oxidized by O2 to ferric sulfate
which is well known as an effective lixiviant or acid leaching agent of

metal sulfides: bacteria

-
l FESOM + 2H2SOu + O2 +~ 2 FeQ(SOu)3 + 2 H,0

2

-+ 0
FeS, + Fe2(SOu)3 « 3 FeSO“ +23S

2

The generation of H2sou (low pH) is critical to T. ferrooxidans in

leaching metal sulfides. Unless the solution is less than pH 4, T. ferro-
oxidans is not a factor in leaching.

A wide variety of Thiobacilli are capable of oxidizing sulfide and
ferrous iron in the range pH 0.5 to 11.0 under environmental conditions.
Table 8 is a compilation of comparative characteristics of Thiobacilli
taken from Malouf (1970). Several excellent reviews of the properties,
characteristics and behavior of Thiobacllll have been published and should

be consulted for further explanation. {Zajic, 1969; Pings, 1968; Trudinger,

- 1971; Beck, 1960, 1969; Malouf, 1970; Kuznetsov et al, 1963). Examination

of Table 8 illustrates the fact that although most environmental leaching

associated with the coal industry and hydrometallurgy occurs at low pH, it

is not a prerequisite to bacterial leaching. Tor example, T. thioparus,




Sneciles
Thlobacillus
Thicpacillus

Thicbacillus
Thicbacillus
Thiobacillus
Thiobacillus
Thiobacillus
Thiobacillus
Thiobacillus

Thiobagillus
(121°7)

Tniochacillus
Thicbacillus
Thicoacillus
Thiobacillus

Tnlobacillus

Thiobacillus

Thiooxidans
Ferrooxidans

Concretivorus
Thermitanus
Umbonatus
Lébatus
Crenatus
Denitrificans
Thiocyanoxidans
Inschenetskil
Coproliticus
Novellus
Trautiveinie
Neapolitanus
Issatschenkoi

Thioparus

Desulfovibrio Sulfuricans

Clostridium Nigrificans

*From Malouf (1970)

Table 8

. | A .
Comparative Charagggristics of Thiobacilll

Type
Autotrophic-Aerobilc”

Autotrophic~-LAerobic

Autotrophic-Anaerobic
Autotrophic-Aerobic
and Anaeroble
Autotrophic—-Anaeroblc
Autotrophic-Aerobic
Heterotrcphlc-Anaercbic
Heterotrophic-Autotrophic
Heterotrophic-Anaerobic
Autotrophic—-Aerobic
Obligate-Halophlls
Autotrophic Aerobic

Hetertrophic-Anaeroblce

Heterotrophic-Anaerobie

Range’ pH:Optimum Fnergy Source
0.5-6.0 2-3.5 s, s°, 3203=
0.5-6.0 2-3.5 T, ST, 50,5203=
107H,,50,, 1,8, 5%, 8,05
1.2-6,4 2,4-5.4 50,8203= |
Acig s°
Acid 8203=
Acid 3203=
7.2-8.4 H,S, s, §°, 52032, 3206=
6.8-7.6 cns™, s°, BST, S, S50,
7.0-7.2 s, so3=, 5203’
6.1-716 5203=
8.0-910 5203= .
7.8-8.5 5,05
3. - 8.5 - °, s, sgo3=, Sy0¢
0-1C% NaCl s°, s, 5203=
7.5-11.0 s°, s, s2o3=, suo6=
' 3.5-7.5 H,S, 50, , sgoé, 5,06
3.5-7.5 HS, 805, szo3=, Su06=



an autotrophic, aerobic alkaline-media microorganism reacts with effective
leack '~ occurring‘from pH 7.1 to 9.0 (Malouf, 1970). Many Thiobacyl1li
ére capable of actlve growth ét élightly abid, neutral or even alkaline
- pH values, althéugh their isolation in the field from seepages draining
lean ore, tailing piles, etc. has not been reported. _

Bruynesteyn and Duncan (1971) and Trivedi and Tsuchiya (1975) have
documented factors influencing microbiological oxidation of metal sulfides.
They 1list as important the following:

- 1. available source of'substrate - metal sulfide

2. supply of oxygen which serves as the ultimate electron
acceptor in the oxidation process
supply of carbon dioxide as a carbon source
supply of essential nutrients such‘as P and N
water for nutrient transport and solvent
an acidic environment (pH 1.5 to 4.0)

optimum temperature (30O to 4o° C) for cell growth

oo-\xc\p.::w

appropriate particle size and thus available surface area;for
oxidation

The availability of nutrients P and N to the bacteria can often be
a limiting factor in the rate and extent of leaching as well as a supply
of 002 as a carbon source. Since the rate of leaching has been closely
correlated with bacterial cell population (Tsuchiya and Trivedi, 1975;
Silverman and Lundgren, 1959), any factor which inhibits cell growth will
dinﬂnish‘the bacterial contribution to leaching. In the envirommental situa-
tion where lean ore piles or taillngs are in contact with the atmosphere

(CO2 and 02) and nutrients (P,N) having soil or precipiftation as their
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source, the potential for leaching may be limlted by other factors such
as the quantity of precipitation, a high buffering capacity of the ore
and soils preventing aclidification, low concentrations of pyrite or

pyrrhotite, cold temperatures or large particle sizes (low surface area).

Mechanism of Bacterial Leaching

The oxidation of metal sulfides by bacteria is thought to occur by
either a direct mechanism whereby bacteria oxidize lattice sulfide to
sulfate solubilizing the metal or an indirect mechanism whereby ferric
iron an effective oxidant, 1s generated by the oxidation of ferrous iron
released through oxidation of sulfide by dissolved oxygen. In the realistic
case, both mechanisms are probably occurring concurrently in the leaching
process as well as direct chemical oxidation by oxygen and/or ferric
sulféte (Dutrizac and MacDonald, 1974; Woodcock, 1967; Roman and Benner,
1973).

1. Direct Mechanism

The direct mechanism of bacterial oxidation of lattice sulfide is
favored by a host of researchers (Bryner, 1954; Razzell, 1962; Fazzell
and Trussel, 1963; Duncan et al., 1967; Silverman, 1967; Bryner and Jameson,
1967; Beck and Brown, 1968; McGoran, et al., 1969). The direct attack of
bacteria on the sulfide mineral in the presence of O2 can be expressed in
the following equations for minerals common to the Gabbro complex (Trivedi
and Tsuchiya, 1975):

a. Pyrite

FeS, + H,0 + 7/2 0, < PesS0y + H,S0,
b. Chalcopyrite

_) n

2
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¢. Millerite

NS + 2 0, ¥ nte 4 50,

If the concentration of pyrite or pyrrhotite in the ore is adequate,

2

a sufficient quantity of ferrous sulfate can be oxidized by baéter'ia and
. O‘2 to ferric sulfate which 1s an effective oxidant for chalcopyrite and
millerite:
4 FeSOy + 2 HyS0, + 0, * 2 Fe,(S0,)4 + 2 Hy)

B;yher et al., (1954) found that bacteria oxidized pyrite 20 times faster
than the chemical control and favored the direct attach mechanism. They
and others (Duncan et al, 1967; Dutrizac and MacDonald, 1974; Woodsworth
1972) found that the rate and extent of pyri%e leaching increased with .
temperature, in the absence of light and at reduced pH. Although the oxida-
tion of pyrite-S to s° or SOM”2 may be partially a result of bacterial attack,
the leaching of Cu and Ni sulfides may be a result of ferric iron oxidation
processes. However, direct attack of bacteria on the minerél sulfide is
favored by Pinches (1971) for chalcocite, covellite, nﬁ.llerife and chalcopyrite.
Razzell (1962) and Razzell and Trussell (1963) favored the direct attack

" for chalcopyrite according to the following expression:

> .
b CuFe82 + 17 0 ot 2 HzSOU' “ L}CUSOM + 2 Fe2(SOq)3 + 2 H50

2
Duncan et al. (1967) presented evidence that ferrous iron and sulfide
were oxidized in pyrite in a stepwise fashion indicating a direct attack \
on sulfide minerals. McGoran, et al (1969) report that the extraction of
Cu and Fe _from chalcopyrite or Fe from pyrite is proportional to bacterial
nitrogen; i.e., metal extraction 1s associated with cell growth at low pH;

but not with O2 consumption. In general, leaching was found to be a function
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of substrate available (surface arca) and CO0,,.

2. lﬁ”i“@gﬁ Leaching Mechanism:

The indirect mechanism whereby leaching action is induced.by ferric
ion generated by the bacterial oxidation of dissolved ferrous iron in the
presence of O2 is favored by several researchers. The following expressions
apply (Sutton and Corrick, 1%3; Trivedi and Tsuchiya, 1975):
a. Pyrite
- + I g
be82 + Feg(SOu)3 « 3 Fesuu + 238
b. Chalcopyrite
‘ >
CuFeS2 + 2 Fe2(SOu)3 + H20 + 3 02 < Cusoq + 5 FeSOu + 2 HéSOu
~c. Millerite

> . '
2 NiS + 2 Feg(SO“)3 + 2 H20 + 3 O2 - 2 NlSOh + 4 FeSOu + 2 stoq

Sutton and Corrick (1963) found that T. ferrooxidans could not oxidize

crystal lattice sulfides and thus preferred the indirect model of bacterial
leaching for pyrite and chalcopyrite as shown below:
a. Pyrite: leaching is initiated by air oxidation of pyrite:

2 FeS2 + 7 02 + 2 H

20 + 2 FeSOu + 2 HQSOM

Bacteria then oxidize ferrous iron according to:
.)' .
it PeSOu + 2 HESOM + Qz + 2 FbQ(SOu)3 + 2 H20 and ferric sulfate
subsequently attacks pyrite to form H2SO“ and additional ferrous sulfate:

> L
7 Fe2(804>3 + Féu2.+ 8 H2) < 15 FeSOu + 8 H2SOu

b. Chalcopyrite: Ileaching is inltiated by alr oxidation according to:

.‘l —): & (el
CuFeS., + U 02 < Cusou + FeuOu

2

Bacteria in the presence of 02 oxidize ferrous sulfate to ferric sulfate



which can leach additional CuFeSQ:

>
§ FeSO0y + 2 HyS0) + 0, + 2 Te,(S0))y + 2 H

. Cukes,, + X ret3 T oute

+ 5 Fe

2O
+2 + 2 So :

Elemental sulfur SO, is then oxidlzed to acid keeping Fe+3 in solution:

bacteria

o ' >
S+ 3/2 o2 + H.0 <« HZSOM

2

These mechanisms are in general agreement with Malouf and Prater (1961)

and Ivanov (1971). Malouf and Prater (1961) believed a protective outer

S layer was removed from pyrife by bacterial oxidation and facilitated

ferric sulfate dissolution of the mineral.

Pyrite and Cu-Ni sulfides have varying reactivity to bacterial oxidation

at low pH. The following 1s a 1list of mineral sulfides in order of increas-

ing resistance to oxidation (Malouf, 1970):

Pyrrhotite
Chalcocite

Covellite
Bornite
Pyrite
Marcasite
Chalcopyrite

FeS

Cu2S

Cus

FeS2
FES2

CuFeS2

Pyrrhotite, cubanite, pendlandite and chalcopyrite are the predominant

sulfide minerals in the Duluth Gabbro complex, northeastern Minnesota.
Torma et al. (1974) studying the kinetics of biooxidation of metal sulfides

found that the rate of Cd, Ni, Co and Zn sulfide oxidation was inversely

related to the solubility product of the metal sulfide, i.e., the rate

of metal extraction decreased with decreasing solubility. No ferric

ion was present in the synthetic sulfides obviating the need to negate

" ferric leaching. As the solubility product rises (decreased solubility),
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less sulflde exists in solution in equilibrium with the solid phase:

cas 7 g™ 4+ 52

cus * cut? 5@

Bacteria, in catalyzing the oxidation of 8"2 by O2 probably act as indirect
leaching apgents. Silver and Torma (1974) later found that O2 consumed in
the presence of T. ferrooxidans had no definable relationship to quantity

of metal extracted from several mstal sulfides, including‘chalcopyrite
and millerite, favoring the indirect leaching mechanism. Table 9 is a
sumary of Cu leached from Cu sulfides by bacterial oxidation.

Further studies of the mechanism of Fett tovFe+++»oxidation (pyrite)
by ifon—oxidizing bacteria were carried out by Dugan and Lundgren (1964)
They observed that the pH dropped from 3.5 to 2.6 and the E, rose to 560 mvi
because of the microbial oxidizing activity.‘ They postulated that an
iron complex involving oxygen would become attached to the bacterium. This
initial compiex would then be oxygenated but not oxidized until an electron
was transferred to the complex. The complex was formed in the solution
or on the cell surface and was linked with the ferrous ion, resulting in a
release of an electron. Sulfate was postulated as the initial transfer link
between iron and the cell. Additional studies of acid formation and leach-
ing by bacteria for pyrite or pyrrhotite can be found in "Acid Mine Drainage
.;n~Appa1achia”, Vol. 2, 1969..

Effect of Environmental Paramcters on Bacterial Ieaching

a. Particle Size: The leaching of metal sulfides is conceded generally

tc‘be a surface reaction whereby bacterila directly oxidize surface
sulfide or 02 oxidizes ferrous iron and sulfide in equilibrium with
the solid surface. 'The rate and extent of bacterial leaching is

inversely proportional to particle size; i.e., incrcased surface
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Table 9

Copper extraction from copper sulfide minerals
by bacterial oxidation¥

Mingggl‘ Copper Extraction
Bornite 100% in 20 days
Chalcocite

92% in 125 days
90% in 30 days

Chalcopyrite: 24% in 56 days
T2% in 12 days
100% in 26 days
60% in U430 days
Log in 50 days

Covellite - 21% in 42 days

‘ 50% in 76 days

56% in 56 days

Reference

Bryne, et al. (1954)

Razzell and Trussell (1963a)
Sutton and Corrick (1963, 1964)
Bryner et al. (1954)

DeCuyper (1964)

Duncan and Trussel (1964)

- Razzell and Trussell (196ea)

Bryner and Anderson (1957)

" Duncan and Trussell (1964)

Malouf and Prater (1961)

. Razzell and Trussell (1963a)

Bryner et al. (1954)
Duncan and Trussell (1964)
Sutton and Corrick (1963, 1964)

¥Modified from Woodcock (1967)
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area 1s availablc for éxidatién processes as particle size

de~r~ases (Bruynesteyn and Duncan, 1971; Silverman, et al., 1963;
Torma et al., 1972; Malouf and Prater, 1961; Silverman et al., 196i;
Duncan gg_g;}, 1964; Pinches, 1971; Trivedi, 1974).

b. Temperature: microbial leaching of metal sulfides by T. ferrooxidans

and mosﬁ other Thiobacilli occurs at an optimum growth temperature
of 35°C (range: 30° to 40°C) (Pinches, 1971; Trivedi and Tsuchiya,
1975; Bruynesteyn and Duncan, 1971). ILeaching of metal sulfides
under environmental conditions in a cold climate by bacteria is not
favored by the relatively harsh climatic conditions of northeaétern
Minnesota. However, metal sulfide oxidation, an exothermic, heat--
releasing process could maintain localizéd regions of higher tem-
peratures once initiated. Below 30°C, the bacteria are dormant I
and above SOOC, they are destroyed. Some strains, however, are
résistant to higher temperatures.

c. Acidity (pH); T. ferrooxidans, an acidophilic, Fe(II) and S(II)

oxidizing bacteria grows optimally in the range pH 1.5 to 4.0.
Above pH 4, the bacterium exhibits slow cell growth and is ineffect-

ive as a leaching agent. Other Thiobacilll such as T. thloparus

exhibit cell growth at slightly alkaline pH values (7.1 to 9.0)
but have not been implicated in metal sulfide dissolution under
envirommental conditions.

Bacterial leaching of Gabbro Complex Solids

A limited‘quantity of information 1s available on bacterial leaching
of Gabbro complex metal sulfides. Trivedi and Tsuchiya (1975) reported

on the mutualistic association of T. ferrooxidans, a CO2 fixing bacteria

with a nitrogen-fixing bacteria Beljerinckia lacticogencs which leached
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more Cu-Ni sulfide at a faster rate without adding a carbon or nitrogen
source than individual-bacterial systems."The leaching tests were conducted
on’ a Cu-Ni concenbrate assayed at 4.22% Cu and 0.90% Ni+2. Thg leachiné
experiment employed a stilrred system at pH5 in a nutrient broth at 26°C for
500 hrs. Their results are abstracted below:

Cu Ni % Cu Extracted % Ni Extracted

Chemical Control 0.4 0.58 4 33
B. lacticogenes . 0.4 0.5 I 30
T. ferrooxidans - 1.8 1.3 22 | 76
Mixed Culture 6.0 1.8 72 100

Although it is unlikely that the two bacteria would occur symbiotic
naturally at low pH, the possibility of environmental leaching of metal
sulfides under similar conditions is not unreaiistic. |

Iwasaki et al., (1976) reported on the release of Cu and Ni from a

Gabbro complex ore sample in preliminary experiments using F¥. ferrooxidans

and T. ferrooxidans. The ore, assaying at 0.71% Cu and 0.15% Ni, was crushed

(10 mesh) and leached for periocds up to 40 weeks with a nubrient broth
adjusted to pd 3 in an aerated colum experiment in which the effluent was
recycled. The overall percentage extraction at 40 weeks was 40 and 60%
for Cu and Ni, respectively. The authors observed Ni to be released at a
faster rate than Cu, possibly due to galvanic interactions. Similar leach-
ing experiments run without nutrients yielded little metal release as the
pH drifted to higher values (pH 8) suggesting bacterial 1eachiﬁg was prom-
inent only'at Jow pH values. This behavior also suggests that the ore
tallings have a significant acid buffering capacity.

Many mineral deposits such as those in Michigan's Upper Penninsula
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do not have acidic environments furnishing sulfur and iron. Wenburg ct al.
(1971) have found that microbial leaching by certain Penicillium fungl
were abl~e to soiubilize significant amounts of Cu from chalcocite ore and
concentrat = under neutral and slightly acldic conditions in a éarbon and
nitrogen enriched medium. Ieaching was apparently accompliched by release
of metabolites which chzlated the copper causing its dissolution. Chelating
agents implicated in copper leaching were suggested to'be citrate and certain
amino acids, including cysteine (contains a sulfhydryl group).’ .

In summary, bactérial—catalyzed 1eachiné of metal sulfide ores is likely

not to be a significant factor in the release of heavy metals from ore,

‘ tailihgs and waste rock associated with Cu-Ni mining in northeastern Minnesota.

The extreme climatic conditions in conjunction with the acid-bulfering
capacity of ore and soils inhibiting acidification of seepages makes the
classical "acid mine drainage g@gggggiligﬁ inoperative. HoweVer, this aoes
not preclude the possibility of alkaline-active microorganisms capable of
sulfide oxidation from affecting metal reiease, These have been little

studied in the context of environmental leaching problems.
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ENVIRONMENTAL LEACHING STUDIES

Copper and nickel may be obtained from mineral sulfide
ore bodies by 'open—pit mining, underground mining, or a cqmbi—
nation of open-pit-underground mining operations. Each
technique will result in the béring of new metal sulfide
surfaces to atmospheric weathering to some extent in the
fomi of ore stockviles, waste rock or tailings. Open-pit
mining, of course, generates a relatiVely larger surface area
open to the atmosphere. There are three potential sources of
aquatic pollution at a mjne; These are: 1) mine water, 2) surface
water, and 3) process water. This review will not include the'
latter in a discussion of metal leaching in the environment.

The major sources of mine water in northeastern Minnesofa
are groundwater seepage, wabter pumped into the mine, and surface
drainage into or through open pits. In general, these waters, if
contaminated, will be charécterized by high acidity (low pH)
resulting from iron sulfié:e oxidatioh, high metal content and
significant quantities of dissolved solids. Potential sources
of contaminated surface drainage will arise in any area where rock
- surface is exposed to weathering action such as ore piles, waste
rock piles, haul roads and tailings. In addition to iron-sulfide
dissolution, sulfides of Cu, Cr, Co, Mn, Ni, U, and Zn dissolve
under low pH conditions (Hawley, 1972). The single most important
reac’cio.n to which is attributed envirormental damage is the devel-
oment of acid mine drainage, the formation of which is sumarized

below (Williams, 1975).
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Acid mine drainage 1s formed by the chadical action of oxygen
and water on iron sulfides such as pyrite (FeSQ), pyrrhotite (Felnxsj
and marcasite (FeSé). In an aqueous ernvirorment, oxygen reacts with
pyrite to form ferrous iron (DeSOu) and sulfuric acid:

—
2FeS,, + 2H 0+ 20 2PeS0), + 211,50,

Ferrous iron (Fe ) can then be converted to ferric iron by oxygen
(catalyzed by Thiobacilli microorganisms):
bacteria e (Q
, s 2re ,(30,) 5 + 2H,0
Depending on pH, part of the Fe+3 is hydrolyzed to an amorphous

HFeSOy + 211,50, + 0

ferric hydroxide or basic ferric sulféte releasing additional acid:
Fe (BOM) + 6H 0 ~—~4~2Fe(OH) \S) + 3H2SO“.

The resulting precipitate (agorphous feppicrhydroxide) inparts the

reddish coloration to acid drainage systems. Four equivalentu of
hydrogéh ion are formed as é fééult ol pyrite oxidation. At

sufficiently low pH to maintain Fe+3

in solution and dissolve
gangue material, FeZ(SOM)3 or Fé+3 can rapidly oxidize additional
pyrite according to the following reaction:

TFez(SOu)3 + FeS2 + 8H20 ;:iilSFeSOA + 8HéSOu
The leaching of Fe, Cu, and Ni sulfide minerals at low pH will
dissolve heavy metals and other components which can then be trans-
ported by water movement out of the mine or pile.

The generation of leaching solutions containing high acidit&
is proportional to the iron sulfide content of the ore or talling,

and inversely related to the relative level of acid-consuming

gangue material such as feldspar and calcite present.

Enviromental ILeachine . Problems -~ Canada

The problem of acid mine drainage and metal contamination in

Canada 1s a relatively recent but highly studied phenomena. Several
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reports depicting'in great detall acid mine dralnoge and pertinent
control measures in the mincral mining industry have been published
(Hawley, 1972a,b; Meco, 1972; Hawley and Shikaze, 1971). Hawley
(1972a,b) has described the relevant reactions in the formation of
acid mine waste associated with Cu, Ni, Pb, Zn, and U mining in
Ontario, as well as leaching of active and abandoned tailing piles.
The tailings area of an active mine is described as representing

a highly fractured "ore body" with enormous newly-exposed surface
area. Iron sulfides such as pyrite, pyrrhotite and marcasite are
oxidized at different rates to Fe'2 and sulfate, releasing a host
of' other metal ions and acid. Particulaf concern is noted for
ab‘andoned mines versus active mines, where the latter is often
pﬁnped to remove water inhibiting leaching, or alternately, ta:Ll:mg
seepage 1is treated by neutralization, aeration and ponding. The
abandoned tailing area, fully or partially inundated with water,
often has overflow effluents of highly contaminated water charac-
terized by low pH, high concentrations of suspended solids and
significant gquantities of Fe, Cu, Pb, Zn, Cd, Co, Mn, Al, Ni, Hg,
and other metals. Tables1pand 11 list concentrations of a wide
variety of paramsters in selected Canadian mine waters and final |
discharges (Meco, 1972; Hawley, 1972a,b; Falk et al, 1973). In the
mine water effluent, pH ranged from 2.3 to 8.3, iron from 0.0l to
960 mz/1, and zinc, copper, and cadmium from 0.01 to 220, 0.003 to
39.0, and 0 to 0.25 mg/l,respectively. Of particular note are the
relatively high organic carbon concentrations noted in the mine
seepage in certain cases (40 mg/1). Organic carbon has been cor-
related with metal complexation capacity and implicated as a catalyst

in metal sulfide dissolution. The wide range of pH values indicates



Table 10,

Chemical characteristics of mine water from selected mines.,

New Brunswick from MECo(1372)

Ontario~from Hawley (1972a)

NW.Te=from Falk et al (1973)

Characteristic Brunswick 12 Health #1 #2 #3 ~ Giant Echo Terra
(partial treatment) Steele Bay
Operation Pb, 2n, Cu Cu,Pb,zZn,Ag U Fe Cu,Zn,Fb Au Ag,Cu ag,Cu
Ag,Au (formerly U)

pH 5.2 3.3 2.3 2.4 3.9 6.7 8.3 8.0

Tu:oidity-JT? 70 2070 >1000 65 140

Suspended sclids ppm 15 355 130

Dissolved sclids 6155 3825

Conductance pmho/cm ) ’ 1405 337 1461 o

Chloride ppm . 621 11 2.5 5.1 276.0

Sulirhate 1389 .1066 2800 2280 1136 749 81.3 177

Correr 0.06 39.0 0.96 3.04 0.004 0.052 0.003

Lead 0.4 80.0 0 o <0.008 <0.004 <0.004
Iron (total) 0.5 2.0 280 960 182 1.1 0.03 0.01

Manganese ' §3.0 3.68 1.44 <0.01 0.25

Zinc 35.0 220 0.97 16.4 2.2 0.i2 0.01

Cadmium 0.004 0.25 0.02 0

Arsenic 0.38 176 0.8 4.8

Hagrnesium 70.0 4.0 12

Pctassium 8.0 4.9 5.1 5.7 9.5 11.6

Socivm 42.5 15.5 7 5 25.0 158

Calcium 450 120 101 234 24.1 104

Eariness 316 810 78.3 321

1411




) . - Table 10, continued.

New Brunswick from MECo (1972) Ontario~from Hawley (l1972a) N.W.T.~from Falk et al (13973) 3
Brunswick 12 Heath - #1 #2 #3 Giant Echo Terra
(partial treatment) Steele Bay
r-xjeldahl 0 0.97 4.9
K=Nitrate + Nitrite 0.06 - 1.3 4.1
Organic carbon 5.5 5.0 - . o 40; . 9 19
c.0.D. 23.8 48.8 50 . 30 | ) :
2000 gp'd_ag

Av. Volume ¢pm(Can) 250 ' 580

04



Table 11.

Chemical composition of the fiéal diécharge of somz mines. Data from Hawley (1972a)

except for Con and Giant Mines ~ from Falk et al,1973.

Property . 1 2 3 5 6 Con Giant
Operation Cu,=-Zn 32504 from Fe32 U U Cu,Pb,2n Cu,Pb,Zn . Au Au
An,Ag
Status Active Abandecned Abandoned Active Abandoned Active Active  Active Active
Zime to Mill eff. Yes - | - Yes - Yes Yes
pH 3.0 2.6 2.0-2.8 6.1 2.6 6.4 5.3 7.4 8.4
Turbidity - Ty | 51000 10
Suspended solids 25 5 35 18 22.7
Dissolved solids 2200 13435 3095 . 3805 1078 1394.9
Conductance pmko/cm . | 3878 e62
Hardness 1392 3065 . F 301
Acidity - CaCO3 3800 7?00 30‘ 1945 o 29
Chlecride 8 6 97 94 1.0 3135 25.2
Sulphate 855 4050 6900 1560 - 2150 670 1003.5 279 . 290
Iron (total 11.7 1310 220-340 0.4 550 : 29 22,7 1.4 0.
 Marganese 0.42 8.2 3.6 0.58 0.06 0.019
Nickel 6.3 1.5 0
Cobalt 0.06 2.7 1.5
Uranium 5.6
Titanium 14 3.6 '
Zinc 0.43 3¢ 9.4 2.15 6.5 0,13 0.063
nr 0 2,45 2.2 0.22 1.2 0.2 8.3
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Table 11, continued.

Property 1 2 3 4. 5 6 Con Giant

Operation Cu,~2n 32504 from Fe32 v U Cu,Pb,Zn Cu,Pb,2n Au T Au
An,Aq

Status Active  Abandoned Abandoned Active Abandoned  Active Active Active Active

Lime to MIll eff., Yes - - Yes - Yes Yes

Lead 0.11 0.5 0. <0,006 <0.006

Cacdmium 0 0.12

lagnesium 178 lé

Calcium 454 1125 116

Arsenic 0.06 <0.02 " 6.8 15.0

c.C.D. 110 278 11 58 .

N-Kjeldahl 6 100 83 12 1.34 12,24

I;“‘\,itrate lo K 68-6 R 103 0.1

12.5
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the diversity in hydrologic conditions; ore type and acid buffering
capacity of the assoclated gangue material. Table 11 lists the
chemtcal composition of the final discharge water of some Canadian

mines, both active and abandoned. Typical concentration ranges are:

Parameter Range*®

pH ' 2.6 - 8.4
50,7 279 ~ 6900
Acidity - CaCO, 29 - 7700
Fe 0 - 340

Cu 0 - 8.3

cd ’ V 0 - 0.12
7n ~0.069 - 9.4
Ni 0 - 6.3

Co | 0.06 - 2.7

¥expressed as mg/1(ppm) except pH.
Hawley (1972a,b) described a set of rules which if followed would
virtually eliminate acid mine wastes in Ontario. Measures proposed
paid particular -attention té pre-mine planning, recognition of acid

drainage indicators and post-mining operations such as revegetation.

Duluth Gabbro Ieaching Studies

Only a handful of réports and publications are available of
laboratory and field research experiments on leaching of Gabbro lean
ore, tallings and waste rock. Pertinent laboratory studies will be
discussed initially so as to aid in wunderstanding field monitoring
data on lean ore and tailing pile secspages.

A. Laboratory Studies:

Trivedi and Tsuchiya (1975) and Iwasaliet al.(1976) have

reported on the bacterial leaching of Cu-Ni sulfide concentrate or
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lean ore. Trivedl and Tsuchiya (19755 utiliéeq the symbiotlc action

of Thiobacillus ferrooxidans (filxes 002) and Beljerinckia lacticogenes

(f1xes N2) and low pll solutions to leach Cu-N1 flotation concentrate
obtained from the Duluth Gabbro in a nutrient medium. The rates of
Cu and Ni extraction are illustrated in Figure 5. Bactéria
greatly enhanced the rate and extent of metal release, especially

when T. ferrooxidans and B. lacticogenes acted symbiotically.

Concentrations of Cu and Ni extracted from the concentrate after
500 hours were approximately 6.0 and 1.8 g/1, respectively, corres—
pondinz to extraction efficiencies of ™~ 72% and 100%, réspectively.
It_is important to note that significant quantities of Cu and Ni
were released in the chemical control (low pH). In addition, the
authors noted that metal release decreaséd remarkedly if the
solution increased above pH 4, apparently minimizing bacterial
-activity.

A similar bacterial leaching study was perfdrmed by Iwasaki

t al.(1976) on Gabbro lean ore assaying at 0.71% Cu and 0.15%
nickel. The lean ore was célumn leached by a nutrient medium
initially adjusted to pH 3 in a solutiopn recycle system. The lean
ore was crushed to pass a 10 mesh screen and the leach solution

containing innoculations of T. thiooxidans or F. ferrooxidans was

cycled through the colum for ™~ U0 weeks. Results indicated that
both Cu and Ni were extracted as long as low pH éonditions were
maintained. Cu and Ni concentrations reached 1.9 to 2.6 g/1 and
0.75 é/l, respectively after 40 weeks representing 40% Cu and 60%
Ni extraction. Nickel was observed to be released at a faster
rate and earlier than copper. The control leach solution without

nutrients adjusted to pH 3 rapidly equilibrated at a higher pH.
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- Duduth Gabbro talling cqullibrated to a pH near 8 and the talling

fended o buffer the pulp ore at ﬁH 3.5 to 4.0 even when as high

as 75 lbs. H,S0, per ton were added, présumably duc to the presence
4

2
of silicate-rich feldspar and olivine. A discussion of lean ore
and tailing bulfering effects is presented later.
Laboratory studies involving chemical leaching of Duluth
Gabbro lean ore and tailings have been reported by Long and Bydalek
(1975), Twasaki et al (1976), and AMAX (1975), and are described below.
Long and Bydalek (1975) examined the release of Zn, Cu and
sulfate plus alterations in pH and specific conductivity from Gabbro
copper-nickel téilings obtained from INCO (1974). Tailings (2000 g)
were leached in a stirred system by 40 liters of distilled water
(50 g/1 tgilings) in _pélyethyiene containers for 32 days at ™ 20 C.

Samples (600 ml), removed at varying intervals for analysis, showed

" Cu levels less than 0.5 g/1 and Ni concentrations were variable ranging

from v1 to 4.0 g/1 over 32 days of leaching. Solution pH increased
dramatically from the initial control value of 4.7 to a stable 7.7

to 7.8. The observed behav_Lo,L probanly represents the bufferlng,

capacity of The plagloclase and oliifﬁn@ mlnerals :m the to.ll:mg
\ - -

mater}?;. Chemlcal changes were evident, however, in that sulfate

concentrations (~v1 to ~20 mg/l) and specific conductarice increased
steadily over the leach period. In the absence of significant cata-
lytic I"actors, the 1ea\;:k1‘ing observed may have been a result of
sulfide oxidation by oxygen (slow reaction) releasing small quantities
of metals and common ions (Cl™, Ca+2, Mg+2, ete.). Sor'ptioh of
1éached metals on remaining solids as well as solid/solution ratio
and low metal sulfide content of the tailim.ﬁs may explain the very

low Cu and Ni levels. It is doubtful that results obtained can be
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~ ore or overburden (soil) in numerous combinations. The leaching

corfrelated.i«zith em}imnmental condltions due to the gbsence of
natural chemical constituents. As observed in other studies, the
tailings exhiblted a buffering capaclty of some proportions’.
Iwasakl et al (1676) studied the rate of pH change and
Cu, Ni release from crushed Duluth Gabbro in a column leach,
distilled water recycle system over a two year period. (Figure 14).
One colucm packed with Gabbro exhibited a decreasing pH which even-—
tually leveled off below pH 5. ILeachate concentrations were
Yppm cu™® and 44 ppm Ni+2, and high ferric hydroxide levels were
observed as evidenced by solution discoloration. A second colum
containing crushed Gabbro mixed with 5% calcite leached in a
similar manner remained buffered at pH7.5 with negligible Cu and
Ni release observed. The experimental set-up of Iwasaki et al.
(1976), althqugh not directly applicable to the envirorment,
:Lndicates that sufflclent'buff‘emng capacity exists in lean ore

and tailings to maintain the pH at moderate values minimizing

‘metal release. The recycling sysfc_crpﬂy@cd_, can be thoug,ht of as

natural weathcmng incuced to. occur at an enhanced rate.

AMAX (1975) performed a series of batch and colum leaching

experiments with crushed mineralized or non-mineralized Gabbro

solution was comprised of variable concentrations of sulfuric acid

and acetic acid or distilled water. The latter was used to sunulate@z
the leachir:; due to rain water. Initial experiments (batch and

column) utilized CO

2-—saturated distilled water (pH 5.7) as the

leaching solution.
Colunn leaching experiments werc performed by passing the

equivalent of 1" of water through the "chromatographic" columns



“importance of either mode of action exists. The pattern of Ni¥
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"~ dally and collecting the eluant for Cu, N1, pH and rclated parameteor

analysis. The results showed negligible Cu and Ni release unless
overburden (silty-loam) was positioned atop the ore to be leached.

Conceritrations of Cu ranged from v 20 to 26 yg/l in the eluant for

overburden/ore columns but ranged only 4'M to 18 wz/1 for columns

containing ore. Nickel concentrations under simllar clrcumstances
ranged from ~ 10 to 38 pz/1 (overburden/ore) to d'S to 14 w/1 (ore
alone). Copper and nickel leached from overburden-only columns
ranged up to ~ 170 and 60 Wz/1, respectively. The overburden
either released Cu and Ni increasing measured concentrations and/or
released chelating agents capable of binding and extracting additional
metal. Since measurements of organic carbon or metal analysis of
digested samples were not pérfbrmed, no indication of the relative‘
2
release with time indicated that Ni+2 was released from the sulfide
ore in one form and subsequently sbrbed on the surface inianother as
the pH increased. Batch (static) experiments exhibited similar
leaching behavior from 5% (w/v) ore samples using CO,-saturated
distilled water (pH 5.7). Other column experiménts indicated that

significant alkalinity W2uiw3myléscaby,s£uu%e(ILSto

1 69.8 mg/1 Si), Mg++, Ca.++ and organic substances were leached from

Jean ore, overburden/ore and overburden substrates.
AMAX (1975) conducted a series of experiments in which sulfuric
acid and acetic acid were used to induce metal release. The results

showed that Cu'® ang Nite

release was enhanced markedly as solution
pH decreased. Of greater potential importance is that the Gabbro
exhibited the ability to buffer the system with respect fo added

acidity. The added acidity also induced significant cobalt and iron
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release as well as sulfabe in quantiﬁies well above stolchlometrie
requiranents. ﬁﬁslamerbamWQ?swg&métmmjrm1&mnwmﬂ)
81 [ 3dc oxidation occurred.

B. IMeld Studies

At the time this review was written, no systematic study of
metal contaminant leaching from Gasbbro material under envirormental
conditions had been reported. However, several instances of apparent
leaching from recently expcsed mincralized ore in northeastern
Minnescta have been documented, and are sumarized below.

U. S. Steel Gabbro Pit No. 2 was excavated in 1971 to obtain
a bulk ore sample for metallurgical testing. The resulting basin
was completely self-contained, receiving inflow from snow-melt and
precipitation. By 1973, the exposed mineralized ore was partially
Anundated with water creating a pool of stagnant water in intimate
contact with the ore. Concentrations of selected chemical constituents

in the supernatant were reported as (MPIRG, 1976; U.S. Steel, 1973):

pH _ 5.3
80,72 356 e
w2 9.2 me/1
ni+? 17.2 mg/1

The lack of flow andAmixing apparently inﬁibited.contact of the
leach solution with native buffering minerals allowing the pH to
be slightly depressed.

The International Nickel Company, Inc. (INCO) applied for and
was granted permission to remove a 10,000 ton ore sample for metal—
lurgical studies in early 1975 from a potential mining site (8pruce
Road) 1n LakeACounty, Minnesota. Mineralized ore from ~ 0.4 acres and

15 to 20 feet below the original surface was ranoved by excavation,
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followed by regradinﬁ and sceding of the property to origlnal
contours. In the Spring of 1975, séme sﬁbsidénce of the rock fill
was noted and a seepage observed cmanating f{rom the excavated site.
Analysis of the seepage fram May to Novembef, 1975 revealed signif-
jcant concenfrations of metallic cations, anions and other pollutant

parameters. A summary of measured constituents is noted below

(INCO, 1976):
| Parameter Mean Std. Dev.

Cu : l22«ug/1+ - 82

Ni 2149 1218
7n 8.7 3.6
Mn 4408 441
Fe 3535 2518

Hg - 0.39 0.54
ca | 0.16 0.08
Co . 254 28
S0, f 294 < mg/1+ 17
Hardness 964 473
Alkalinity 104 35

C1 6.4 1.6
pH - 6.7 0.3

In general, Mn, Cd and Co occurred predominantly in 0.4 ym filtrates
while Fe occurred primarily in the particulate phase, probably as
ferric hydroxide. The data also indicates that relatively high
concentrations of metals are released into solution even though

an acidic pH is net attalned. Sulfide oxddation is supported by the
inflated levels of sulfate observed while alkalinity > 100 mg/l1 as

CaCO3 implies that acid released in sulfide oxldation is probably
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néutralizcd by gangue materlal and plégioclose or olivine minenéls.
Fger (1976) and MPIRG (1976) have recently described the |
apparent leachlng of heavy metals Irom n 5.0 mi11lion tons of Duluth
Gabbro ore which has been stockpiled by Erie Mining Company along
the east side of its Dunka Pit. The stockpiles are segregated into
two units: a Gabbro ore pile and a waste rock pile based on a
copper cutoff of n 0.2%. These piles are described as representing
a lean ore and waste rock pile which would be produced in actual
copper-nickel mining operations. Eger (1976) states that the piles
represent a "worst case" study for assessing leaching impact because
water was allowed to accunulate around and flow through the piles.
'Af the present time, considerable effort has been expended to alter
the water flow characteristics. Howevaf, flow arising from pile
runoff or flow through the stockpiles resulted in a seepage containing
considerable quantities of leached components. Concentrations of Cu
and Ni ranged from 2 to 700 ppb and 4 to 5340 ppb, respectively, in
Tlowing seepages and stagnant pools. Even when metal concentrations
were high, the seepage ranged from pd 7.1 to 8,1, again suggesting
that acid released in metal sulfide ogidation'was neutralized by
native material.

Acid-Buffering Capacity of Gabbro Camplex

The development of acid-mine dralnage is dependent on the
concentration and oxidation of iron sulfide (acid release) and the
acid-neutralizing capacity of plagioclose and olivine minerals.
Sufficient information exists from laboratory and field leaching
studies described above for the Duluth Gabbro Complex to suggest
‘that adequate acid-ncutralizing components are present to inhibit

acid accunulation. The presence of acld enhances heavy metal
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leaching by majntaining Fe,+3 1n solution, ‘p‘mmoting the growth of
iron and sulf‘ur*—oxidizi'ng bacteria, dissolving gangue material away
from 1°ea<£ﬁive_ isj‘ur'faces, and slmply dissolving metal sulfides. It is
cié‘a;that mitigating factors éxist for Gabbl“c? material since
relatively high metal concentrations in seepages have beeﬁ observed
without acidification of the seepage. A qualitative leaching
model is proposed later, accounting for observed anomalies.,

The sulfur content of Duluth Gabbro is in the range of 0.5 to
1% which theoretically could generate N 50 1bs (22.7 kg) of sulfuric
acid per ton upon complete oxidation (Iwasaki et al, 1976). The
authors reported that camplete sulfide oxidation would result in a

buffered pH > 4. In contrast, two typlcal Western dump-leach ores

readily acidified to pH 2.5 with 2.5 1bs. (1.1 kg) and 5 Ibs. (2.3 kg)

of added sulfuric acid per ton.

Iwasaki et al (1976) also found that flotation tailings con-
taining 0.05 to 0.1% sulfur would yield \'Q 5 lbs. (2.3 kg) of sul-
furic acid which is not sufficient to reach a low pH. Examination
of the tailing composition (Lawver et al, 1975) shows large concen-

trations of Si0O, , an acid-consuming substance:
[

810,  53.363 KO  0.37
M0, 28.40 Ti0, 0.20
FeO 0.35 Cu 0.018
MgO 0.14 m 0.009
CaD 11.00 Na,0 4,20
S <0.1

The réactions responsible for uptake of acid by silicate

minecrals are analogous to the weathering of aluminum silicates
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- which may be schematically represented by (Stumn and Morgan, 1970):

: ' S
cation Al-silicate + H2CO3 + H O 4~HCO3

2
+ Al-silicate(s).

HECO3* represents carbon dioxide dissolvéd in water. As a result of

the above reabtion, alkalinity is impartéd to the dissolved phase

from the bases of minerals. Its occurrence at high concentrations

indicates that acid released in the oxidation of iron sulfide to

sulfate is neutralized by silicate minerals releasing bicarbonate.

The latter species, HCO3—, is also the predominant buffering com-

ponent of natural waters. Examples of typical acid-neutralization

reactions by native material are given in Table 12.

Bell (1974) has forwarded the concept of acid~generation
potential. (AGP) which was developed by B. C. Research in Vancouver
(CANADA) under contract to the Canada Department of the Environment
to evaluate the ultimate leaching properﬁies of ore and tailings.
The test consists of two parts; an initial chemical evaluation is
A made of the acid-producing potential of a ground sample of ore or
tailing compared to its acid-consuming ability. In the former case,
the sample is equilibrated with water, after which pH measurements are
made. In the latter case, the sample is titrated with sulfuric
acid to pH 3.5. Secondly, if acid-producing ability is greater
than acid consumption, thé sample is spiked with an innoculum of
T. ferrooxidans and agitated at pH 2.5 at 350 C. After three days,

the amount of SOuﬁz, Fe+2, Fe+3, Cu+2, Ni+2, etc., released from

the ore or tailing is determined. Under these conditions, the
combined effect of acidification and bacterial-catalyzed leaching on

heavy metal release can be evaluated. AGP is a concept applied
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TABLE 12

mnples of Typical Weathering _Reactionsa

1. calcite
c“ - * pa r+2 . - o
CaOOB(u) + H2CO3 ~  Ca + ?_HOO3 + HZO
2. gibbsite
- _ ¥ > +3 - ,
A1203 szO(s) 1 6H20O3 < A1 -+ 61{003 + 61120
3. albite

3 + 2H43104

+ ;éAlgsiZOS(OH)M(S) (Kaolinite)

. * +
NaAlS10g(s) + H,C0; + 9/2H20‘ T Na +HCO

I, anorthite ‘
. ¥ 42
CaA12812O8(S) + 2H,C0, + H,0 Z Ca

2773 2 3 272

(Kaolinite)

+ 2HCO, + Al.Si OS(OH)U(S)

5. plagioclose (andesine)

s = » ‘ . + +2
T -3 3
HNaO' 508.0 . 5A11 i 5312 .508 + Dd2003 + lngO 2z 2Na' + 2Ca

+ MPIMSiOu + 6HOO3~ + 3A1283'_205(OH)1‘(S) (Kaplinite)
6. K-feldspar (orthoclose)
.*

. * * & - 4
3KA1813O8(S) + 21{2003 +12H0 2 2K+ ch03 + 6H14510£;

+ KA13S:‘L3010(OH)2(S) (Mica)

7. biot’it-e
KIS0, (OM).(s) + TH.COF + 310 > K+ 32+ THOD.™
5f151. 50, 4 (0H), 2003 0 2 3

’ . 1 3 ~ o : A4
+ ZHI;SJQM + 12A1281205(OH),4(U) (Kaolinlte)

Apdified from Stumn and Morgan (1970).



IR i T ©

65

generally to coal mining and base-metal mining operations where

slgnificant quantitiles of iron sulfide are preéent. The Cu - Ni

ore, waste rock and flotation tallings from the Duluth Gabbro

Complex contain iron sulfide (mainly as pyrrhotite) but also Incliude
up to 75% by weight feldspar—type silicates capable of neutralizing
acids. Iwasaki et al.(1976) showed tﬂét insufficient iron sulfide
was present in ore and tailings examined to overcame the acid- |
neutralizing capacifty of plagioclose, olivine, and pyrcxene
minerals. The theoretical basis for acid and base neutralizing
capacity as applied to solution camponents is glven in Stumm and
Morgan (1970). The application to silicate minerals is straight-
forward.

A Qualitative Model of Duluth Gabbro lLeaching

The release of heavy metals to surface waters from mining
solids (ore, waste rock, tailings) under envirormental conditions
in the Duluth Complex is apparently influenced and controlled by
factors not important in acid mine drainage (AVMD). In AMD, sulfuric
acid formed in the oxidation of iron sulfide to:ferrous iron and
sulfate lowers the solution to pH (2.5 to 3.5) where bacteria

(T. ferrooxidans) catalyze ferric iron formation enhancing further

iron sulfide and metal sulfide dissolution. It is readily apparent
that flowing and stagnant aqueous pools in intimate contact with
Gabbro ore and tailings buffer the aqueous phase inhibiting acidifi-

cation of the leaching solution. The inh;biﬁionxof acidification of

. o ) e e e
seepage or standing waters does not prevent the release of heavy

metals. Sulfide oxidation is a prevailing mechanism of metal sulfide
dissolution as evidenced by the occurrence of large quantities of

sulfate. Concurrently formed acid is likely neutralized by native
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Any sulfide ion in equilibrium wlth the solid phase may be oxldized
by O fUPther'enhancing dissolution by shifting the solubllity

equilibrium to the right:

- - -2 +
HS + 202 < SOM + H
In addition, the rate of sulfide oxidation by 0, increases

2
exponentially with pH and is catalyzed by many cations present.
Copper in equilibrium with the solid phase may interact with
inorganic and organic complexing agents which again tends to shift
the solid phase reaction to the right solubilizing additional metal
and stabilizing the metal to precipitation aﬁd adsorptiorn.
‘ @+ y? > crytten) '

where Y—2 = inorganic or organic complexing agents. The co@per
released to solution may remain soluble_even though acid conditions
- are not maintained. Complexation/speciation models described

later . suggest that copper bourd to simple low molecular
weight brganic such as citrate represents ~ 90 to 100% of the
total metal ﬁnder oxicdizing conditions. Nickel proves even more
mobile once released by pentlandite dissolution. .

Acid generated in the process of sulfide oxidation and iron
hydrolysis may be neutralized by highly-buffering minerals such as
those listed below beforé flowing éut of the system:

Na - Feldspar(s) + H' * 9/2H,0 2 % Kaolinite(s)
+ 20,810, + Na©
Ca - Feldspar(s) + 20" + H,0 7 Kaolinite(s) + Ca'®
+2

Caco.(s) + 21t H.CO.
al 3is 7 Ca + 2003



GG

mincrals such as plagioclose, olivine énd pyroxcne. Reaction of
acld with silicate mincrals would génerate HCQ3 which 1s observed
in fheArange of 100 to 200 mg/l as CaCO3 (2 to 4 meg H+/l) in the
seepage. | |

The following sequence of chemical.reactions is proposed
as a qualitative model of metal sulfide leaching using chalcopyrite
as an example:

Chalcopyrite has been observed to dissociate under oxidizing
conditions into covellite (CuS) and troilite (FeS)

2 <
following which FeS is rapidly oxidized to ferric.ion in solution

CuFeS, ¥ CuS + FeS

plus sulfate according to:

_FeS + 90, w2 umetS 4 usof + 2H0.

Covellite may then dissoclabte forming cupric ion and sulfide or

may react rapidly with ferric ion in-situ:

+2 0

cus + 2Fe™S 2 't 4+ 80 4+ omet?

Ferrous ion formed in the above sequence of reactions may be

oxidized by 02: '
ete 4 %0, + gt oz pet3 4 14,0

Any factor, physical, chemical, or biological which enhances the

F

oxidation of troilite or covellite tends to promote chalcopyrite
dissolution. Ferric ion generated by oxidation of FeS may either
hydrolyze to form ferric hydroxide releasing acid

Fe'S + 3,0 T Fe(Om), + '
or.attack the solid chalcopyrite by oxidizing sullfide to sulfate

or elemental sulfur:

CuFeS,. + 1h4Te’3 + B1,0 2 1576t ° 4 a6

5 -+ ESOq
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(Biotite) KMg3A1513010(OH)2(S) + 7H2503* + %H20 e K+ + 3M8+2

+ THCO, + ' 3 i
- 7PCQ3 2Hu810q + 2A1251205(OH)“(S) (Kaolinite)

Once the metals are released by dissolution of thé metal sulfide,

the solid phase reaction becomes irreversible under oxidizing

conditions. Cu'2, Nit?, 2n™?, 0o'?, etc. tend to remain in solu-

. tion even though the pH remains near neutrality and are washed out

of the pile as a seepage by rainfall or groundwater. Note that
low pH is not a prerequisite to metal sulfide leaching and organic
complexing agents such as hunic/fulvic acids in bog water likely

promote leaching and stabilize metals in solution.



Chemical Speclation

Introduction

The speciation of metal ions and ligands in fresh waters has 'important
implications in the ficlds of aquatic ecology, fresh water biology, limology,
and water quality management. At present, experimental chemical data and
phenomehological models are not adequate to predict the distribution and fate
of trace metals in aquatic environments. On the other hand, chemical eqﬁilibrimx
models caﬁ be used for gajﬁjxlg insight into the various processes vhich govern
the fate of trace metals in natural waters (Morgan, 1967; Stumm and -

Morgan, 1970).For example, the biological avallability of trace metals such as

Cu, Ni,,:Fe or Mn depends on thg fraction of free available metal. Metals
which are complexed with inorgé;nic or organic ligands, adsorbed on a solid

| surface or present as Drecipitates wouid be unavailable for biological

uptake (Morel, gt; \g_l__, 1972). o .A Evidence for the existence of a nurber

of metal ions (zn, Cu, Cd, Pb) in bound states in naturél waters has been

obtained from measurements using anodic stripping volﬁarmetry (ASV) (Zirino and

Healy,  1972; Chau and Chan, 1974). ' Bquilibrium models, which use Jmown

stability constants and exéerimental data forv total metal and ligand con-

centrations, can be used to determine a thermodynamically feasible distribution

of species between bound and unbound states. |

In this section, an equilibrium model that accounts for the dissolution
of metal sulfides and the chemical speciation of released trace metals in an
International Nickel Company seepage pond is presented. An equilibrium model
of this type should be useful in establishing simple boundary conditions
that will help explain observed phenomcna. Important parameters that control

the solubility of mincral phases in solution are treated in this model. They
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are the pH of solution, thé type and concentration of comploxing Inorganic
and organic ligands and chelating agents, the oxidation state of the mineral
components, the redox environment of the system, and the adsorption of trace
metals on surfaces or natural colloidal material.

The model of leaching and chemical speciation was based on experimental
data collected by Eugene A. Hickok and Assoclates (INCO, 1976) for the con-
centration of complexing ligands and of trace metals such as Cu, Ni, Co, Mn,
Fe, Co, Zn, Hg and Pb. The analyses were performed on samples taken from a
seepége pond located approximately“ten miles southeast of Ely, Minnesota.

Sophisticated computational‘techniques were used to calculate a complex

Aequilibrium system which involved 13 metals, 10 ligands, 163 complexes, 27.

possible solids, 7 redox reactlons and 2 adsorbing surfaces. Calculations
were performed with the aid of REDEQL2, a multi-purpose computer program
which has the capability of computing chemical equilibrium in aqueous systems
involving acid-base, coordination, solubility, redox and adsbrption phenomena.
Tonic strength corrections and interaction intensities were also calculated.
REDEQ.2 (Morel and Morgan, 1972) uses the stability constant approach
and the Newton-Raphson methed for digital computation of chemical equilibrium.
The stability constant approach involves solving a set of non-linear equations

provided by the mass action law and mole balance equations for a chemlcal

. system consisting of metals, ligands, complexes, gases and solids. Concentra-

tions of complexes are expressed as a function of free metal and free ligand
concentrations by the mass Jaw equations. A solution is achieved when a set
of free metal and free ligand concentrations is found that will satisfy the

mole balance equatilons.
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Equiiibrium Model - Assumptions

As an Initial assunption, interactlons of trace metals, metal complexes
and ligands with biologiéal organisms (bacteria, phytoplankton, zooplankton,
and plants) will be neglected. Many chemical processes in natural waters
are dominated by dissolved oxygen levels, pH, lonic strength and solution compo-
sition. Therefore, to neglect biological activity as a first approximation
should not lead to spurious resuits.

A steady-state condition for the seepage pond will be assumed because
to aséume an equilibrium state of a closed system may be a poor approximation
due to inflows and outflows occurring at the boundaries. An open system
such as the seepage pond can be closely appréximated by an equilibrium model

(Morgan) if reactant A going to product B can be represented by

A

B ' (1)
and the steady-state condition

dafa]l _ 4d[B} _ :
a - a0 (2)

can be applied, then for a completely mixed volume, V, and a volume rate
of flow, Q, the law of microscopic reversibility (equation 3) can be used
to obtain equation (6)

K = k/k" | (3)

a[Al/at = QV([A_ J-[A] - K[A] + k'[B] ()
a[Bl/as = Q/V([B_)-[B]) - k(A) - k'[B] (5)
[A)/ 141 | (6)

8]z Wy

from substitution into the material balance rate expressions for A and B
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when [BO] = 0. The steady—étate ratio [BI/[A] appréaches K when the fléws
to the system are small with respect to the rates chemical reaction. In
other words, the residence time (TR = V/Q) 1s much greater than the half-
life of the reaction(Tl/2 = In2/k ) so that the time invariant condition
of a well-mixed volume can be considered to approach chemical equilibrium.
Data

Data used in the development of a model of the leaching process and of the

chemical speciaﬁion were obtained from the International Nickel Company

(INCO} report released in January 1976. Data collected on 10 October 1975

from the seepage pond (Site A) were used in'éll calculations. These data

are listed in Table 13 along with some typicai values for trace metal concentra-
tions in freshwater systems (Morel,EiLégﬂ’ 1973 ). Calecium and carbonate
concentrations were estimated from alkalinity measurements.

Comparison of the pond data to the typical values reveals that Ca, Fe,‘

“Mn, Cu, Ni, Co, Mg, and SOM= are significantly higher than values commonly

found in fresh water systems. On the other hand, Cd, Zn, Hg, Pb, C1 and 003

are lower than values normally found in relatively clean waters. Additional
input data into the models were based on typical values for total organic carbon
and a reasonable value for monomeric orthosilicic acid (HuSiOq) which would

be expected to result from the weathering of aluminum-silicates.

" cation-Al-silicate + H.CO, + + HCO.  + HMSiON + cation + Al-silicates (7)

2773 3
A value for TOC of U0 mg/1 was assumed to be a representative concentration
bf‘soluble organic species in waters of Northeastern Minnesota. Four
organic ligands, cysteine, citrate, glycine and nocardamine were chosen as
representative organic ligends (Pitt et al., 1975). Cysteine and glycine are

amino acids. Citrate 1s the anion of a polyprotic acid and nocardamine
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Table 13
acace metal data used for input into equilibrium models

-log molar concentration

CONSTITUENT INCO POND TYPTCAL¥
Ca : 2.69 | 3.00
Fe 4.05 5.00
Mn 4,12 5.50
Cu 5.69 6.00
cd 8.67 6.00
7n | 6.98 7.00
Ni g3 | 6.50
He 9.30 9.00
Pb : 9.01 | 7.00
Co 5.33 ~ 7.50
Mg 2.68 3.50
co,” ' 2.87 3.00
c1 - - 3.65 3.50
sof 2.53 L.50

%#See (Morel, MeDuff and Morgan) for some typical values for analytically
determined concentrations of metals and ligands in fresh waters.



is a large (MW~900) naturally occurring heteromeric peptide which contalns
a trihydroxamate as a specific Fe(III) binding site. The average molecular
weight for tﬂese organic ligands 1s approximately 322. Concentrations of
p4.5 for each organic ligand were imposed on the system. A value for pSiOu“Jl
of 2.9 was also imposed on the‘system. This value is consistent with the

fact that plagioclase constitutes a significant percentage of the Gabbro

ores and would be expected to weather according to equation 8.

4 Na, .Ca. A .Si, Oy + 6 HCO, + 11 H,0% 2 Na¥ + 2 ca'® + 4 1,510, +
0.5770.571.5572.578 2773 2 : 4=ry

6Hco3“+3A:LS:L0(OH)4 : (8)

In addition to the known analytical concentrations, seven redox reactions

and 2 adsorbing surfaces were also considered.

X, * e Xfed | (9)

: . . . +2 . +3

Redox couples that were considered were the following: Fe ~— » Fe -,

™ 5 Mn0,, % > ™3, 570+ 80,7, w3 o Fe 0y M2 > MnOOH and
+2

Pb +—Pb02. Fe(OH) and a-SiOZ‘were imposed as adsprbing surfaces and
calculations of adsorption constants are computed according to the adsorp-
tion model of James and Healy (1972)
Results

A model of the cﬁemical speciation of the.seepage pond without the
imposition of organic ligands is presented in Figure 6 and the major chemical
species are listed in Table 14. The measured pH of the pond was 6.7 and in this
model the pH was varied in order to ascertain the impact of pH on the distribu-

tion of the major metal species. An oxidation-reduction level characteristic

. of an oxidizing condition was assumed since the pond was exposed to the open



FIGURE 6. Inorganic model of the speciation of the predominant
trace metals in the INCO seepage pond (Site A). % Total Metal
is plotted as a function of pH where pe = 4.0 and p = 0.017.

See Table 1 for pTOT[M] values.
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Table 14.

Results of an inorganic equllibrium computation for oxidizing conditions:
pe = UD. Predominant trace metal species at pl = 6.7.

Fe(on)3 ' L.05
Fe' 510, 6.95
Fe+2 8.07
FeS0,, 8.81
cu*?-si0, 5.73
cut? 7.06
c¢m3 7.07
cuso,, 7.80
it 4.53
Ni*-si0, 5.07
NiS0, 5.27
N1002 5.36 .
CoCO3 5.47
Co'? 6.0!
CoS0), 6.58
CoCO3 6.97
Mt 4.29
Nm+2—Si02 .88
MnSO“. 5.03

.63

.,
=y
)
&

w

)
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atmospheré and the IOD of the system was assumed to be minimal. To model

the pohd a pe of 4.0 was.chosen and an ionic strength w = 0.017 was imposed.
pe = - log [€] | Qo)

where [e] is the effective activity of electrons in the system (Stumm and

Morgan). At pH 6.7 Mn'e

3

and Ni+2 are present predominately as free metals

whereas Pb+
2

is precipitated as Fe(OH)3 and CO+2 is precipitated as CoCO3.
Cu+ under these conditions is adsorbed on the surface of a a~SiO2, which would
be representative of a bottom sand. If the pH of the system were close to
8, precipitation of the metals by carbonate and adsorption ¢cn a—quartz would
be controlling‘the distribution of species. . -

Eveﬁ though the organic component of the seepage pond‘wateré is unknown
it seems reasonable to assume that it has moderate complexing properties. To
determine the effect of organics, a representative set of ligands was super-
imposed on the basic inorganic model. The resulting modification of the trace
metal speciation is depicted in Figure 7 and the predominant trace metal
species at pH 6.7 are listed in Table 15 The major impact of the organic ligands
is to solubilize Cu+2 and to some extent Fe+3. This is consistent with the INCO resu
which indicate that Cu+2 is in a soluble form and Fe+3 predominantly in par-
ticulate form. A major conclusion that can be drawn from this model is that
organic materials will play important roles in the speciation and fate of
trace metals released into aquatic systems near Cu-Ni mining sites.

2 2

and Co+ ls unaffected by the addition of organies, whereas Ni+2

Mn+
is complexed by citrate and cysteine. Similar results for the speciation of
the low concentration trace metals, Zn, Cd, Pb and Hg are presented in Figure

8 and Table 16.



78

FIGURE 7. Model of the speciation of the predominant ‘trace
metals with a superimposed set of representative organic ligands.
% Total Metal is plotted as a function of pH where pe = 4.0 and
H = 0.017. NOC = nocardamine, CYST = cysteine, CIT = citrate

and GLY = glycine.
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" Table 15.

Results of an organic equilibrium computation for oxidizing conditions:
pe = 4.0." Predominant trace metal species at pH = 6.7.

Species ple]
Fe(OH)3 4.29
Fe (NOC) .50
Fe (CYST) 5.22
Fe (CIT) 6.10
Cu(CIT)™ 5.70
Cu-S10, 7.39
cu(ary)” 7.74
cu’? | - . 8.73
Nite .63
N(cIT) 5.05
Ni-S10, | 5.17
NiSO, - 5.37
NiCO, | 5.47
NiGLY 6.18
CoCOy ‘ 5.49
cot? | 6.0l
‘CoSOll 6.58
Mnte 4.29
Mn-510,, n.88°
MnSO), o 5.03
MnCO 5.63

3



FIGURE 8; Model of the speciation of secondary trace metals
found in the INCO seepage pond. % Total Metal is plotted as

a function of pH where pe = 4.0 and u = 0.017.
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- at pe -2.6 to form N1t

<o
fuat

In an attempt to understand factors governing the leaching df Cu and
N1 from the Gabbro ores a model similar to the speciation models was developed.
Instead of a pH variation, the electron activity, pe, of the system was varied
from a reducing level of pe = 3.6 to an oxidizing level of pe = 0.0. The
pe of the system is not an experimentally measured quantity but in a leaching

system the pe is best described by the oxidation of sulfide

SP+uH0 T oS0, 048 488 (11)
coupled with the reduction of bxygen. The chemical speciation of Cu;‘Ni, Fé,
Mn and Co is a function of pe. (Figures 9 and 10 for an inorgénic and organic
system respectively, at pH = 6.?). At 1ow»pe values Co, Cu, Fe, Ni are present
as solid sulfides. In the inorganic model, the Co, Fe and Ni sulfides dissolve
in a very narrow range of pe near -2.4. Ni is released as Ni+2. Co is

transformed from solid CoS to solid CoCO, and Fe is transformed from solid

2 and Mn+2 form

3
Fe(IT)S solid Fe (ITT) (OH);. Sulfate complexes of nit

above pe-2.4 at pH 6.7; Mn+2 does not form a sulfide below pe-2.4 because

of the extremely low activity of the sulfide ion and the relatively small

solubility product of MnS (pKS=15.2) as compared to the other metal sulfides.
Imposing a set of organic ligands on the inorganic model lowers the

pe at which FeS begins to dissolve from pe-2.4 to pe-2.8. FeS is transformed

into solid Fe(OH)3 and soluble iron (III) nocardamine, Fe(II)-CYST and

FeIIX(CIT) . NiS, which dissolves before FeS in the inorganic model, dissolves

2, Ni(CIT)_l and NiSOu. CoS is the next sulfide to

dissolve and it is transformed into solid CoCO3, soluble CoCO3 and free

Co+2. CuS dissolves at pe -1.2 in the organic model and is immediately com—

plexed by citrate to form Cu(CTT)”. In thevinorganic model, CuS dissolves at



FIGURE 9 Inorganic model for the leaching and subsequent spec—
iation of the predominant trace metals from their respective
metal sulfides. % Total Metal is plotted as a function of pe

where pH = 6.7 and p = 0.017.
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FIGURE 10. Model for the leaching and subséquent speciation of
the predominant trace metals from their respecti?e metal sulfides
with a superimposed set of organic ligands. % Total Metal is

plotted as a function of pe where pH = 6.7 and p = 0.017.
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Table 16.

Results of an organic equilibrium computation for oxidizing conditions:

pe = 4.0. Predominant trace metal species at pH = 6.7.

Species plel
cat? ‘ 8.83
caso,, | 9.57
ca*®-s10, 10.32
Ca(cIT)” . 9.79
Caco, ‘ 9.82
Zn'e B
Zn(CQST)" 7.36
Zns0, - 8.09
ZnCO, E - 8.38
~ Hg(CYsT)™ 9.30
Po(CYST)™ 9.02
PbCO4 | 10.71
pot? 11.40
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pe-0.8 and forms CuCO.+, soluble CuCO,, CusO, and Cu(Oll)*. The net effect of
organic ligands is tollower the oxidation level at which sulfide dissolution
is likely to occur. implications for a dynamic leaching process are that or-
ganic ligands or.chelating agents will enhance the leaching process by shift-
ing the equilibrium dissolution | to the right. If oxidation of H3™ is the
rate limiting step in the leaching process, complexation of the corresponding
metal will result in a greater net release of sulfide and, therefore, the
ultimate effect will be to enhance the rate of leaching. 1In addition to simple
equilibrium effects, transition metal complexes, such as Co{II)phthalocyanine,
are well-known for their ability to activate molecular oxygen and would be
expected to have a catalytic influence on the rate of bxidation of sulfide
(Knen and Martell, 1974). Ni*° and "2 have also been shown to act as homo-
geneous transition metal catalysts for the oxidation of sulfide in agueous
solution at neutral pH (Chen and Morris, 1972).

In order to measure the magnitude of the interactions between constituents,
the concept of "interaction intensities" may be utilized (Morel et al., 1973).
The interaction intensity, §, for the interaction of a metal, X, and a ligand,

Y, is defined by equation 12.

8y y = oplxl/opror(v] (12)

These numbers can be computed using REDEQL2. Interaction intensities are non-
dimensional numbersbut are similar in principle to the commonly used concept of
pH buffer£ng capacity. A large interaction intensity corresponds to a very strong
dependence of a metal upon the total lignand concentration. When GM,M = 1, the

metal in its free form is relatively independent of the total concentration of
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ligand present. As an example the interactlon intensities for the nickel-
. organi ;;eciation as a function of pH is depicted in Figure 11 The main

2

feature of this plot is the relative independence of Ni+ on the concentration

of complexing ligands. In this case GNi Ni a1 at pH 6.7, the measured pH

3
of the seepage pond. Relationships of this type are useful to help understand
the relative importance of one species relative to another metal-ligand species

under identical conditions. In the future, correlations of interaction intensitie:

with experimentally determined complexing capacities may prove to be fruitful.
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FIGURE 11. Variation of interaction intensities, ¢ for a

X,Y
nickel-ligand system as a function of pH. The interaction
intensities plotted here correspond to the nickel speciation

depicted in Figure 2.
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Metal Ton - Organic Complexes in Natural Waters

Initially, the major focus of the bibliographic search was concerned

wilth the chemical action of naturally occurring organio complexing agents
affecting the leaching of metal ions from naturally occurring deposits.
Jt soon became apparent that research directly concerned with these effects
has not been reported. Emphasis was then placed on studies involving metal
ion - organic complexes in natural waters, their stability,,rates of reac—
tion and methods of measurement.

There is no doubt that an awareness of the importance of trace metals
in aquatic systems is growing and has promptgd an inérease in activity in
the developmgnt of analytical techniques, and in the study of the behavior -
of metal ions at trace levels. It'has been noted throughout the literature
in this field that the form of the metal ion must be known in order to per-
mit the inﬁerpretation of biological effepts and to address the problems
of metal ion transport and accunulation in aguatic systems. The metal
speciation problem is complex and data is needed on the-chenical nature
of the dissolved organic compounds and on the metal ion - organic complexes,
from thermodynamic and kinetic points of view.

This section bf the literature survey is not eﬁhaustive. It is inten-
ded only to present the various areas in which studies involving metal ion -
"organic complexes in natural waters are proceeding. The references given
in each of the papers noted should be consulted for additional information.

A general‘overview of the problems associated with metal ion - organic
interactions can be obtained from the paper of Lerman and Childs (1973) vho
discuss the control of the distribution of metal ion complexes az affected

by thernmodynamic, ldnetic and physical paramcters.
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Initially the behavior of metal ion complexes in natural waters as
" influenced by the presence of organlc complexing agents, such as nitrilo-
triacetate and cltrate is discussed. The calcuiations are based on thermo-
dynamic‘properties and the result is an equilibrium model for metal ion
caomplexation. No physical measuranents were made and no attempt was made
to include heterogencous equilibria in these calculations.

Heterogencous cqullibria, interactions with sediment, are discussed
from a theoretical point of view in terms of the rate of change of the
organic complexing agents as influenced by the rate of input, the rate of
.decomposition and the extent of interaction with sediment. Data on kinetic
and physical fac£ors is noticeably lacking and only upper and lower limits
are discuésed.

Some data on the rate of photochemicaldegradation of nitrilotriacetate
in the presence of copper and iron have been presented by Langford, et al.
(1973) and by Stolzberg and Hume (1975), but data on the rates of decompo-
sition and metal ion exchange for metal ion complexes in natural waters
are non—-existent.

Recently, Guy, et al. (1975) have presented a simple model for natural
waters that included metal ion fixation in particulate matter as well as
complexation. Data is presented on the sorption of copper, zinc and cad-
miun by humic acid,‘manganese dioxide and potassium bentonite.

| Elder (1975) treats the probleans of metal ion complexation from a
thernodynamic point of view and discusses the effects on complexation due

to competing ligand reactions.
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Ganble and Schnitzer (1973) review the relevant literature on the
chemist , of fulvic acid and its rcactions with metal lons. Included is
a mathamatical treatment pertaihing to the detemnination of stability
constants for metal ion - fulvate complexes employing potentioﬁetric
titration tecnniques. A seriecs of papers using these techniques in the
study of mixed fulvate complexes has been presented by Rananoorghy and
Manning (1973, 1974).

In these studies, fulvic acid is extracted from soil samples and
stability constants with metal iops are determined. The data presented
are of value in calculations on the extent of metal ion complexation in
naturai systans but the method is not intended to be used as a method of
direct measurement of metal ion speciation in natural waters.

A variety of techniques have received attentiqn in the study of
metal ion - organic bomplexes. Bﬁrrell and lee (1975) present a dis—
cussion of neutron activation, anodic stripping voltammetry and atomic
adsorption, their applications and limitations to metal analysls. They
suggest anodic stripping voltammetry as thé method Qf choice for studieé
in metal speciation.

In addition to the above methods, poténtionetric titration procedures
using pH and ion selective electrodes have been presented by Ganble and
Schnitzer (1973), Gardiner (1974a, b) and Ramamoorthy and Manning (1973,
1974).

Also, ion exchange equilibrium methods have been employed by Schnitzer
and Kahn (i972), Stevenson and Ardakani (1972), and by Ching et al. (1975).

Nunerous authors have uged anodic stripping voltammetry in some modi-

fication to determine metal ion concentrations at low levels and to deter-



mine stabllity constants of metal.ions. These include papers by Bradford

(1973), Ermst et al. (1975), Shuman and Woodward (1973), Stumm and Bilinsky
(1973), and Zirino and Lieverman (1975). These investigations were intended |
to determine the complexes that predominate under envirormental conditions.

Application of methods to determine the extent of complexing agents
present in natufal waters has also been made. Bender et al. (1970) used
a complexcmetric titration procedure with copper as titrant to study com-
plexing agents present in secondary sewage effluents.

Chau and Lum-Shue—Chan (1973, 1974b) proposed a method for the deter-—
mination of complexing capacity for copper utilizing anodic stripping vol-
tammetry and have applied the method to a number of natural watérs. In an
earlier paper (1974a) they discuss the‘determinétion and differentiation
of labile and strongly bound metals in lake waters.

The exact significance of total complexing capacity is still not
answered.although same correlation to environmental systems has been made.
Davey et al. (1973) have shown a similarity between the growth curves of

T. pseudomona to copper—ion selective electrcde titration curves used to

measure complexing capacity in sea water. .

It is obvious that more work on the problems of metal speciation is
necessary. At present, it appears that the best practical approach to the
study of natural waters is the determination of complexing capacity as an

estimate of metal ion complexation.

a



* CONTROL, TECHNOLOGY

New water flow systems are created by a mining opcration, and the
quantity as well as the quality of water flow in the region may be affected.
Three main types of process water may be identified in é mininé operation,
namely, mine water drainage, mill effluent, and surface drainage. Water
from these sources must be collected and recycled in order to protect the
environment. The practicality of complete recycling may, however, be pre-
dicted only after a thorough analysis of the quantity and quality of process
bwater as well as the amount of rainfall and evaporation on the entire opera-
tion has been made (Busse, 1974; Pickett and Joe, 1974). Common practice is
to ha?e the holding cabacitj of the tailing ponds designed in such a manner
to avoid discharging tailing water during periods of above-normal precipi- |
tation or spring thaw. The compatibility of the recycled water with the
milling process must also be carefully assessed. The most serious problems
‘in recycling occur when differential flotation is used. Perhaps the presence
of heavy-metal. ions and partially oxidized sulfur compounds adversely affects
the selectivity of séparation. In addition, the effects of residual flota-
tion reagents and their decomposition products as well as of humic acid,
generated by the decay of vegetation in tailing ponds, on the quality of
recycled water must also be ascertained. It becomes of interest, therefore, to
gain some insight into the treatment methods for achieving the quality of
water suitable not only for recycling, but also for release in case its dis-
charge becomes necessary.

An alternate approach to this problem is to search for a method cof

preventing the release of heavy-metal ions rather than treating the water
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" to be discharged. Prevention is preferable to trcatment since it can be
less expensive and may be permanent in nature. After the mine's active
life the mill effluent will be stopped, buﬁ minc and surface drainages
will always be present. It becomes imperative then to develop an abandonment
plan early in advance that provides for water quality control. ILdterature
on preventioﬁ methods, however, is very scarce.
This review presents summaries of published information on control tech-
nology of heavy-metal ions in mine and mill effluents with particular
“emphasis on copper-nickel mining in northeastern Minnesota. The topics
are divided into prevention and treatment techniques.

Methods of Preventing the Release of Heavy-Metal lons

Very few articles are found in literature bn the prevention of release
of heavy-metal ions in base metal mines. Working with acld mine drainage
problems of the Bunker Hill Mine in Idaho, Trexler et al (1974)recommended
that the problem be examined in terms of chemical factors promoting the
oxidation of sulfide minerals in combination with the availability of water
for the transport of the reactién products. Mining activities expose areas
of high pyrite and other heavy metal sulfiges and their access to oxygen
and high moisture in the mine atmosphere cause acid formation and the
release of heavy metal lons. If the movement of water in a mine is con-
trolled, the acid mine drainage may also be controlled. Thus the need for
hydrogeologic planning was emphasized during the planﬁing of the total mining
program, particularly in eliminating or reducing surface-water or ground-
© - water rechérge during, and after the mine's active life.

The rccharge to a base metal mine is affected by the following factors,



94

which may be controlled by careful study of mining plans:
1. Closencss of mining to the surface ‘
- 2. Degree of Interconnectlon between mine levels from stopes,
man raises, ore passes, and other openings
3. Rock propertics
4, Mining techniques used which may induce surface fracturing
or intersect and dfain ground water from the natural
fracture system.

Though the oxidation of pyrites is difficﬁlt to control, particularly
in operating mines, several avenues of approach may merit some further
.studj. The most obvious approach is to 1limit the access of éxygen to
pyrites and other heavy-metal sulfides. Iﬁ an extreme example, mining'
in an inért atmosphere with the miners wearing life-support suits has been
proposed (Chem. Eng. News, 1970). DMore commonly, the concept has been
jmplemented in sealing abandoned coal mines since the 1930's. Today
backfilling and replanting is practiced tq prevent acld drainage frdm
abandoned strip mines, and abandoned deep mines are sealed and, where
possible, flooded.

Bacteria play an important role in pramoting the'oxidation of sulfide

minerals in nature. The most common varieties are PFerrobacillus ferro-

oxidans, Thiobacillus ferrooxidans and Thiobacillus thiocoxidans. These

bacteria appear to be indigenous to sulfide mining, are active at pH
values between 1.0 and 4.0, and are associated with in situ and dump
leaching of copper and uranium ores (Fletcher, 1970). An attempt was made
to test if certain organisms might be useful in inhibiting the sulfide-
oxidizing bacteria that are thought to catalyze the acid-forming reaction.

Streptomycin was applied to a leaching colum containing crushed Duluth
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Gabbro innoculated with 'Ihiobacilius thlooxidans. The test results showed
that the leaching rate was not markedly affected (MERC, 1976). Perhaps |
such an approach may be more fully explored at a later date. It should be
kept in mind, ho{vever, that although these bacteria accelerate“che acld -
formation at pH values below 4.0, it has not been shown that any of these
bacteria play a part in acld mine water formation. In fact, acid mine
water is said to form even in the absence of these bacteria (Trexler et al,

1975) .

Certain carbonates and silicates are capable of neutralizing acidic
water and of retarding the oxidation of pyrites. The ﬁeéhly—ground Dulutﬁ
Gabbro. equilibrates in water at pH near 9 and shows some tendency to buffer
the pulp pH in flotation tests. The acid-consuming properties of Duluth
Gabbro were reported by the Mineral Resources Research Center by performing
a series of acid titration tests on a pulp of a flotation tailing (Iwasaki
et al, 1976). The resulté are shown in Figure :‘Lg together with a few
additional curves: (1) a curve showing the change in pH of distilled water
with the same incremental additions of sulfuric acid representing an extreme -
of no acid consumption by a pulped solid; (2) two curves of typical copper
dump-leach ore samples from the western United States ground to the same
fineness as the Duluth Gabbro flotation tailing; and (3) a curve on the
Duluth Gabbro f.lotatioﬁ tailling mixed with 5 percent by weight of calcite,
~ ground to the same fineness. - |

It is apparent in Figure 12 that the Duluth Gabbro flotation tailing
showed sor;lé tendency to buffer tﬁe pulp pH near 8, and then very markedly

at 3.5 to 4 even when as high as 75 pounds of sulfuric acld per ton was

added. Such a behavior was thought to be of particular interest since,
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wless the pH'can be lowered to the optimum range of 1.5 to 2.5 without
excessive use of sulfuric acid, rapid enough leaching rates cannot be
maintained to warrant a commercial operation bf in situ or dump leaching.
For comparison, the two typical western dwnp—ieach ores can be'.acidified
to pH less than 2.5 with 5 pounds and 15 pounds of sulfuric acid per ton,
respectively, for Samples A and B. In fact, these ores contain sufficient
pyrite for generating acid in dumps and no additiomal acid is said to be
necessary in ‘the recirculating bérr'en solution. The sulfur content of
Duluth Gabbro is in the range of 0.5 to 1 percent, which could theoret-
ically produce about 50 pounds of sulfuric acid per ton upon complete
oxidation. Referring to Figure 12, the pulp pH at this level of sulfuric
acid addition is still well within the buffered range near 4. On the
other hand, | flotation tailings of Duluth Gabbro may contain typically
0.05 - 0.1 percent sulfur (Vifian and Iwasaki, 1968), which upon camplete
oxidation could amount to approximately 5 pounds of sulfuric acid per ton.
Again referring to Figure 12, the solution pH may reach neariy 4,

To investigate the effects of contacting Wa‘tQP with a crushed Duluth
Gabbro sample, a percolation leach column, 'shown in Figure 13, was set up
and distilled water was circulated. The pH of the water was measured
every few months. As shown in Figure 14, the water acidified gradually
and the pH dropped to below 5 within a year. At this point the water was
discolC)red somewhat due presumably to the precipitation of ferric hydroxide
and analyzed 4 pmm cu't and 44 ppm Nf&. These observations are, more or
less, in line with the above discussion on the acid titration curve of
the flotation tailing (Figure 12). Since it was observed that the pulp

pH could be maintained above 7 even with 75 pounds of sulfuric acid per ton
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by vthe addition of limestone, it became of interest to study the effect

of adding limestone to the percolation leach colum. A second column
containing crushed Duluth Gabbro mixed with 5 percent by weight of lime-
s’coéxe, crushed also to minus 10 mesh, was set up and the pH of ‘the recircu-
lating distilled vwater was followed. As seen in FMgure 14, the pH remained
virtually constant at about 7.5, and even after five moriths the copper and
nickel-ion concentrations remained less than 0.1 ppm.aé Though the
recirculation of water in this ‘setup is not representaﬁive of the real
situation which one finds in nature, such an observation appears to be a
point of theoretical interest in seeking methods in controlling the release
of heavy-metal ions. Further investigation on the manner in which partially
oxidized sulfur compounds, the source of subsequent acid formation (Schmidt
and Conn, 1969), are released in the presence of ljinestone becomes of
interest. In addition, a similar investigation with other carbonates
becames of practical interest since a 1;11’ge amount of slaty taconite con-
taining siderite and ankerite is available in nearby taconite mining

: operations.** Marl, an earthy deposit of limestons and clay, is also

avallable in Minnesota.

Methods Applicable to the Removal of Heavy-Metal Ions

A wide variety of methods for reducing the concentrations of heavy-

metal ions and other pollutants in mine and mill effluents has been proposed

¥ The sensitivity of the atomic absorption unit wes rated as 0.1 ppm for
copper and 0.2 ppm for nickel.
_ ¥¥ Research in progress, Mineral Resources Research Center, University of

Minnssota.



fo2
2
o

and some are being used to meet envirormental regulations (Kemmer and
Beardsley, 19713 Mercer, 1971; Dean et al, 1972; Cadman and Dellinger,
19714-; UsBM, 1975; Williams, 1975; Chem. Fng., 1975). Depending on whether
the water is to be recycled or discharged, the extent of treai;rrient would
be difflerent. This survey summavizes some of the water treatment tech-
nology presently employed by the mining industry and new technology

which may have potential application, particularly in copper-nickel

mining in northeastern lMinnesota.

Neutralization

For the neﬁtralization of acidity, iimé and limestone are most
commonly used. Limestone is often attractive since it is not only readily
available at the lowest cost per unit of basicity, but also the sedimenta-
tion rates of the resultant hydroxides are rapid and the sediment volumes
are small, However, ljmestbne neutralization is slow and often erratic due
to the formation of .insoluble metal hydroxide coatings on the limestone
particles, or of coatings of oils and greases. Teo insure adequate reactivity
it is necessary to pulverize limestone to a sufficient fineness, say minus
300 mesh. The solution pH may be raised to near neutral with limestone,
but for the removal of heavy-metal ions it is necessary to raise the pH
Turther. Lime treatment followlng limestone neutralization may be appiied
for this purpose.

Lime is more widely used than limestone in controlling the pH of
tailing pozlﬁs, By maintaining the pH in the range of 9.5 to '10.5, it is
reported that extremely low effluent metal concentrations (less than 20

ppb copper) can be consistently achieved (Bell and Nancarrow, 1974). The



dependence of the solubilipy of'the metal hydroxides on the pH may be
estimated from their solubllity products (Figure 15). The difference in
the solubility lines of Cu(OII)2 and Ni(OH)zlsuggests that the lime treat-
ment may be capable of lowcring the copperwion concentration to the quéted
level, but not the nickel-ion concentration. It should be noted, however,
that the concentration of a metal ion may not follow simple solubility
product principles in the presence of another metal ion due perhaps to a
coprecipitation phenomenon. In the presence of ferric ion, the copper
and perhaps nickel-ion concentrations may become markedly lower.

Though the lime treatment is capable of lowering the concentrations
of heavy-metal ions in tailing pond effluents, there'appears to be a
tendency for partially-oxidized sulfur compounds, such as thiosulfate
aﬁd thionates, to increase in process water on recycling. If not ade-
quately controlled, these compounds may slowly convert td sulfuric acid
and, in so doing, dissolve heavy metals and affe;t the flotation pro-
cess. Thiosulfate and thionates may be oxidized.in taliling ponds through
biological processes, but bacterial actions would be ineffective or even
inoperative during winter months (Rivett and Oko, 1971). Perhaps scme
chemical ozidation procésses, such as ozonation, may be considered as a
~control method.

’

‘Chemical Precipitation

The removal of heavy-metal ions as hydroxides may be less effective.
- In reducing their concentrations than some other methods due to unfavorable
solubility products as discussed in the previous section. The solubilities

of the corresponding metal sulfides are apprecilably less than those of the
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hyéroxides, and the 1imit to which the residual concentrations 6f heavy-
metal ions may be lowered with elther hydrbgen sulfide or sodium sulfide
should be ascertained. In fact, a method of treating waste mine water
containing free sulfuric acid and copper, zinc,~ferric, and ferrous ions
wilth hydrogen sulfide, and recovering the precipitated copper sulfide by
sedimentation has been reported (Yamada, 1965). Another example of hydrogen
sulfide precipitation of acid-leached copper in the leach-precipitation-
flotation (LPF) process has been described (Kuhn et al, 1975). In this
article the importance of the judiéious use of hydrogen sulfide is empha-
sized, because excess hydrdgen sulfide tends to deflocculate and depress
the colloidal covellite :eaction product in the flotétion step. As dis-
cussed previously, the presence of residual sulfide ions in solution is
also undesirasble in the water treatment scheme since they will be oxidized
to form sulfuric acid. A recent article (Larsen and Ross, 1976) reported
a two-stage process involving lime neutralization to eliminate iron and
aluninum, followed by suwlfide precipitation to remove copper, zinc, manga-
nese, and other heavy metals, such as mercury, cadmium, and arsenic. In
'this marmer the concentrations of heavy metal ions may be effectively
reduced without raising th pH excessively.

Precipitation of heavy-metal ions with a typical collector and their
subsequent removal by flotation (often referred to as ion flotation) provide
" not only an extraordinary concentration factor, which permits the processes
to be applied to extremely dilute solutions, but also a high degree of
selectivity (Sebba, 1962). The effectiveness of sulfhydryl céllectors on
the ion flotation of varioué heavy-metal ions has been investigated (Tabashi
et al, 1972), and a few reports of its application on a commercial scale
are available (Ishii and Sugimoto, 19723 Nagahama, 1972). The applica-

bility of the ion flotaticn technique to the treatment of water containirg
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' copper and nickel ions was investlgated briefly at the Mineral Resources
Research Center (Iwasalki ct al, 1976). Two series of preliminarvy flota-
tion tests were perfor:. .'; in one series a water containing 7.5 ppm Cu++

and in another %0 ppm Kiﬁk These concentrations were chosen arbitrarily
to represent typlcal mill effluents at near neutral pH. Approximately two
liters of a solution was placed in a laboratory Fagergren flotatlon cell,
to which a drop of pine oil and a predesigned amount of potassium ethyl
xanthate solution were added and the air was introduced for flotation.
Metal xanthate precipitate was observed to form inmediately upon addition
of the xanthate solution, and the flotation time was fixed arbitrafily

at 5 minutes.

In the case of copperkthe best flotation recovery was obtained when
the Xanthate addition was a little over an equivalent amount. In fact,
the solution after flotation was virtually free of precipitates when 1.33
times the equivalent amount of the xanthate was added. The solution was
cbserved to contain an increasing amount of dispersed pfecipitate as the
~ xanthate addiﬁion was increased. Hence, the copper analyses were carried
out in two ways to represent "total Cuﬁ, including copper ion in solution
and copper xanthate in suspension, and "Cu+T in solution". "Total Cu"
was determined on a solution after dissblving the copper xanthate precipi-
tate with the addition of one milliliter of concentrated hydrocﬁloric
acid to 100 milliliters of the flotation solution. "Copper in solution"
was determined on the supernatant water after the flotation solution was
clarified by centrifugation. The centrifuged solutions were also analyzéd
for residual xanthate. These results are plotted in Figure 16 together

with the theoretical curves calculated from the solubility product of
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cupric xanthate. The theoretical curve is in goéd.agrecment with the

new' in solution" data, but the presence of a minimum in the “"Total Cu"
curve indicatés that a proper control of the ﬁanthate addition is essentlal.
Residual concentratlons of xanthate beyond the'equivalent addition also
becomes of concern. Furthermore, the behavior df dixanthogen formed as

a decanposition product must be investigated.

The ion flotation of nickel was tested in a similar manner and the
results are given in Iigure 17 together with the theoretical curves
calculated from the solubility product of nickel Xanthate. Contrary to
the case of copper xanthate precipitation, the flotation of nickel ions
requirés twice or perhaps three to four times the equiyélenf amount of
. xanthate to reduce the nickel-ion concentration below 1 ppm. Also the
residval concentrations of xanthate become disconcertingly high. Such
a behavior is attributable to the fact that nickel xanthate is more soluble
than copper xanthate. It becomes of interest to test the use of long-
chain homologs, particularly for nickel precipitation. A comparison of
Figures16 and 17 suggests that the ion flotation approach to a solution
containing both copper and nickel ions may be complex. Automatic control
of the reagent addition for minimizing the residual heavy-metal ions and
the collector, the design of the flotation cells for precipitate recovery,
the recycling of sulfhydryl collectors, and, perhaps above all, the
rélative effectiveness of sulfhydryl collectors and hydrogen (or sodium)
sulfide as the precipitant appear to be in need of further investigation.

A similar method, but precipitating heavy-metal ions with starch
xanthates, was reported recently (Chem. Eng., 1975). With their ability

to flocculate the resulting precipitates it offers an alternate route in
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removing heavy-metal lons. "i‘ypical results are clted in Table 17,
Ariother pmcéss Involving an addition of ferrous sulfate, followed

by neutralization and air oxidation, thereby yielding lerrites containing
heavy metals and removing the precipitates by magnetic separation, has
also been reported (Chem. Eng., 1973). This method appears to be capable
of reducing such heavy-metal ions as copper, nickel, tin, lead, chromium,
cadmium, and mercury from several thousand prm to a fraction of one ppm.
A variation of this method, namely, the coprecipitation with ferric ion,
followed by flotation removal using a paraffin-chain collector, has been

mentioned (Mukai and Nakahiro, 1972).

Cementation

The precipitation of copper ion on metallic iron has been utilized
in the commercial production of copper metal for centuries. The so—-called
camentation reaction represented by

| et 4 Fet > o + e

proceeds rapidly when the solution pH is less than 4.8. Theoretically
0.88 pound of metallic iron would produce cne pound of copper, but in
actual practice (Beall, 1965) the iron consumption frequently falls in
the range of 1.5 to 2.5 pounds when dump leach solutions contain 1 to 2.5
grams of copper ion per liter at the solution pH in the range of 1.8 to
2.5. "The excess consumption of iron is attributed to such side reactions
as those involving ferric ion and acidity (Nadkarni and Wadsworth, 1968).
The copper-ion concentration in solution recycled to leaching dumps
ranges from 0.15 gram per liter to nil. A low concentration of copper,
high pH, and the presence of clay in suspension lower the rateé of copper
removal. Competitlon of the hydrogen reduction reaction and the formation

of ferric hydroxide coating suppress the cementation reaction.
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TABLE 17. STARCH XANTHATE SLASHES WASTEWATER METALS CONCENTRATIONS

A Influent, Effluent,
Metal ppb ppb
cu? 31,800 7
Ni+? 29,400 19
ca+? | 56,200 9
Pb+? g 103,600 - | 25
crt? 26,000 ' - 3
Agt! ' | 53,900 245
Zn*? 32,700 o 46
Fe*? 27,900 0
Mn*2 | 27,500 1,630
Hg*z 100,000 3

Source: USDA, Northern Regional Research Laboratory, Peoria, Illinois

-
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.A series of preliminary tests were reported (Iwasaki et al, 1976) on
the possibility of lowering copper and nickel-ion concentrations, more or
less, in the rénge of barren solutions recycled to dumps in practice. One
gram of poﬁdered sponze iron (minus 65 mesh) was contacted with 200 milli-
liters of solution containing copper and/or nickel ion in Erlermeyer flasks
and tumbled for one hour. The resulls are given in Table 18. 1t appears
that both copper and nickel icns viere removed quite effectively even though
the concentrations were as low as 10 ppm. In the presence of both copper
and nickel ions, there was an indication that the precipitation of nickel
'ion lagged behind that of copper ion. This is perhaps to be expected
since nickel is less noble than copper. Of further interest are the
reactivity of sponge iron prepared undsr different conditions, the decrease
in their reactivities with the time of contact, and the iron consumptioh at

extreamely low concentrations.

Adsorption

Activated carbon is gaining acceptance for the removal of organic
materials from waste water (Stephan and Schaffer, 1970). Ifs effectiveness
~at extremely low concentrations and its ability to remove impurities with-
out leaving any reaction products are the unique properties of activated
carbon. Hence its potential use in the removal of residual collectors or
frothers from mill plant effluents becanes of interest although they are
largely adsorbed on mineral surfaces or decomposed in tailing ponds. Large-
scale application of granular carbon in adsorption columns for the treatment
of secondary effluents has been demonstrated at South Lake Tahoe. The use
of poudered carbon shows considerable promise in rcducing the capital costs

of treatment facilities. Here, powdercd carbon, contacted with effJuents,
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may be coagulated tb remove both dissolved organics and suspended
matter, dewatered, and regenerated for rcuse (Mercer, 1971).

Activated carbon abstracts certain heavy-metal ions though they are
thoﬁght to be precipitated as hydroxides rather thén adsorbed at the
carbon surfaces. A preliminary series of tests to check i copper and
nickel lons may be removed by activated carbon was reported (Iwasaki
et al, 1976). Typical results are given in Tablé 19. The table shows that
the abstraction appeared to be strongly dependent on the solution pH, more
or less, in line with hydroxide precipitation. At near neutral pH eppre-
ciable amounts of these ions were abstracted, yet the efficiency of their
removal was not particularly impressive in view of the amount of carbon
used for the volume of solution. Perhaps activated carbon should be regarded
primarily as an adsorbent for organic materials. A few cursory results
(Iwasaki et al, 1976) obtained on solutions containing potassium ethyl
Xanthate are given Table20. It is apparent that activatéd carbon was
quite effective in removing this collector. Similar tests with other
collectors and frothers become of interest.

The possible use of mill tailings (IMiller, l9?2).and‘of such tannin-
containing agricultuwral wastes as peanut skins and various tree barks
(Chem. E 5., 1975) has been.mentioned. In one example redwood bark
reduces the lead in a stream from 5 ppm to 0.2 ppm. When the bark becomes

saturated, it may be stripped with nitric acid for reuse.

Ton Exchanze

A proper ion-exchange resin would allow removal of undesirable ionic

species in exchange with an unobjectionable ionic species from dilute
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TABLE 18.° REMOVAL OF COPPER AND/OR NICKEL IONS IN SOLUTION
WITH SPONGE IRON POWDER’

[cut*], ppm [nit+y, ppm [Fet*],ppm
pH initial final initial final final
r2.3 100 0.01 - - ’
2.3 10 nil - -
5.9 10 nil - - 6
5.9 10 0.21 ~ - 4
5.6 - - 100 40 50
5.9 - - 10 nil 4
5.6 10 nil 10 nil 14
5.9 10 0.075 10 0.48 8
5.8 10 nil 10 0.28 nil

REMOVAL OF COPPER OR NICKEL IONS IN SOLUTION

TABLE 19. !
© WITH ACTIVATED CARBON
[cutt],ppm (Nitty, ppm
pH initial final initial final
2.3 100 8.75 ~ -
4.7 100 9.01 - -
2.3 10 9.72 - -
3.2 10 9.74 - -
5.8 10 l1.62 - -
6.8 - - 100 1.02
6.9 - - 10 0.18

TABLE 20. REMOVAL OF POTASSIUM ETHYL XANTHATE
IN SOLUTION WITH ACTIVATED CARBON’

Act. C, KEX Conc, 3
. mg ppm Abstracted
0 9.7 -
1 7.7 20.6
10 0.82 91.5
0.10 99.0

100

=
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sclutions and concentrate them into.a relatively small volume for subse-
quent recovery or moré simplified disposal. The abillty to remove all of
a particular ionic spécies (selectivity) and the ability to treat a large
volume of water pef unit volume of the resin (capacity) are thé two major
criteria to be considered in their selection.

According to a recent article a number of resins with sulfur— and
nitrogen-laden functional groups have excellent affinities for heavy
metals (Chem. Eng., 1975). These resins are said to be capable of lowering
heavy-metal lons from say 20 to 30 ppm to less than 1 ppb in»many applica-
tions. The stated concentration range becomes of interest in the applica-
tion when accidental discharge into the envirorment becomes necessary.
| Attention should be paid to the presence of naturally-occurring chelating
agents, notably humic acid, that are capable of complexing certain heavy-
metal ions. The complexed ions are, at times, bypassed by cation
exchangers (Kunin, not dated). The complexation of metals with hunic acid,
hoﬁever, is reported to reduce the effective toxicity of the metals on

aguatic life (Bell and Nancarrow, 1974).

Other Methods

Some of the methods available in desalination and wastewater treat-
ment fields appear to have strong potential for the treatment of effluents,
such as distillation, electredialysis, and particularly reverse osmosis.

Reverse osmosis is based on a pheromenon during which water flows
through a se&ipermeable membrane from a less concentrated solution to

a more concentrated solution. When a pressure in excess of the osmotic

" pressure is applied to the compartment containing the more concentrated
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sélution, the direction of the flov} of water can bé reversed. Typical salt
removal in a single stage of treatment may be on the order of 90 percent on
more, It follows that hard water containing total dissolved solias of
several hundred pf;m expressed as CaCO3 may be lowered to a fevapm in one
stage. '"Ultrapure" water with hardness less than 1 ppm may then be produced
by additional reverse osmosis processing (Sourirajan, 1970). Rapid

advances are being made in reverse osmosis mambrane technology and the
future promises bigger-ard better desalination and wastewater plants (lMercer,
1971; Dean et al, 1972; Environ. Sci. Tech., 1974). Perhaps the relative
merits of this process should be carefully evaluated in the present

application. N

Summary

There are two ways to control the release of heavy-metal ions in mine
and miil effluents, namely, prevention and treatment. Prevention is
preferable to treatment since it can be less expensive and may be perma-

nent in protecting the ervirorment. Through coordination of the mining

" plan with a hydrogeologic study of the area, the recharge to the mine,

which is a major factor in the production of acid mine drainage, may be
minimized. An indication was given that a blending of limestone in small
quantities with tailings and wéste rock may control the oxidation of sulfide
minerals and minimize the acid formation and the releése of heavy—métal
ions. Further investigation is warranted to ascertain if such an approach
offers somé merit in alleviating the load of the treatment processes for
recycling and also perhaps the conditions associated with post-mining

abandonment.
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A number of treatment‘techniqués have been proposed or are being used
to meet the environmental problems of trace amounts of heavy metal in
streams being released by varilous industfies, and several conprehensiﬁe
reviews are availabale. Recent developments appear to center ﬁainly on
precipitation, ion exchange, adsorption, and electrolysis. More specific-
ally, in- copper-nickel minirg in northeastern Minnesota the choice of
treatment methods in reducing heavy-metal ions and other residuals would
depend on the degree to which the water must be treated for reuse, or for
discharge. Neutralization and/or chemical precipitation may be sufficient
so long as the treated water is compatible with the milling process. In
fact, a survey of water reuse in Canadian ore-concentration plants reports
that all but one of the major nickel-copper mills in Canada employ complete
recycling of process water (Pickett and Joe, 1974). More rigorcus methods.,
pernaps a combination of two or more stages, may be developed for use in a
water quality control program. Surplus water during wet years, for example,
cén be treated at a reasonable steady rate and released over an extended
period of time. Hence, a comprehensive survey on the limit of capability
 of each method should be made and compared with the base line water quality
characteristics. The presence cf other heavy metals besides copper and
nickel ions must also be ascertained. Furthermore, the survey should
compare the economics of the the feasible methods including the value of

the heavy metals recovered.

Problem Aréas Requiring Further Research in Control Technology

1. Evaluation of various mining techniques compatible with hydro-

geologic characteristics of the region, as well as safety, resources



recovery and reclamation plan, té minimize mine water draindge,

2. Development of disposal plan in controlling the quality 6f water
that comes in contact with lean oré and mill tailings. Pﬁysical layout
and chanical conditions in minimizing the release of heavy-metal ions
must be evaluated. |

3. Investigation of milling methods fér minimizing the residue of
sulfide minerals left by flotation. Certain sulfides, notably pyrrhotite,
are known to be readily oxidized and difficult to recover campletely.

., Investigations of the mode of occurrence of residual sulfide
minerals in flotation tailings, and of the possibility of separating
and disposing in speclal ways to elther utilize or prevent the dxidatiop
of residual sulfide minerals.

5. Investigation of the treatment methods for removing heavy-metal
ions arid residual flotation reagents sultable for‘release in the region.

6. Overall consideration of the mining and processing methods, such

as in situ ard dump leaching, bulk sulfide versus differential flotation,

hydrometallurgy versus pyrometallurgy, for minimizing the environmental

effects as well as for ensrgy conservation and econamny.
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Surmary

The Duluth Gabbro Complex in northeastern Minncsota is comprised of
the feldspar-rich major minerals plagloclase, olivine and pyroxene. Minor
minerals of economic and environmental interest are in the folloﬁing de-
creasing order of abundance: pyrrhotite (Fel_XS), chalcopyrite (CuFeS2),
cubanite (CuFe283) and pentlandite (FeaNi)3S9). Deposits are approximately
0.5 to 1.5% combined copper-nickel with an average Cu:Ni ratio of 3:1.

The leaching of mineral mining-derived solids such as lean ore, waste
rock, tailings aﬁd displaqed overburden can occur through a combination
of' chemical, physical and biological factors. The leaching of basevmetal
sulfides has historically been associated with acid mine drainage resulting
from the oxidation of iron sulfide minerals. The release of metal sulfides‘is
dependent on the avaiiability of watef, oxygen, acidity, particle surface
area, solution composition, solid mineralization, iron sulfi@e content of
mineralized deposit, inorganic and organic complexing agents;‘microbial
activity, catalysts and acid neutralizing minerals. The principle mechanism
of metal leaching under environmental conditions involves the air oxldation
of surface sulfide or sulfide in equilibrium with the solid in the presence
of water to generate free metal and sulfate or elemental sulfur. The oxida-

tion of iron sulfide results in the release of four equivalents of acid

cand ferric ion, also an effective oxidant. Sulfide oxidation catalysts

o+2,Ni+2) and complexing agents (humic/fulvic acid) enhance the rate and

(c
extent of';eachinv. Microbial activity is not likely important unless low
pH (1.0 to 4.0) conditions exist. Feldspar-rich minerals abundant in the

ore and tailings neutralize acid inhibiting formation of low pH leaching

solutions.
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Laboratory studics and field\experiences indicate that heavy
metals such as Fe, Cu, Ni, Cp, Mn, Cd and Zn are released from exposed
ore even though solutions are naturallyvbuffered to near neutral pH.‘ An
eéﬁiliﬁrium nodei of chemical speciation in a natural seepage énd a

qualitative leaching model are proposed. PBoth models show that metal

sulfide oxidized by O2 in an aqueous environment releases metal to solution where

it interacts with inorganic or organic complexing agents. Under oxidizing
conditions, the metal release reaction is irreversible. The models and
laboratory and field studies agree that released Cu+2 1s controlled by

. 2
precipitation/adsorption reactions and organic complexation while Ni+“

exhibits chemical mobility, tending to remain in an aguated form. Acid
releaséd by sulfide oxidation is thought not sufficient to overcome the
natural buffering capacity of the Al—siliéate minerals except under highly
localized conditions. Contrary to published reports in the coal-mining and
base-metal mining industry, metal sulfide leaching can occur'in the absence
of acid‘environments. This relevant factor is an advantage in that the extent
of leaching may be minimized, but is a disadvantage in that control methods
applicable to acid, metallic wastes probably are not effective. A survey
of commonly-used control methods in the base metal mining industry including
neutralization, precipitaticn, carbon adsorption, and reverse osmosis is
given. Particular attention is paid to prevention versus treatment method-
ologies of mining wastes. |

The authors of this literature survey agree that the environmental
conditions surrounding the initiation of Cu-Ni mining in northéastern
Minnesota are somewhat unique in the mining industry. As a result, extensive
laboratory and field studies arc mandatory to initilate proper pre-ming
planning soc as to minimize environmental impact. Such measures are well

within the capabilities of present day technology.
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