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1. Introduction

ABSTRACT

Two sulfidic mine tailings within the Zambian Copperbelt in the north of Zambia have been studied:
Chambishi, representing an old site (age about 40 y) and Mindolo, which represents a relatively recent
site (age less than 10 y). The neutralization capacity based on solid phase carbonates at both sites remains
high, thus neutral to alkaline conditions (paste pH up to 8.5 at Chambishi and up to 6.9 at Mindolo) pre-
dominate. Pore water at Chambishi has 568 mg/l of Ca and 1820 mg/1 of sulfate, but concentrations of Fe
and Mn are below 0.1 mg/1 and concentrations of Cu and Co are below 0.05 mg/l. The principal secondary
minerals at both sites are gypsum, poorly crystalline Fe(Ill) phases and hematite. Secondary Fe(III) phases
are found as mineral coatings or completely replaced primary sulfides like pyrite and chalcopyrite and
include large quantities of copper and cobalt in surface rims (up to 7.0 wt.% of Cu and up to 2.0 wt.% of
Co). The presence of Fe(Ill) phases is marked by red color of mine tailings material, which is observed
even below the expected penetration of the sulfide oxidation front. This may be explained by reductive
dissolution of Fe(Ill) phases caused by flooding of tailings and temporarily reducing conditions during
rainy period, when dissolved iron is transported by infiltrating water to the deeper zone of mine tailings,
where it re-precipitates later. At the Chambishi site, precipitation of secondary minerals resulted in an
early stage of hardpan formation at 0.6-0.9 m depth, composed mostly of gypsum and hematite. This
zone also corresponds to maximum solid phase contents of Cu and Co. No such hardpans were found
at the relatively young Mindolo site, where red tailings material, which includes poorly crystalline Fe(III)
phases and hematite, is present only in discrete banded zones at several depth levels. Based on geochem-
ical modeling results at the Mindolo site, precipitation of secondary Cu phases such as brochantite and
malachite is likely in the zone of evaporation enrichment close to the mine tailings surface. At both
the Chambishi and Mindolo sites, there does not seem to be a threat of acid mine drainage formation even
over the long-term. Furthermore, the Cu and Co incorporated in hematite seem to be immobilized within
the mine tailings.

© 2009 Elsevier Ltd. All rights reserved.

neutralization capacity of waste rock highly exceeds its acid gener-
ation potential, the resulting pH is neutral and there is a high con-

Acid mine drainage (AMD) from sulfidic mining wastes is a seri-
ous environmental problem. It has been studied in several coun-
tries around the world including Canada (McGregor et al., 1998;
Johnson et al., 2000; Lefebvre et al., 2001; Sracek et al., 2004; Salz-
sauer et al., 2005), Sweden (Strémberg and Banwart, 1999; Salmon
and Malmstrém, 2004), Peru (Smuda et al., 2007), Russia (Gieré
et al, 2003), and Australia (Ritchie, 1994). The mine drainage
waters typically have low pH and high concentrations of sulfate,
iron and other metals (Blowes et al., 2003). However, when the
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centration of sulfate, but low concentration of iron in the drainage
waters. Under neutral and oxidizing conditions, iron precipitates as
oxyhydroxides on the surface of sulfides such as pyrite, which lim-
its further pyrite oxidation (Nicholson et al., 1990; Hossner and
Doolittle, 2003) and also adsorbs released metals (Blowes et al.,
1998; Romero et al., 2006). Also, neutral pH conditions have an im-
pact on bacterial populations, when neutrophilic bacteria are most
common instead of pyrite oxidizing bacteria, thus further slowing
down the pyrite oxidation rate (Blowes et al., 1998).

When the rate of sulfide oxidation is high, cemented layers
(hardpans) may form in the unsaturated zone (Blowes et al.,
1991; McGregor and Blowes, 2002). The composition of the layers
depends on pore water chemistry and the redox status. In acidic
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mine tailings, hardpans are composed of minerals like melanterite,
FeSO,4-7H,0, and jarosite, KFe3(SO4),(OH)s. In neutralized mine
tailings, typical hardpan minerals are goethite, FeOOH, and gyp-
sum, CaS0O4-2H,0. The presence of a hardpan in a vertical profile
generally results in increasing bulk density and decreasing poros-
ity. These hardpan layers are very important in the mitigation of
mine drainage because (a) they limit the penetration of oxygen
to un-oxidized sulfides in deeper zones, and (b) they may incorpo-
rate large quantities of metals adsorbed and/or co-precipitated
with secondary hardpan minerals (Gilbert et al., 2003). However,
the long term stability of hardpans has been questioned (Lottermo-
ser and Ashley, 2006).

This study took place in the so-called Copperbelt in the north of
Zambia (Fig. 1). This region is characterized by the rocks of the Ka-
tanga system, which were formed during the Neoproterozoic Age
(600-544 Ma) as a part of the Kibaran Mobile Belt (KMB) trending
towards northeast. The geology comprises argillaceous and car-
bonate shale, limestone and dolomite of the Upper Roan, Mwashia,
Kakontwe and Kundelungu formations (Binda, 1994; Porada and
Berhorst, 2000; Rainaud et al., 2005). New geochronological data
indicate that metasedimentary rocks of the Katanga Supergroup
were deformed and metamorphosed up to eclogite and talc-kya-
nite white schist facies during the Pan-African Lufilian Orogeny
at between ca. 600 and 480 Ma. Regional uplift and cooling that af-
fected the whole Katangan Basin is dated at between 495 and
480 Ma (Rainaud et al., 2002). The uplift was accompanied by the
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formation of ENE-directed thrusting and later by strike-slip
faulting.

Copperbelt-type ores are stratiform to stratabound, character-
ized by finely disseminated copper-cobalt-iron sulfides (predom-
inantly chalcopyrite, CuFeS,, cobaltiferous pyrite, Fe(Co)S,, and
bornite, CusFeS,, +carrolite, Cu(Co,Ni),S4) in host rocks that may
include quartzite (arkose), shale and dolomite deposited in a con-
tinental rift environment (Mendelsohn, 1961). The ore grade aver-
age is 3wt% for Cu and 0.18 wt.% for Co. The genetic models
include syndiagenetic, hydrothermal-epigenetic and metamorphic
variants. The recent comprehensive study of the copper-cobalt
deposits of the Zambian Copperbelt (McGowan et al., 2006) based
on ore mineralogy, hydrothermal alterations, and stable isotopic
data lends support to models consistent with the thermo-chemical
reduction of a sulfate- (and metal) enriched hydrothermal fluids at
the sites of mineralization.

The mining is focused on the recovery of copper and cobalt by
flotation processes and smelting. Large volumes of mine tailings
material are deposited in ponds and the resulting mine drainage
typically has a neutral pH due to a high neutralization capacity
of the parent rocks and liming prior to tailings deposition (von
der Heyden and New, 2005).

This study describes conditions at two mine tailings sites
(Fig. 1): Chambishi, which represents an older mine tailings (age
about 40 y) and Mindolo, which represents a relatively young mine
tailings (age less than 10y).
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Fig. 1. Geographic location of the mine tailings sites: (a) Chambishi and (b) Mindolo.
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These mine tailings comprise flotation residuals from two ore
deposits. The Chambishi ore deposit, opened in the past by an open
pit is now owned by Non Ferrous Metals (NFC) Africa Mining Plc.
Underground mined ore is processed at the Chambishi processing
plant, flotation tailings are transported by a pipe to the dam which
is located north of Chambishi. The main orebody at Chambishi is
confined to an interval of argillites up to 10 m thick in the Lower
Roan Group of the Katanga Supergroup and has a general dip to
the south. The mineralization is predominantly in the form of sul-
fides chalcopyrite and bornite, disseminated in black argillite
called the Chambishi ore shale. The ore shale is a fine grained, well
bedded argillite with thin interbeds of dolomite. At the contact of
the ore shale with the footwall conglomerate, there is a 2 m thick
schist zone developed as a result of shearing. Remobilization of
the sulfide minerals is indicated by the increase in grain size and
the concentration of these in quartz-carbonate veins up to several

centimeter thick (Coats et al., 2001) About 15.3 million tons of ore
at 2.37 wt.% total copper have been mined from the main ore body.
Total copper reserves identified and inferred are 146 million tons
at 2.30 wt.% total copper (Stalker, 1994).

The Nkana deposit, which is the source of tailings material at
Mindolo, is mined at Nkana-South Ore Body shaft (production 1.3
million tons of ore per year), Nkana-Central Shaft (production 1.6
million tons of ore per year), Mindola I Shaft (production 2.02
million tons of ore per year), Mindola II shaft (production
3.67 million tons of ore per year), Northern Shaft (production
1.1 million tons of ore per year) and Subvertical Shaft (produc-
tion 2.83 million tons per year). Nkana and Mindola ore bodies
are separated by a barren rock interval. In the past, Nkana depos-
its were opened by two large, today abandoned, open pits. Total
ore reserves identified and inferred are 80 million tons at total
copper grade >2.0 wt.%. Underground mined ore is processed at

Fig. 2. (a) Old mine tailings (ca. 40 y) at Chambishi and (b) recent mine tailings (less than 10y) at Mindolo.
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Nkana Processing Plant; flotation tailings are transported by pipe
to the Mindolo Dam, which is located west of Kitwe. Besides a
classical underground mining, an underground acid leaching is
carried out at Nkana-South Ore Body (SOB). The ore for Nkana
ore body consists of (i) stratabound disseminated mineralization
in black shales; (ii) stratabound massive sulfide mineralization
at the boundary between black shales and underlying sandstones
and conglomerates of the Mine Series (Lower Roan Subgroup) and
(iii) remobilized sulfide mineralization controlled by shear zones
that cut sandstones and black shales. In addition, small ore bodies
occur in the Lower Conglomerate and in the Basal Quartzite. Ore
is composed mostly of chalcopyrite and bornite (Coats et al.,
2001).

The climate in the Copperbelt is characterized by three principal
seasons: a rainy season from November to April, a dry-cold season
from May to June, and a dry-hot season from August to October.
The total annual precipitation is more than 1300 mm, which falls
mostly during the rainy season. The principal river draining the
Copperbelt mining region is the Kafue River (Fig. 1). The difference
in water discharge in surface streams between the rainy and dry
seasons is on the order of 100x, with a peak discharge in March
and a minimum discharge in October, before the onset of rains
(Petterson and Ingri, 2001).

The principal objectives of the study were: (1) to evaluate the
geochemical and mineralogical transformations in mine tailings,
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and (2) to asses the mobility of the principal contaminants repre-
sented by copper and cobalt.

2. Material and methods
2.1. Sampling of solids and determination of physical properties

Samples of tailings solids were obtained from a hand drilling
auger with an inner diameter of 4 in. The samples were preserved
in polyethylene (PE) bags and later tested for bulk density and
grain density, from which the air-filled porosity was calculated.
The bulk density was determined on dried samples using the
gravimetric technique. The grain density was measured with a
Multivolume pycnometer model 1305. The samples were taken
in mid-May, 2008, i.e. at the beginning of dry period.

2.2. Solid phase contents

Bulk metal concentrations were determined by X-ray fluores-
cence spectrometer (type ALPHA, Innov-X, Woburn, USA). Total
carbon (Ciora)) and total sulfur (Sioa) contents were determined
by catalytic oxidation using a Leco elemental analyzer, sulfate sul-
fur (Ssuifate) content was determined by NHy-oxalic, hot leach, and
sulfide sulfur (Ssuiige) Was determined from the difference. The
neutralization potential ratio (NPR) was calculated on the basis
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Fig. 3. Bulk density profiles at (a) Chambishi, (b) Mindolo, and porosity profiles at (¢) Chambishi, (d) Mindolo; inverted triangle represents water table.
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of a modified method of Sobek (Jambor, 2003), where the neutral-
ization potential (NP) and acidity potential (AP) were calculated
from Cinorg and Ssuiside €Xpressed as kg CaCOs/ton of waste material,
respectively.

2.3. X-ray diffraction

Selected solid phase samples were analyzed by X-ray diffraction
(XRD), using a PAN-analytical X'Pert Pro diffractometer equipped
with a diffracted-beam monochromator. The analyses were per-
formed using Cu Koy, radiation (40 kV, 30 mA), in the range 3-
80° 20 (step size 0.02° 20, with a counting time of 150 s per step
using X'Celerator multichannel detector). The XRD patterns were
interpreted using the X'Pert HighScore software, version 1.0d
(PANalytical, the Netherlands). In selected samples, the heavy min-
erals were concentrated by separation in bromoform (CHBr3).

2.4. Electron microprobe

Several solid phase samples were also studied with an electron
microprobe (EMP), using a CAMECA SX100 apparatus, equipped
with five crystal spectrometers and an energy dispersive X-ray
spectrum (EDS) analyzer. The wavelength dispersive X-ray spec-
trometry (WDS) analyses were performed at an accelerating volt-
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age of 15 kV, a probe current of 10-20 nA, spot size 0 (oxides) to
5 um (sulfates), a counting time 10-30s, with natural and syn-
thetic standards, using the PAP correction procedure.

2.5. Sequential extraction

Sequential extraction for selected samples was performed using
the BCR procedure (Rauret et al.,, 1999). The following extraction
scheme was used: a 0.11 M acetic acid (CH3COOH) step targeting
exchangeable and acid soluble fraction, a 0.5 M hydroxylamine-
chloride (NH,OH-HCl) step targeting reducible fraction (mostly
poorly crystalline iron/manganese oxides), an oxidisable step
(88M H,0,/1M CH3COONH, extractable) targeting organic
matter and sulfides, and an Aqua Regia step targeting the residual
fraction. A detailed experimental scheme is given elsewhere
(Rauret et al., 1999).

2.6. Leaching tests

Paste pH was determined by equilibration of 50 g solid samples
with 50 ml of deionised water. Since no water (except for one sam-
ple from the base of the Chambishi profile) was recovered from
mine tailings, 50 g of homogenized sample were suspended in
150 ml of deionized water and agitated on a rotary shaker until
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Fig. 4. Selected solid phase contents and parameters: (a) sulfidic S, (b) sulfate S, (c¢) inorganic C and (d) neutralization potential ratio NPR.
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Fig. 5. Solid phase parameters and contents: (a) paste pH, (b) Fe, (¢) Cu and (d) Co.

stable readings of pH and electrical conductivity (EC) were obtained.
A similar approach was used by Lin (1997) and Romero et al. (2007).
After stabilization of pH and EC, the leachate was decanted and fil-
tered through a 0.45 pum filter and then split into one subsample
acidified with ultrapure HCI for determination of cations and met-
als, and a second unacidified subsample. Cations and metals were
determined by FAAS (Varian AA 280 FS) under standard analytical
conditions. The analytical precision of the individual solution AAS
analysis was below 5% relative for both Co and Cu determination.
The detection limits for solution were 0.010 mg/l Co and
0.005 mg/1 Cu, respectively. Standard reference materials BCR 483
(soil) and BCR 701 (sediment) were used for quality control of ana-
lytical data. The accuracy (expressed as percentage deviation from
recommended values) did not exceed 10% for Cu.

Anions were determined by HPLC (Dionex ICS 2000). Alkalinity
was determined by titration with HCI using the Gran plot to deter-
mine the end point. The only water sample collected at the Cham-
bishi site was treated and analyzed as the leached samples
described above.

2.7. Geochemical modeling

Speciation calculations were performed using the program Phre-
eqc (Parkhurst and Appelo, 1999) and thermodynamic data for Cu
and Co were compiled from databases of minteq.dat and llnl.dat.

3. Results
3.1. Solid phase composition

3.1.1. Macroscopic characteristics and physical properties

At the Chambishi site, samples were collected from a borehole
drilled to a depth of 3.6 m in the eastern sector of the mine tailings,
about 250 m southwest from the central lagoon (Fig. 1a). Here the
thickness of the mine tailings is only about 3 m, which is signifi-
cantly less than the thickness closer to mine tailings dam
(>20 m). The upper layer of tailings is about 0.3 m thick and has
a light grey-green' color (Fig. 2a). This layer is continuous over a
long distance from the drilling site and is underlined by dark red
material, which continues down to the base of the mine tailings at
a depth of about 3.3 m. At the base of the profile, there are spots
of underlying soil, indicating mixing with soil material below mine
tailings. There is also a layer of noticeable increased resistance to
drilling at a depth from ca. 0.6 to 0.9 m, which was attributed to
the presence of a cemented layer (hardpan). The water table was
reached close to the base of profile at about 2.7 m depth. However,
a relatively fine-grained material (estimated hydraulic conductivity
based on grain size of about 1x1077m/s compared to

! For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
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Table 1
Results of X-ray diffraction analyses.

Mineral/sample Chambishi CT Mindolo MT, MT2
Quartz XXX XXX

Muscovite XX XX

Kaolinite X X

Orthoclase X X

Tremolite X

Calcite XX XX

Dolomite XX

Gypsum XXX X

Hematite XXX X

XXX — abundant, xx - present and X - detected.

1 x 10 m/s in the shallow zone) below 1.5 m depth seems to be
tension-saturated (i.e. there is capillary fringe).

At the Mindolo site, two boreholes were drilled north of the
central lagoon (Fig. 1b). Borehole MT was about 270 m from the la-
goon and borehole MT2 was about 90 m from the lagoon. The
material color is light grey-green, but there are discrete darker red-
dish bands (Fig. 2b). The ground water was not reached even at a
maximum depth of 3.6 m. This is below the water level of the cen-
tral lagoon, suggesting that the hydraulic connection is weak be-
tween the central lagoon and the surrounding mine tailings,
presumably due to the presence of the low permeability layer at
the bottom of the lagoon.

At both sites there were signs of surface flooding including rip-
ple marks, etc. during the rainy period (November-April). This field
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work was performed in May and, thus, the water on the top of the
tailings had probably recently evaporated before drilling began.

The vertical profile of bulk density at Chambishi (CT profile) is
shown in Fig. 3a, while vertical profiles of bulk density at Mindolo
(MT and MT2 profiles) are shown in Fig. 3b. The Chambishi pro-
file indicates a higher bulk density in the upper 0.9 m, reaching
about 1.2 g/cm>. The bulk density then decreases to 1.05 g/cm®
at 1.5 m depth. There is a moderate density increase with depth,
where the mine tailings material is already mixed with underly-
ing soil. At the Mindolo site, the bulk density in profiles MT
and MT2 is similar, about 1.4 g/cm® and there are no distinct
trends with depth. There is a slight decrease only in the shallow
zone to 1.29 g/cm>.

Porosity profiles are shown in Fig. 3¢ for the Chambishi site and
in Fig. 3d for the Mindolo site. At the Chambishi site, there is
slightly decreasing porosity to a value of 0.56 in the upper 0.9 m.
In the deeper zone, the porosity reaches about 0.6 and decreases
again to 0.56 at the base of the tailings. At the Mindolo site, the
porosity values are lower, around 0.5. There is a porosity minimum
of 0.47 at 0.9 m depth, while below 0.9 m, the porosity values are
relatively constant.

Both bulk density and porosity suggests an early stage of hard-
pan formation at the Chambishi site, but not at the Mindolo site.
This is consistent with the solid phase composition and mineralog-
ical data (see below).

3.1.2. Bulk composition
The sulfide content S is shown in Fig. 4a. At Chambishi, the
sulfide content is very low, being about 0.034 wt.% at 0.3 m,
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Fig. 6. Typical X-ray diffraction patterns for minerals separated in bromoform: (a) Chambishi, CT5, depth 1.5 m and (b) Mindolo, MT2, depth 0.6 m.
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Fig. 6 (continued)

corresponding to a leached grey-green layer. There is a maxi-
mum sulfide content of 0.514 wt.% at 1.5 m depth and then a
decreasing trend downward. At Mindolo relatively low sulfide
contents are found at shallow depth (0.248wt.% and
0.099 wt.% at profile MT and profile MT2, respectively), but in-
crease with depth to the value of 0.367 wt.% at 2.1 m depth at
profile MT2 and then decrease towards the base. Maximum sul-
fide contents do not reach the values observed at the Chambishi
site, suggesting that the initial pyrite content was different at
both sites.

The sulfate content S is shown in Fig. 4b. The most noticeable
feature is an extremely high sulfate content at Chambishi of
4.49 wt.% (24.14 wt.% expressed as gypsum) at 0.9 m depth. At this
profile location, the sulfate content decreases in the deep zone and
reaches 0.684 wt.% (3.67 wt.% as gypsum) at the base of the tail-
ings. At Mindolo there is a moderate increase with depth from
0.047 wt.% to 1.003 wt.% at the MT profile location and from
0.466 wt.% to 0.988 wt.%. The interpretation is complicated by
the fact that sulfidic S is found in primary minerals (pyrite, chalco-
pyrite, etc.), but sulfate S may be transported from the place of its
formation by the oxidation of pyrite, i.e. its current position indi-
cates a maximum depth of its formation.

The inorganic carbon content C is shown in Fig. 4c. The carbon
content decreases slightly with depth at the Chambishi site, from
0.88 wt.% (7.33 wt.% as calcite) at ground surface to 0.39 wt.%
(3.25 wt.% as calcite) at depth. Inorganic C content in the Mindolo
profiles are higher, with slightly decreasing trends downward from
2.67 wt.% (21.8 wt.% as calcite) to 2.32 wt.% (19.3 wt.% as calcite) at

profile MT and from 3.11 wt.% (25.9 wt.% as calcite) to 2.22 wt.%
(18.5 wt.% as calcite) at profile MT2.

The neutralization potential ratio (NPR) calculated on the basis
of the adapted Sobek method is shown in Fig. 4d. At Chambishi,
there is a very high value of 69 in the leached surface layer, but
NPR values decrease with depth with a minimum of 3.4 at 1.5 m
depth. The NPR value then increases to 16.5 at 2.1 m depth fol-
lowed by a decrease towards the base of the tailings. At Mindolo,
there is a very high value of 84 at profile MT2 at ground surface
and 29 at the same depth at profile MT. However, the NPR values
in deeper zones are always higher than 20, with a maximum of
41.9 at 1.5 m depth at profile MT. Thus, there is still a significant
neutralization capacity at both sites, but at the relatively young
Mindolo site, the neutralization capacity is from 2 to 7 times higher
than at the older Chambishi site.

There is a difference in organic C content (not shown) between
both sites, with about 0.05 wt.% at the Chambishi site and about
0.5 wt.% at the Mindolo site. There are no distinct organic C content
trends with depth.

Paste pH values are provided in Fig. 5a. At Chambishi, the paste
pH value is close to neutral (7.2) only in the surface layer. At 0.6 m
depth, the paste pH is 8.5 and only slightly decreases to 7.9 to-
wards the base of the profile. At Mindolo, the paste pH values
are similar in both profiles with values of about 6.8 in the surface
layer, then slightly decreasing with depth to about 6.5.

Total solid phase Fe content is shown in Fig. 5b. In the Chambi-
shi profile, Fe content increases from 14,067 ppm in the surface
layer to a maximum 321,614 ppm at 0.9 m depth. There is a sharp
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decrease to 36,135 ppm at the base of the profile. At Mindolo, the
Fe content is relatively constant and only slightly increases from
about 11,000 ppm in the surface layer to about 13,200 ppm in
the deeper zone.

The total solid phase Cu content is shown in Fig. 5c. In the
Chambishi profile, the maximum Cu concentration corresponds
to the Fe maximum, reaching 9979 ppm at 0.6 m depth and then
decreasing to 795 ppm at the base. At Mindolo, the Cu content is
similar, but much lower than in the Chambishi profile, with maxi-
mum values at 0.9 m depth reaching 2392 ppm and 2781 ppm in
the MT and MT2 profiles, respectively, and then decreasing down-
ward to values about 1600 ppm. Finally, the Co content is shown in
Fig. 5d. All profiles are similar to the Cu profiles, but Co contents
are lower. A maximum of 6175 ppm in the Chambishi profile is
found at 0.9 m depth and Co contents decrease downward to val-
ues of about 790 ppm at the base. At Mindolo, the Co content is
about 300 ppm in the surface layer and slightly increases to values
about 420 ppm at the base of the profiles.

3.1.3. Mineralogical composition

The mineralogical composition based on X-ray diffraction of
bulk samples is shown in Table 1, and typical X-ray diffraction pat-
terns for samples separated in CHBr; are shown in Fig. 6. The prin-
cipal primary minerals are quartz, muscovite, amphibole tremolite,
and orthoclase. Calcite was found at both the Chambishi and Min-
dolo sites, but dolomite was found only at the Mindolo site. The
principal difference between the sites was a much higher content

-

calcite

of secondary gypsum and hematite (Table 1) in tailings material
at the older Chambishi site compared to the younger Mindolo site.
No poorly crystalline Fe(Ill) phases were found by X-ray diffraction
at either site (Fig. 6), but were found by electron microprobe. Sim-
ilarly, no primary sulfides were found by X-ray diffraction even in
enriched samples, but pyrite and chalcopyrite were also found by
electron microprobe.

3.1.4. Electron microprobe

Representative images of electron microprobe analyses in back-
scattered electron mode (BSE) for samples from Chambishi are
shown in Fig. 7a,b. In Fig. 7a there are two bright Fe(IIl) oxyhydrox-
ide grains in the middle and calcite grains with a characteristic
cleavage above. Based on energy dispersive X-ray spectrum (EDS)
analyses, the phase comprises 0.24 wt.% of Cu and 0.07 wt.% of
Co. In Fig. 7b a grey quartz grain is located in the centre, sur-
rounded by small gypsum grains, probably filling a space after dis-
solution of calcite. Bright coatings have Fe(Ill) oxyhydroxides
composition with high metal contents: 6.88 wt.% of Cu and
1.89 wt.% of Co. Both samples are from 0.9 m depth with a maxi-
mum accumulation of Fe, Cu, and Co based on XRF analyses (Fig. 5).

Images of samples from Mindolo are shown in Fig. 7¢,d. Here
ferric iron mineral coatings are less developed. In Fig. 7c (MT pro-
file sample from 0.6 m depth), there is a bright chalcopyrite grain
in the middle with an initial stage of Fe(Ill) oxyhydroxide coatings,
and a bright barite grain at the left. The large grain at the bottom
with a characteristic cleavage is calcite. In Fig. 7d (sample from

& =

pyrite

.o

Fig. 7. Microprobe images in BSE mode: (a) sample CT3, depth 0.9 m, goethite grains in the middle, grain of calcite above, (b) sample CT3, depth 0.9 m, grain of quartz in the
middle surrounded by gypsum grains covered by goethite coatings (bright color), (c) sample MT2, 0.6 m depth, bright grain at the right is chalcopyrite with initial goethite
coatings, grain at the left is barite and (d) sample MT2-3, 0.9 m depth, grey grain is pyrite coated with goethite, bright spots in pyrite have chalcopyrite composition.
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MT?2 profile from 0.9 m depth) a light grey pyrite grain is seen cov-
ered with dark grey Fe(Ill) oxyhydroxides. Brighter spots in the
pyrite have a chalcopyrite composition. The Cu content in the
Fe(Ill) phase coatings is 1.83 wt.%, while the Co content is
0.14 wt.%.

3.1.5. Sequential extraction

The solid phase content of Fe, based on sequential extraction, is
shown for the Chambishi CT profile in Fig. 8a. It is evident that al-
most all iron (>90%) was dissolved in the Aqua Regia step and only
a minor fraction in the reducible step. This suggests the presence of
iron in highly crystalline phases which are very resistant to disso-
lution. The total content of leached Fe decreases downward, reach-
ing a maximum of 88,000 mg/kg at 0.6 m depth. The distribution of
Mn was more even (Fig. 8b), with the main fraction (>50%) dis-
solved in an acid extractable step and with minor fractions in the
Aqua Regia and reducible steps. The trend was opposite to that
of Fe, i.e., the content of extracted Mn increased downward, but
the total Mn content was much lower than that of Fe, with a max-
imum of 1030 mg/kg, i.e., in the sample from 2.7 m depth with
lowest Fe content and highest Mn content, the Fe/Mn ratio was still
about 33. The trend of solid phase Cu content followed that of Fe,
with a maximum content in the Aqua Regia step, but with non-
negligible contents also in the reducible, oxidizable, and acid
extractable steps (Fig. 8c). For Co, the highest content was in the

Aqua Regia step, but the Co content in the acid extractable step
was second, before the reducible and oxidizable steps (Fig. 8d).
Both Cu and Co exhibited the highest contents in the sample from
0.6 m depth, which also had the highest Fe content, but the total Cu
content was much higher than the total Co content (13,500 mg/kg
compared to 1750 mg/kg).

At the Mindolo site, the results for MT and MT2 were similar thus
only data from the MT2 profile are shown here. Solid phase Fe con-
tent is shown in Fig. 9a. Again, the highest Fe content was in the
Aqua Regia step, but Fe contents in the reducible and oxidizable
steps were significant, suggesting that less crystalline Fe phases
are also present. The maximum Fe content of about 18,000 mg/kg
was at 1.5 m depth. This is almost five times less than the maximum
Fe content in the CT profile, which is closer to the surface of the tail-
ings. The Mn content (Fig. 9b) was almost equal in the acid extract-
able and reducible steps, with minor contribution in the Aqua Regia
and oxidizable steps. The total Mn content was similar in all sam-
ples and was higher than in the CT profile (1800 mg/kg compared
to 1030 mg/kg). The total Cu content is shown in Fig. 9c. Highest
Cu contents are in the acid extractable and oxidizable steps, then
in the Aqua Regia step and a minimum is in the reducible step.
The maximum total Cu content was located at 0.6 m depth, but
the Cu content in sample MT2-9 from 2.7 m depth was also high.
At this profile, the maximum Cu content was much lower than in
the CT profile (3750 mg/kg compared to 13,500 mg/kg). The
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maximum Co content was found in the Aqua Regia step (Fig. 9d) and
almost equal distributions of Co were found among the remaining
steps. The maximum of 355 mg/kg was located at 1.5 m depth,
which is lower than the maximum of 1750 mg/kg in the CT profile.
In summary, metal contents at the Mindolo site are lower than at
the Chambishi site (an exception is Mn) and there are clearly de-
fined depth trends at the Chambishi site (decreasing Fe, Cu, and
Co; increasing Mn), but not at the Mindolo site.

3.2. Water chemistry

There was only one ground water sample collected at the
Chambishi tailings from a depth of about 3.0 m. At the Mindolo
site, both profiles down to 3.6 m were only partly saturated and
for this reason sampling of ground water was impossible.

Water chemistry of the sample from the base of the Chambishi
tailings is shown in Table 2.

The ground water in the Chambishi tailings has an alkaline pH
of 9.5 and a moderately reducing Eh of 370 mV, indicating a

post-oxic environment. The very high pH value was probably
caused by a liquid junction effect due to a very high content of
red suspension material in the sample. After filtration, the pH value
dropped to 7.5. The dominant cation is Ca, but the concentration of
K is also significant. In contrast, the Mg concentration is very low.
Sulfate is a principal anion, the bicarbonate concentration is much
lower and the Cl concentration is almost negligible. Concentrations
of Fe and Mn are low (0.07 mg/l and 0.013 mg/1), suggesting that
their concentrations are controlled by the precipitation of their
mineral phases. Respective concentrations of Cu and Co are
0.006 mg/1 and 0.012 mg/l.

Selected results of speciation modeling performed with pH
measured on filtered sample are provided in Table 3.

Ground water is supersaturated with respect to calcite, under-
saturated with respect to dolomite and is at equilibrium with re-
spect to gypsum. There also is supersaturation with respect to
Fe(IlI) minerals Fe(OH)s(a), goethite and hematite, suggesting that
these phases control the Fe concentration in solution. This is con-
sistent with the mineralogical analyses. Ground water is also

Table 2

Chambishi: ground water chemistry, depth 3.0 m bgs, concentrations in mg/l.
Parameter pH Eh (mV) Ca Mg Na K Fe Mn Cu Co SO, Cl HCO5
Sample CT 9.5, 7.5% 370 568 0.67 45 353 0.07 0.013 0.006 0.012 1820 5 714

¢ Measured on filtered sample, see explanation in text.



0. Sracek et al./Journal of African Earth Sciences 57 (2010) 14-30 25

Table 3

Chambishi: selected results of pore water speciation modeling.
SI value Calcite Dolomite Gypsum Fe(OH)3(a) Goethite Malachite MnOOH Co(OH), CoCOs3
Sample CT 0.24 —-2.12 0.00 2.72 7.52 -1.53 -3.73 —5.81 —3.02

Bold - supersaturation.

undersaturated with respect to manganite, MnOOH and rhodo-
chrosite, MnCO3. However, this has to be interpreted with caution
because total Mn and Fe concentrations were split on the basis of
Eh, i.e., a redox equilibrium was assumed. Saturation with poten-
tial secondary Cu and Co mineral phases like malachite, Cu,.
CO3(0OH),, and sphaerocobaltite, CoCOs, is not reached which
indicates that adsorption on or co-precipitation with Fe(Ill) and
Mn(IV) minerals might be a mechanism controlling their dissolved
concentrations. There is strong undersaturation with respect to Cu
and Co sulfides. The principal dissolved species of copper is
Cu(OH)) (84.7%), other species are Cu®" (8.4%) and Cu(SO))
(5.1%). Speciation of cobalt is dominated by Co** (62.3%) followed
by CoSOj (34.3%).

3.3. Leaching tests

Results of water leaching tests for principal cations are shown
in Fig. 10. Calcium completely dominates in all profiles, reaching
concentration of 625 mg/l at 0.9 m in the CT profile and only
slightly drops to 590 mg/l in the deepest sample (Fig. 10a). In the
MT profile, only the sample at 0.3 m depth has a low concentration
of Ca (33 mg/l), but deeper samples have concentrations in the

range from 560 to 600 mg/l (Fig. 10b). The situation is similar in
the MT2 profile, where Ca concentrations range from 572 mg/l to
613 mg/l with a maximum at 1.5 m depth (Fig. 10c). Other cations
have much lower concentrations, with potassium in the range from
33 mg/l to 51 mg/l at all profiles. Concentrations of Na are gener-
ally below 10 mg/l, and concentrations of Mg are below 20 mg/l.
Concentrations of Mg are especially low in the CT profile with a
maximum of 2.7 mg/l. In the MT and MT2 profiles, Mg concentra-
tions reach 20 mg/l in some samples.

Concentrations of leached anions are shown in Fig. 11. Chlo-
rides were omitted because their concentrations are <5 mg/l. Sul-
fate dominates in all profiles, typically in the range from 1300 mg/
1 to 1480 mg/l. The only exception is in the shallowest sample of
the MT profile with a sulfate concentration of 61 mg/l. Concentra-
tions of bicarbonate are much lower, in the range from 48 mg/l to
70 mg/l in all profiles. There is no significant difference between
profile CT (Fig. 11a), where carbonates were partly depleted, and
profiles MT (Fig. 11b) and MT2 (Fig. 11c) with relatively fresh tail-
ings material.

Concentrations of leached metals are shown in Fig. 12. In the CT
profile (Fig. 12a), the maximum concentration of Fe is 1.24 mg/I at
0.6 m depth and then drops to about 0.4 mg/1 except in the deepest
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sample with concentrations of 1.63 mg/l. Concentrations of Mn are
much lower than those of Fe, below 0.3 mg/l. The Cu concentration
profile resembles the Fe profile, with a maximum 1.67 mg/l in the
shallowest sample. Concentrations of Co are much lower, below
0.2 mg/l. In the MT profile (Fig. 12b), Fe concentrations reach a
maximum of 2.0 mg/l at 0.3 m depth, then decrease to 0.7 mg/l
and increase again close to the base of the profile. Concentrations
of Mn are again lower than concentrations of Fe and increase to-
wards the base of the profile to values of about 0.6 mg/l. Cu con-
centrations closely follow those of Fe, but they are slightly lower,
with a maximum of 1.26 mg/1 in the shallowest sample. Concentra-
tions of Co are lower, and increase downward with a maximum of
0.358 mg/l at 2.1 m depth. Finally, the MT2 profile (Fig. 12c) is sim-
ilar to the MT profile, with Fe and Cu concentrations closely linked.
Maximum concentrations of Cu and Fe are found at 0.6 m depth,
with values of 3.0 mg/l and 2.63 mg/l, respectively. Mn and Co con-
centrations are lower, with similar trends for both metals and max-
imum concentrations at 2.1 m depth.

Saturation indices for selected minerals based on leaching tests
are shown in Fig. 13. All samples except the sample from the top of
the MT profile (Fig. 13b) are at or close to equilibrium with respect
to gypsum, suggesting that this phase controls the concentration of
Ca and sulfate in water. Also, all samples are supersaturated with
respect to amorphous Fe(OH)s(a). Saturation indices for goethite
and hematite (not shown) are from 7.0 to 8.0 and from 17 to 19,
respectively. All samples are undersaturated with respect to calcite
and manganite, MnOOH. Shallow samples from Mindolo (profiles
MT and MT2) are supersaturated with respect to secondary Cu
minerals brochantite, Cuy(SO4)(OH)s, and malachite, Cu,CO3(OH),

(Fig. 13b and c), but samples from Chambishi (Fig. 13a) are under-
saturated with respect to these phases. However, saturation is not
reached with respect to any mineral phase of Co such as sphaero-
cobaltite, CoCOs, and Co(OH), (not shown).

4. Discussion

In mine tailings, the process generating mine drainage is the
oxidation of sulfides like pyrite (Blowes et al., 2003),

FeS,(s) + 3.50,(g) + H,0 = Fe*" + 2502 + 2H" (1)

When fast-acting neutralization minerals like calcite are pres-
ent in the solid phase, they neutralize acidity produced by the oxi-
dation of pyrite and gypsum precipitates simultaneously,

CaC0s(s) + 2H" + SO + 2H,0 = CaS0, - 2H,0(s) + H,C0;  (2)

In the unsaturated zone of mine tailings, Fe?* is oxidized to Fe** and,
under relatively high pH conditions, there is precipitation of ferric
hydroxides,

FeS,(s) + 3.750,(g) + 3.5H,0 = Fe(OH),(s) + 2502 +4H"  (3)

These processes result in close to neutral pH water with high
concentration of Ca and sulfate, but low concentrations of iron. Fer-
ric oxide and hydroxides also are efficient adsorbents of metals like
Cu and Co. When chalcopyrite is oxidized, initially there is no pro-
duction of acidity, which is produced by hydrolysis of iron and pre-
cipitation of ferric hydroxide later,
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CuFeS,(s) + 4.250,(g) + 2.5H,0
= Fe(OH)4(s) + Cu®" +2S0; +2H" (4)

The second most important cation in water is potassium, which is
probably released by the dissolution of orthoclase,

2KAISi30g(s) + 2H" + 9H,0 = 2K" + 4H4Si02
+ Al;Si;O05(0OH) 4(s) (5)

This reaction is incongruent, also consumes acidity and results
in the formation of kaolinite. There also are non-negligible concen-
trations of Mg in leachate samples from the Mindolo site. Mg is
probably released by the dissolution of dolomite, which was found
by X-ray diffraction.

As evident from the equations above, pyrite oxidation coupled
to the precipitation of ferric hydroxide produces two times more
acidity than the oxidation of chalcopyrite coupled to the precipita-
tion of ferric hydroxide. At the Chambishi and Mindolo sites, sev-
eral types of sulfides including pyrite and chalcopyrite are
present. However, the neutralization capacity of the tailings mate-
rial at the Chambishi site is still high even after about 40 y and the
neutralization potential ratio (NPR) is about 3.4 at shallow depths
and 16.5 in the deeper zones. This is consistent with high carbon-
ate contents (above 7.0 wt.% as calcite) and high paste pH values.
At the Mindolo site, the NPR values are typically >20. Thus, at both
sites acidity is consumed completely and the pH remains neutral.
This results in low concentrations of Fe(Ill) in pore water and, thus,
in relatively low pyrite oxidation rate because ferric iron is a strong

oxidant (Blowes et al., 2003). Also, ferric minerals produced in both
reactions cover the surface of sulfide grains, thus decreasing the
sulfide oxidation rate (Nicholson et al., 1990). At the Chambishi
site, ferrihydrite formed in early stages of neutralization is later
transformed to hematite, which is very resistant to weathering.
Due to the neutral character of the mine tailings material, there
was formation of initial hardpan composed of gypsum and ferric
mineral phases like hematite at the older Chambishi site. At the
relatively young Mindolo site, no cemented zone is observed.
When mine tailings contain carbonates, there is formation of gyp-
sum hardpan at the early stages, which is transformed to jarosite
hardpan later, after depletion of carbonates (McGregor and Blowes,
2002). Stability of gypsum requires the presence of calcium in pore
water, which is provided by the dissolution of carbonates like cal-
cite. Gypsum and jarosite may co-exist, but gypsum is already dis-
solving at this stage (Sracek et al., 2004). Transformation of poorly
crystalline phases like ferrihydrite to more crystalline phases like
goethite and hematite decreases the surface area available for
adsorption of metals. This may cause release of previously ad-
sorbed and co-precipitated metals (Langmuir, 1997, Lottermoser
and Ashley, 2006). However, once hematite is formed, it is very
resistant to dissolution and iron and incorporated metals are very
immobile (Dokoupilova et al., 2007). This is in good agreement
with low pore water concentrations of Cu and Co (Table 2). At
the Chambishi site there still is a gypsum stage of hardpan forma-
tion, which will continue until the neutralization capacity of the
mine tailings material is depleted. At the relatively recent Mindolo
site there has not been any formation of hardpan so far. The pres-
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ence of hematite in hardpan at Chambishi indicates advanced stage
of ferric minerals aging. However, hematite is also present at the
much younger Mindolo site, albeit its content is lower. Hematite
is typically formed in warm climate soils and is the chief oxyhy-
droxide in red-bed sediments (Langmuir, 1997). The increasing
Mn content with depth (Fig. 8b) might be explained by co-precip-
itation of Mn with carbonates like calcite because saturation with
respect to rhodochrosite was not reached. There is also more Co
than Cu released in the acid extraction step (Fig. 8c and d). This
may be caused by the precipitation of (Ca, Co)-carbonate solid
solution on the surface of calcite (Xu et al., 1996).

In leaching tests, Cu seems to mimic the behavior of Fe, but Co
follows the behavior of Mn (for example, Fig. 12b). This may be
caused by the release of Cu adsorbed on or co-precipitated with
Fe(Ill) minerals and the release of Co from the surface of Mn-rich
calcite.

Saturation index values indicate a possibility of secondary Cu
mineral precipitation including brochantite, Cuy(SO4)(OH)s, and
malachite, Cu,CO5(OH),, at shallow depths of the Mindolo site
(Fig. 13b and c). It is not clear, however, if this is caused by the dis-
solution of Tertiary minerals in the terminology of Jambor (1994),
(i.e. minerals, which precipitated after sampling). It seems that
these phases had already been present in the mine tailings before
sampling because the mass water/solid ratio was 3:1 in leaching
experiments, but the same ratio (assuming bulk density of
1.5 kg/dm® and porosity of 0.4) is at least 1:3.75 and perhaps as
low as 1:30 for relatively dry surface tailings samples. This sug-
gests that the magnitude of supersaturation was much higher in
the field. Precipitation of secondary Cu-sulfate minerals was found
at porphyry copper ore tailings deposited in Chile in arid climate
conditions by Dold and Fontboté (2001). However, conditions at

these Chilean mine tailings are much more acidic than in the Zam-
bian mine tailings and, thus, precipitation of carbonate minerals
like malachite is therefore impossible.

The red color down to a depth of about 3.3 m at the Chambishi
site is surprising because the typical depth of sulfide oxidation in
moderate climates, even in old mine tailings, is 1.5-1.8 m (McGre-
gor et al,, 1998; Moncur et al., 2005). A possible explanation is in
the large changes of redox conditions between the rainy and dry
season. The Copperbelt experiences a high precipitation of about
1300 mm per year, which falls only during the rainy period from
November to April. During our sampling in May there were visible
signs of previous water ponding on the surface of the tailings. Thus,
ferric iron minerals which precipitate during dry periods close to
tailings surface may dissolve under temporarily reducing condi-
tions and the ferrous iron will be transported downward by infil-
trating water. When the tailings dry up during the dry period
from May to October, the conditions become oxidizing again and
ferric minerals precipitate at higher depths than the depth of the
sulfide oxidation front.

Another puzzling feature is a sharp interface between the shal-
low grey-green layer on the top of the profile at Chambishi, which
is from 0.2 m to 0.4 m thick, and a red layer located underneath
(Fig. 2a). The layer is located on the top of the cemented layer com-
prising gypsum and hematite at a depth 0.6-0.9 m. No such layer is
observed at the Mindolo site. There are two possible explanations
for the thin grey-green layer found at the Chambishi site: (a) this
layer represents material which was deposited at mine tailings
after a relatively long break in sedimentation, and, thus, there
was not enough time for sulfide oxidation and precipitation of
Fe(Ill) minerals, and (b) this layer is a consequence of intense
leaching of the upper layer, which was originally also rich in ferric
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oxyhydroxides. Explanation (b) seems to be more probable be-
cause there is very low Ssyfge content (0.03 wt.% compared to
0.36 wt.% in red material from 0.6 m depth), (Fig. 4a), and low Fe
content (Fig. 5b) in the grey-green surface layer. Unfortunately,
no information about the history of mine tailings at Chambishi is
available because the site changed owner after deposition of the
mine tailings.

Our results are consistent with those obtained by von der Hey-
den and New (2004) at mine tailings south of our study site. They
also found relatively low concentrations of dissolved metals and
neutral pH conditions caused by high neutralization capacity in
mine tailings impoundment. However, they admitted a possibility
of acid mine drainage at some sites in the Copperbelt.

5. Conclusions

Two sulfidic mine tailings at the Zambian Copperbelt in the
north of Zambia have been investigated: Chambishi, representing
an older site (about 40y) and Mindolo, which represents a rela-
tively recent site (less than 10 y). Maximum solid phase sulfide S
contents are 0.514 wt.% at Chambishi site and 0.367 wt.% at Mindo-
lo site. They are much lower than respective maximum inorganic C
contents 0.88 wt.% and 3.11 wt.%. The neutralization capacity
based on solid phase carbonates remains high and neutral to alka-
line conditions predominate at both sites. The principal secondary
minerals at both sites are gypsum, and Fe(Ill) phases like amor-
phous oxyhydroxides and hematite. Amorphous Fe(Ill) phases
form coatings on the surface of primary sulfides like pyrite and
chalcopyrite and incorporate large quantities of copper and cobalt
in the surface rims (up to 7.0 wt.% of Cu and up to 2.0 wt.% of Co).
At the Mindolo site, there seems to be precipitation of secondary
Cu minerals such as brochantite and malachite in the zone of evap-
oration enrichment close to the surface of the mine tailings.

High Fe(Ill) phases content results in a red staining of the mine
tailings material, which is evident even below the assumed depth
of the pyrite oxidation front. This can be explained by reductive
dissolution of Fe(Ill) phases under temporarily reducing conditions
during the rainy period, when dissolved iron is transported by infil-
trating water to the deeper zone of the mine tailings, where it re-
precipitates later. At the Chambishi site, precipitation of secondary
minerals resulted in an early stage of hardpan formation at 0.6-
0.9 m depth, formed mostly by gypsum and hematite. This zone
also corresponds to maximum Cu and Co contents. The presence
of hematite results in low solubility of iron in all sequential extrac-
tion steps except the Aqua Regia step. Concentrations of Ca and
sulfate are controlled by equilibrium with gypsum. At this site,
there is a 30-cm thick grey-green surface layer with low sulfide
content, probably formed as a consequence of intense leaching
during the rainy season.

No hardpan was found at the more recent Mindolo site, where
the red tailings material is present only in discrete band zones.
Hematite and gypsum are also present, but in lower amounts. Most
of Fe and Co is dissolved in the Aqua Regia step, but Mn and Cu are
distributed more equally. At this site, formation of hardpan may be
expected in later stages of the mine tailings evolution.

Regarding the remaining neutralization capacity, there does not
seem to be a threat of acid mine drainage for at least a few decades.
Also, the probable formation of hardpan at the Mindolo site in the
future may result in a reduction of the sulfide oxidation rate. Fur-
thermore, formation of hematite with incorporated Cu and Co will
have a positive impact on the environment because hematite is
very resistant to dissolution and the resulting pore water metal
concentrations will be very low.

Results of the study highlight the importance of gangue rock
composition already observed at mining sites around the world.

When fast-acting neutralization minerals are available, there is
not development of acid mine drainage and environmental impact
of mining wastes is limited.
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