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a b s t r a c t
Contamination of the Kafue River network in the Copperbelt, northern Zambia, was investigated using sampling and analyses of solid phases and water, speciation modeling, and multivariate statistics. Total metal
contents in stream sediments show that the Kafue River and especially its tributaries downstream from the
main contamination sources are highly enriched with respect to Cu and exceed the Canadian limit for freshwater sediments. Results of sequential analyses of stream sediments revealed that the amounts of Cu, Co and
Mn bound to extractable/carbonate, reducible (poorly crystalline Fe- and Mn oxides and hydroxides) and oxidizable (organic matter and sulﬁdes) fractions are higher than in the residual (Aqua Regia) fraction. Compared to Cu, Co and Mn, Fe is bound predominantly to the residual fraction. Values of pH in the Kafue
River and its tributaries are alkaline in the contaminated area and concentrations of sulfate gradually increase
downstream. Water balance based on sulfate indicates that inﬂow from the most contaminated tributaries is
less than 5% of total discharge in the Kafue River. There is a signiﬁcant input of Cu and Co from multiple contamination sources close to the town of Chingola, located on the Mushishima tributary, but both metals are
mostly bound to suspended particles, which settle in the Kafue River. Additional contaminant sources such
as the Uchi mine tailings and Nkana smelter are located in the industrial area around Kitwe, but metals released from these sources are mostly found in suspension and are attenuated efﬁciently. Low Fe/Cu ratios
in suspension and mineralogical composition of stream sediments downstream of contaminant sources
around Chingola indicate that native copper, Cu-sulﬁdes, and Cu carbonates are present in stream sediments
in addition to Cu bound to Fe(III) oxide and hydroxides. The Nkana smelter ﬁngerprint in stream sediments is
recognized by the presence of slag glass and a Cu-Fe-S intermediate solid solution (ISS). Speciation modeling
suggests a possibility of precipitation of some Cu phases in the most contaminated tributaries such as the
Mushishima. In the early dry period (mid-May) dissolved and suspended Cu and Co concentrations are
lower than in the advanced dry period (late June). When the scale of mining and related activities in the Copperbelt is taken into account, the environmental impact of mining and related activities on the Kafue River is
relatively limited due to a high neutralizing capacity of the mining wastes which control the rapid precipitation of iron oxides and hydroxides as well as adsorption and/or co-precipitation of copper, and cobalt. The
high metal content in stream sediments, however, may pose a potential environmental risk during accidental
acid spikes, when signiﬁcant fractions of metals in sediments can be re-mobilized.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The Copperbelt in the north of Zambia is one of the largest metallogenic provinces of the world. The Kafue River with its tributaries
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drains this region, where multiple contamination sources contribute
to contamination of surface water and stream sediments. Typical contaminant sources include waste water discharging from chemical
processing plants, erosion and washout of ﬁnes from old tailings,
mining waste piles and metallurgical slag deposits, and seepage and
overﬂow of suspensions from active tailing ponds. However, sulﬁdic
mineralization with exploitable Cu and Co minerals is mostly embedded in carbonate-rich shale, argillite, and sandstone (Mendelsohn,
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1961). Moreover, the chemical properties of tailings and discharged
waste water are controlled by the addition of lime or carbonates. Rivers in such regions typically have neutral pH and relatively low concentrations of dissolved metals, but concentrations of sulfate and
colloidal particles can be considerable (Kimball et al., 1995; Schemel
et al., 2007). In contrast, where neutralization capacity of rocks in
mining regions is low, pH values in local rivers are low and concentrations of dissolved metals are high, as for example in the Rio Tinto
Mining District in Spain (Hudson-Edwards et al., 1999; van Geen
et al., 1997). The difference is a consequence of higher sulphide oxidation rates in regions with poor neutralization capacity, due to oxidation by ferric iron and the lack of ferric oxyhydroxide coatings on
the surface of primary sulphides (Nicholson et al., 1990). Also, neutralization by carbonates results in a sequence of reactions, in which
most metals precipitate and/or co-precipitate as hydroxides directly
in mine tailings (Blowes et al., 2003; Sracek et al., 2010a). The Zambian Copperbelt is a typical example of a high neutralization capacity
system. In the Copperbelt, neutralization typically occurs within mining wastes due to the high carbonate content of gangue rocks (Sracek
et al., 2010b). Where seepage from mining wastes occurs, ferric ochres
precipitate in the proximity of mine tailing dams and adsorb large
amounts of Cu and Co. Moreover, a part of the remaining metals is removed in wetlands rich in organic matter, called ‘dambo’ in Zambia
(Sracek et al., 2011; von der Heyden and New, 2004).
In high neutralization capacity systems, transport in suspension
often plays an important role and suspended load may be more signiﬁcant than contaminant transport in dissolved form (Cánovas
et al., 2008). Authigenic suspended particles composed of Fe- and Mnoxyhydroxides may transport most metals (Kimball et al., 1995). In
the Kafue River, formation of secondary Fe and Mn particles, enriched
in Co and Cu was reported in the Copperbelt by Petterson and Ingri
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(2001). Suspended particles settle during low discharge (dry) periods,
but they can be re-suspended during high discharge in rainy periods.
Furthermore, efﬂorescent salts precipitated in dry periods may dissolve
at the beginning of a rainy period with a resulting acid pulse and high
concentrations of metals (Sracek et al., 2010c). Another source of contamination in the rainy season in the Copperbelt is leaching of atmospheric deposited particles (Petterson et al., 2000).
The principal objectives of the study were: (a) identiﬁcation of the
principal sources of contamination in the Kafue River and its tributaries, and (b) determination of the principal attenuation processes
controlling concentrations of contaminants.
2. Local geology and hydrology
This study took place in the Copperbelt of northern Zambia
(Fig. 1). Here, rocks of the Katanga system, which formed during
the Neoproterozoic age (600–544 Ma) as a part of the northwestsoutheast trending Luﬁlian Arc (KMB), comprise argillaceous and
carbonate shale, limestone, and dolomite of the Upper Roan, Mwashia, Kakontwe and Kundelungu formations (Binda, 1994; Porada
and Berhorst, 2000; Rainaud et al., 2005). Mining generally takes
place in the Lower Roan Formation, where ore mineralogy is dominated by pyrite (FeS2), chalcopyrite (CuFeS2), bornite (Cu5FeS4),
chalcocite (Cu2S), digenite (Cu9S5), linnaeite (Co3S4), and carrolite
(Cu(Co,Ni)2S4), embedded in carbonate-rich shale, argillite or in
sandstone (Mendelsohn, 1961). On the Zambian side of the Copperbelt, about 30 million tons of copper have been produced since the
beginning of large scale mining in 1930's. The average ore grade is
3 wt.% for Cu and 0.18 wt.% for Co (Kamona and Nyambe, 2002).
The climate in the Copperbelt is characterized by three principal
seasons: a rainy season from November to April; a cold-dry season

Fig. 1. Location of Zambia, Copperbelt region and sampling points.
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from May to June; and a hot-dry season from August to October. Total
precipitation in the Copperbelt exceeds 1300 mm and falls mostly in
the rainy season (November–April). Thus, discharge in local streams
is highly variable, with a large difference between rainy and dry season, by a factor of about 100 (Petterson and Ingri, 2001). Local wetlands (or ‘dambos’) are important hydrological features. They are
saucer-shaped boggy depressions with a perennial stream in the middle, covered by aquatic plants and grass, and surrounded by sparse
trees (Miombo woodland with Brachystegia sp. as the dominant species). The dambos have been studied by Balek and Perry (1973) and
Bullock (1992) amongst others. It is generally assumed that they accumulate water in rainy periods and release it during the dry period,
thus ﬂattening the baseﬂow hydrograph.

sampling points along the Kafue River (sampling sites M4, M6, M8,
M10, M12, M14, M16 and M18). Sampling site M18 (Fisher's farm) is
an outﬂow of the Kafue River from the industrial Copperbelt area and
integrates contamination from all upstream sources.
Other sampling sites (M2, M3, M5, M7, M9, M11, M13, M15 and
M17) are located on the most important tributaries of the Kafue
river, especially downstream from the main contamination “hot
spots”. General characteristics of the sampling sites, including the description of possible source of contamination are given in Table 1.

4. Materials and methods
4.1. Stream sediment sampling and preparation for analyses

3. Sources of contamination
The monitoring network of surface water and stream sediment
in the Zambian Copperbelt was designed on the basis of the long-term
environmental-geochemical mapping of the Copperbelt (Kříbek et al.,
2006). The network includes sampling site M1 (inﬂow of the uncontaminated Kafue River into the industrial part of the Copperbelt) and

There were two principal sampling campaigns, in late June 2009
representing an advanced dry period and in mid-May 2010 representing conditions soon after the end of the rainy period in April.
Samples for characterization of stream sediments were collected in
the stream courses with a plastic tube from a depth of 0–5 cm and
were stored in PVC bags. The samples were then air-dried and after
homogenization, half of each sample was passed through a clean

Table 1
Contamination sources in the Kafue River catchment.
River
Sampling
(monitoring)
site
M1
M2

M3

M4
M5

M6

M7
M8
M9
M10
M11

M12
M13
M14
M15

M16
M17
M18

Kafue

Sampling site description

Possible sources of contamination

Inﬂow of the uncontaminated Kafue River into the industrial None
part of the Copperbelt (uncontaminated background)
Lubengele
Tributary of the Kafue River from the north
Contaminated by an overﬂow from large active ﬂotation mine tailings north of
Chililabombwe Town and also by erosion of old mine tailings with a high content of
copper north-west of Chililabombwe.
Mushishima Tributary of the Kafue River from the South, Chingola Area Mushishima represents the principle contamination input to the Kafue River.
Source of contamination is the overﬂow from ﬂotation mine tailings in the
retention pond on the Chingola River (tributary of the Mushishima) Suspension
from the pond is pumped to chemical leaching plant KCM (Konkola Copper Mines
Plc) south of Chingola. Capacity of the pond is not sufﬁcient and released overﬂow
is rich in Cu in suspension. Other sources of contamination are process water
released from the KCM chemical leaching plant.
Kafue
Contaminated Kafue downstream from the Lubengele and
Mushishima rivers
Changa
Changa River, tributary of Kafue from the South, Chingola
Contaminated by Cu and to a less extent by Co, present mostly in suspension, from
Area
waste rock piles of the Nchanga Open Pit west of Chingola and possibly from the
old ﬂotation treatment plant north of the Chibwe quarter of Chingola
Kafue
Kafue River downstream from Chingola. The site integrates
the contamination from sources in industrial region around
Chingola
Mufulira
Tributary of the Kafue River ﬂowing from the Mufulira
Seepage and erosion from old tailings ponds, release of process water from
Industrial District
Mufulira mines and smelter
Kafue
Kafue River downstream the conﬂuence with Mufulira River
Musakashi
Western tributary of the Kafue, sampling site is located
Limited seepage and temporary overﬂow of suspensions from active tailing ponds
downstream from the large dambo area.
during rainy season.
Kafue
Contaminated Kafue River at the central part of the
Copperbelt Area
Mwambashi Western tributary of the Kafue, sampled downstream from The river receives water from unnamed stream from the industrial zone Chambishi.
the large dambo area
Contamination from the ﬂotation and chemical treatment plant is partly retained in
the dambo on the unnamed stream and then diluted in the Mwambashi
Kafue
Contaminated Kafue, upstream of Kitwe
Mindolo
Tributary of the Kafue from the west
Limited seepage and suspension overﬂow from large ﬂotation tailing pond west of
Kitwe and ﬁnes wash out from Mindolo District waste rock heaps.
Kafue
Contaminated Kafue river in the town of Kitwe area
Uchi
Western tributary of the Kafue River
Main sources of contamination are industrial water discharge from the cobalt and
the copper chemical processing plant in Ndola (part of Kitwe) and washout of ﬁnes
from the large slag deposits at Ndola Smelter. The erosion of local Uchi Slimes was
observed, but suspension is ﬁltered by a local dambo.
Kafue
Contaminated Kafue downstream from Kitwe
Wanshimba Tributary of Kafue
Source of contamination is presumably the erosion of old tailing dams located west
of Kitwe
Kafue
Fisher's Farm, outﬂow of the Kafue River from the industrial
area of the Copperbelt
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polyethylene (PE) 0.25-mm mesh screen using a USGS sieving set. For
chemical analyses, the half samples were oven-dried at 105 °C and
pulverized in an agate ball mill to b0.063 mm mesh.
4.2. Chemical analysis of solid samples
The pseudo-total digests of stream sediment samples were
obtained by a standardized Aqua Regia extraction protocol in accordance with the ISO 11466 procedure (International Organization for
Standardization, 1995). All reagents were declared pro analysi, and
all solutions were prepared with double-distilled water. Standard
working solutions were prepared from original certiﬁed stock solutions (MERCK) concentration 1000 mg/l in 1% super pure HNO3. Co,
Cu, Fe and Mn were determined using Flame Atomic Absorption Spectroscopy (FAAS, Perkin Elmer 4000 Spectrometer). The detection
limits for the trace elements in stream sediments were (in ppm):
Co, 5; Cu, 5; Ni, 5; Fe: 50, Mn: 50. Analyses of duplicate samples and
certiﬁed reference material (CRM 7001, sandy soil) were used to control the accuracy of the Aqua Regia pseudo-total digestion,
yielding differences between certiﬁed and measured values below 14%
(Cumeas =34.0 ±1.2 ppm, Cucert =30.8 ±0.9 ppm; Comeas = 11.08 ±
1.0 ppm Cocert 9.66 ±0.61 ppm; Fe and Mn not certiﬁed). Total sulfur
(Stot) was determined using the ELTRA CS 500 equipment. Samples
were combusted at a temperature of 1400 °C, and the Stot, measured as
released SO2, was determined by an IR detector. The detection limit
used for Stot was 0.01 wt%. Relative errors of Stot determined using
reference materials (CRM 7001) were ±2.5%.
4.3. X-ray powder diffraction (XRD) of heavy fraction of sediments
XRD analyses were performed with a Philips X´Pert instrument
(CoKα, 40 kV/40 mA) equipped with an X´Celerator detector and programmable incident and diffracted beam anti-scatter slits. Samples
were placed on zero-background Si slides, gently pressed in order to
obtain sample thicknesses of about 0.5 mm and scanned at a near
constant irradiation volume in the 2θ range of 3–65° in steps of
0.017° for 5.83 s per step. Results were interpreted by program ZDS
(Ondruš, 1993; Ondruš and Skála, 1997). Heavy minerals in samples
were concentrated by separation in 1,1,2,2-tetrabromoethane before
analyses.
4.4. Optical microscopy
The detailed study of the heavy fraction of stream sediments was
performed by optical microscope under reﬂected light. Microphotographs used pseudo-colors to emphasize morphological features.
4.5. Sequential extraction
Sequential extractions for selected bulk sediment samples were
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 fractions; a 0.5 M hydroxylamine-chloride (NH2OH.HCl) step targeting the reducible fraction
(mostly poorly crystalline iron/manganese oxides); an oxidisable
step (8.8 M H2O2 / 1 M CH3COONH4 extractable) targeting organic
matter and sulphides; and an Aqua Regia step targeting the residual
fraction. The detailed experimental scheme is given by Rauret et al.
(1999).
4.6. Water and suspension sampling, ﬁeld parameters measurements,
and water and suspension analyses
Water was sampled at the same period as stream sediments. Temperature, pH, and electrical conductivity (EC) were measured directly
on-site. In the ﬁeld, water samples were ﬁltered through 0.45 μm
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ﬁlters and split into a subsample acidiﬁed with ultrapure HCl for determination of cations and metals and an unacidiﬁed subsample for
determination of anions. Cations and metals were determined by
atomic absorption spectrometry (AAS; Varian SpectraAA 280FS). Anions were determined by anion chromatography (Dionex ICS 2000).
Analytical precision of analyses was found to be within 5%. Alkalinity
was determined by titration with ultrapure HCl using the Gran plot
for determination of the titration end-point. In 2010, ﬁlters of
0.45 μm with retained suspension were dissolved in ultrapure
HNO3, and analyzed for total contents of selected species by inductively coupled plasma mass spectrometry (ICP MS). Results were recalculated to mg/l for comparison with dissolved concentrations.
4.7. Geochemical modeling and multivariate statistics
Speciation calculations were performed by the program PHREEQC
2.16.0 (Parkhurst and Appelo, 1999) using combined databases minteq.dat and llnl.dat available together with PHREEQC. The program
PAST version 2.08b (Hammer et al., 2001) was used for multivariate
statistics calculations.
5. Results
5.1. Stream sediment composition
5.1.1. Total contents
Total Cu contents in stream sediments in 2009 are provided in
Fig. 2a. At site M1 which is characterized by non-contaminated
Kafue River sediments, the Cu content was 103 ppm, whereas at site
M18 (Fisher's Farm, outﬂow of the Kafue from the industrial part of
the Copperbelt) the Cu content in sediments reached 3230 ppm.
Along the Kafue River proﬁle, Cu content in stream sediments
depended on the proximity of the inﬂow from contaminated
tributaries.
In the Chingola Area, the highest Cu contents were recorded in
sediments of the Lubengele (M2) and Mushishima (M3) rivers. A
high Cu content was also found in sediments of the Changa River
(M5). High content of Cu in sediments of the Lubengele River can
be most probably related to the overﬂow from large active ﬂotation
mine tailings north of Chililabombwe. The Mushishima River drains
the large, hydraulically reworked old tailings area south of Chingola.
The main source of contamination of the Changa River sediments is
washout from large mining waste heaps of the Changa Open Pit. In
the Kitwe Area, the main sources of the Kafue River sediment contamination are the Uchi tributary and the Wanshimba tributary. Besides
the Chingola and Kitwe areas, the Mufulira tributary contributes signiﬁcantly to the contamination of the Kafue River. In 2010 the trends
were similar as in 2009, but the maximum in the Kafue River in sample M6 moved to sample M4.
Total Co contents are provided in Fig. 2b. They were about an
order of magnitude lower than Cu contents. Background content in
M1 was 10 ppm and after conﬂuence with the Lubengele and Mushishima tributaries, the Co content in the Kafue River increased to
329 ppm (M4). Sediments in the Changa tributary were very contaminated and Co content in the Kafue River downgradient from the conﬂuence increased. Tributaries ﬂowing from the Mufulira and
Musakashi were relatively less contaminated and the Co content in
the Kafue River sediments decreased. In the highly contaminated
Uchi tributary, sediments contained 1355 ppm (M15) and contents
in the Kafue River sediments downstream ﬁrst increased and then
remained almost the same at the outﬂow point M18 at Fisher's
Farm with 688 ppm. In 2010 trends were similar as in 2009, but Co
contents were generally lower. In sample M1 the background content
was slightly higher, but in Lubengele and Mushishima tributaries the
contents were lower and Co content reached 452 ppm in the outﬂow
sample M18.
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Fig. 2. Solid phase contents in ppm: (a) Cu, (b) Co, (c) Fe, (d) Mn, and (e) total S, full circles-2010, empty circles-2009, symbols on vertical lines indicate contents in tributaries sediments.

Contents of Fe are in given Fig. 2c. In 2009 the Fe content was already
relatively high in the background sample M1 with a value of
12400 ppm. Respective values in the Lubengele, Mushishima and

Changa tributaries were high and a maximum value of 31500 ppm
was reached in the Kafue River at M6 located downstream from sources
of contamination around Chingola. The contaminated tributaries Uchi
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and Wanshimba also had high Fe contents. However, at the last sampling point in the Kafue River (M18) content decreased to 24500 ppm.
The situation in 2010 was more complex. In the Kafue River, Fe contents
were higher than in 2009 down to the sample M6. From this point, Fe
contents were lower than in 2009 with a value of 15100 ppm in outﬂow
sample M18. The Fe contents in sediments of the Mufulira, Uchi, and
Wanshimba tributaries were always high.
Contents of Mn are in provided Fig. 2d. In 2009 the Mn contents
were much lower compared to Fe. In background sample M1, the content was only 9 ppm. Then Mn content increased, but it was still relatively low in contaminated streams such as the Changa tributary
(M5). There was a high content in the tributary ﬂowing from the
Mufulira. However, contents in the Kafue River farther downgradient
were low and then after the conﬂuence with the Uchi tributary increased slightly and reached 268 ppm in the outﬂow sample M18.
In 2010 Mn contents were generally lower than in 2009 and increased
from background sample M1 to sample M6 from the Kafue River and
then decreased. Contents of Mn in tributary sediments were low except in the Mufulira tributary. Beyond the M10 sample point, contents
of Mn in the Kafue River sediments increased again after receiving
water from contaminated tributaries such as Uchi (M5) and reached
157 ppm in the outﬂow sample M18.
Total S contents are shown in Fig. 2e. In 2009, the total S contents
in the Kafue River sediments were generally less than 1500 ppm, with
a value of 800 ppm in the background sample M1. However, total S
contents in the Changa tributary sediments (M5) and in the Mufulira
tributary (M7) were high and in the Kafue River downstream reached
the maximum value of 6200 ppm (M10). Values farther downstream
were much lower, reaching 1500 ppm at the outﬂow point M18. Tributaries Mindolo and Uchi were also highly contaminated. Trends in
2010 were similar, but contents were lower. The maximum peak content at M10 found in 2009 disappeared completely.
5.1.2. Mineralogical composition
Results of X-ray diffraction for heavy mineral fractions are given in
Table 2 and Fig. 3. In uncontaminated background sample M1 there
was a high hematite content and heavy minerals such as rutile were
also present (Fig. 3). Hematite, rutile and primary silicates such as
muscovite were present in all samples including the outﬂow sample
M18. Hematite is produced by washing of tropical soils, mostly during
the rainy period with a high amount of surface runoff and unsaturated zone throughﬂow. Samples M3 and M5 from the highly contaminated Mushishima and Changa tributaries contained malachite and
sample M4 from the Kafue River collected between both tributaries

Table 2
Results of X-ray diffraction of heavy fraction of stream sediments.
Mineral

M1 M3 M4 M5 M10 M15 M16 M17 M18

Hematite, Fe2O3
Goethite, FeOOH
Rutile, TiO2
Epidote
Dravite
Amphibole
Muscovite, KAl3Si3O10(OH)2
Zircon, ZrSiO4
Clinochlore
Ilmenite, FeTiO3
Anatase, TiO2
Quartz, SiO2
Albite, NaAlSi3O8
Kaolinite, Al2Si2O5(OH)4
Pyrite, FeS2
Chalkopyrite, CuFeS2
Bornite, Cu5FeS4
Malachite, Cu2CO3(OH)2

1
1
4
5

1
1
1

2
2
2

4

3
5
4
3

3
5
5
3
4
4

4

5

Contents: 1—maximum, 5 — minimum.

1
4
3
5

3
1
3

1
5
5

3

3
2
4

3
5

3
3
4
5

1
5
2
1
4
3
5
3
5

3

4

5

5
4

5

4

5

5

5
5

4
3
5

3
4

5
5

4

5
4

5

5

5

5
5
5

3
4
3
4
5
2
3
5
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also contained sulﬁdes such as pyrite and chalcopyrite. Sulﬁdic minerals together with primary silicates such as amphibole and muscovite were present in sample M10 from the Kafue River downstream
from the Mufulira tributary. Sample M15 from the very contaminated
Uchi tributary contained primary sulﬁdes such as pyrite, chalcopyrite,
and bornite. The last samples M16, M17, and M18 are located on the
Kafue River downstream from multiple sources of contamination at
Kitwe. Primary sulﬁde contents gradually decreased downstream,
e.g. sample M16 had high amounts of pyrite and chalcopyrite, in sample M17 these minerals occurred in only trace amounts and they were
not found in the last sample M18 (Table 2). The last sample M18 was
similar to the initial sample M1, i.e. it contained mainly hematite, primary silicate minerals, and heavy minerals (Fig. 3).
Microphotographs of heavy minerals from sediments of the Kafue
River and its tributaries obtained under optical microscope in
reﬂected light are shown in Fig. 4. Sample M3 is from the Mushishima
tributary (Fig. 4a). Sediments of the tributary contained abundant
fragments of hematite, native copper, and malachite (not shown)
from the cementation zone of the copper deposits and mine tailings.
The source of contamination in the Mushishima tributary is the overﬂow of suspension from old tailing deposits that are re-washed and
chemically treated in the Chingola leaching plant. Sampling point
M5 is from the Changa tributary (Fig. 4b). Sediments of the tributary
in the Chingola region contained abundant fragments of sulﬁdes such
as pyrite, chalcopyrite, and secondary minerals from the oxidation
and cementation zone of copper deposits such as covellite, and bornite. The most abundant heavy minerals were hematite and a mixture
of Fe-oxyhydroxides. Sample point M15 is from the Uchi tributary
sediments (Fig. 4c) and was heavily contaminated by washing out
of slag deposits from the Nkana (Kitwe) smelter. Particles of magnetite-rich slag glass and particles of Cu–Fe–S intermediate solid solution (ISS) (Vítková et al., 2010) were common components of the
heavy mineral fraction, together with fragments of pyrite, chalcopyrite, and bornite derived from the Nkana (Kitwe) ﬂotation plant. Sulﬁdic melt particles frequently showed oxidation rims composed of
Cu, Fe, S, and O. Sampling point M16 is from the Kafue River downstream from the Nkana (Kitwe) smelter (Fig. 4d) and contained particles of slag glass, ISS, pyrite, and bornite.
5.1.3. Sequential extraction
Results of sequential extraction performed for selected samples
are shown in Fig. 5. Iron contents (Fig. 5a) were relatively high in
all samples, reaching a maximum of about 23000 ppm in the most
contaminated sample M15 taken in the tributary downstream from
the Uchi mine tailings. A very high iron content was also found in
sample M3 from the Mushishima tributary. However, even in the
uncontaminated sample M1, located upgradient from the zone affected by mining activities, the iron content was about 16500 ppm. In all
samples the Aqua Regia fraction dominated, followed by the reducible
fraction (i.e. ferric oxyhydroxides). The very high Aqua Regia fraction
was probably linked to the deposition of primary sulﬁdes transported
in suspension, but other resistant Fe-minerals were probably also
present, presumably as hematite derived from lateritic soils.
The situation for manganese was very different (Fig. 5b) because
maximum contents were an order of magnitude lower than those of
iron. The highest contents of about 1450 ppm were found in sample
M15 from the Uchi tributary and in sample M18 from the Kafue
River at the outﬂow of the Copperbelt. In contrast, manganese contents in the background sample M1 were very low. The order of fractions was acid extractable ≈ reducible N Aqua Regia N oxidizable.
Copper contents (Fig. 5c) were relatively high, with maximum
values above 7000 ppm in samples M3 from the Mushishima tributary
and M4 from the Kafue River downstream from Chingola and sample
M15 located in the Uchi tributary. Copper content in background sample M1 was negligible. The order of fractions was acid extractable N reducible N oxidizable N Aqua Regia. Sample M15 from the Uchi
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Fig. 3. XRD patterns of heavy fraction of stream sediments: inﬂow point M1 (top), outﬂow point M18 (bottom).

tributary is an exception because there was more copper in the oxidizable fraction than in the reducible fraction, presumably due to the presence of primary Cu-sulﬁdes. High acid extractable contents in samples
M3 and M4 are probably linked to the presence of malachite.
Finally, cobalt contents (Fig. 5d) were an order of magnitude lower
than for copper contents, reaching a maximum of about 900 ppm in

sample M15 from the Uchi tributary. However, cobalt contents in
other samples were below 400 ppm and content in the background
sample M1 was negligible. In samples M3 and M4 the order of fractions
was Aqua Regia N acid extractable ≈ reducible N oxidizable, but in samples M10, M15, and M18 the Aqua Regia fraction decreased and acid extractable and reducible fractions dominated.

Fig. 4. Microphotographs of river sediments under reﬂected light in optical microscope: (a) Sampling point M3, Mushishima tributary, sediments contain abundant fragments of Feoxyhydroxides (Hfo) with some native copper (Cu) from the cementation zone of the copper deposits, (b) Sampling point M5 (Changa tributary), sediments contain abundant fragments of sulﬁdes such as pyrite (Py), heavy minerals such as rutile (Rt) and secondary minerals from the oxidation and cementation zone of copper deposits such as covellite (Cv),
and bornite (Bn); hematite (Hm) and a mixture of Fe-oxyhydroxides (Hfo) are abundant and hematite contains up to of 3 wt.% of Cu, (c) Sampling point M15, Uchi tributary, sediments contain particles of magnetite-rich slag glass (GMt) and Cu–Fe–S intermediate solid solution (SM), together with fragments of sulﬁdes and heavy minerals such as rutile
(Rt), and (d) Sampling point M16, the Kafue River downstream from the Nkana (Kitwe) smelter, sediments contain particles of magnetite-rich slag glass (GMt), Cu–Fe–S intermediate solid solution (SM), pyrite (Py), and bornite (Bn), Cu–Fe–S intermediate solid solution particles frequently show oxidation rims composed of Cu, Fe, S and O.
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Fig. 5. Results of sequential extraction of stream sediments: (a) Fe, (b) Mn, (c) Cu, and (d) Co, location of samples is in Fig. 1.

5.2. Field parameters, dissolved and suspended concentrations
Values of pH are in shown Fig. 6a. In 2009 the background pH at M1
was 6.78 and then increased to 7.21 at outﬂow sample M18. Values of
pH in the tributaries were generally higher than in the Kafue River,
with a maximum of 7.43 in the Wanshimba tributary (M17). In 2010
pH values were consistently higher than in 2009, with a value of 7.33
in background sample M1 and 7.57 in the last sample M18.
Values of electrical conductivity (EC), are shown in Fig. 6b. In the
Kafue River they increased from 128 μS/cm in background sample
M1 (inﬂow of the Kafue to the Copperbelt Industrial Area) to
285 μS/cm in the outﬂow sample M18. Tributaries had much higher
EC values. In 2010 EC values were lower than in 2009, with a value
of 110 μS/cm at M1 and 231 μS/cm at M18. There was also an increasing trend and values in tributaries were higher.
Concentrations of Cu are shown in Fig. 6c. In 2009 only dissolved
concentrations were available. At background sample M1, the dissolved

Cu concentration was 2.4 μg/l. This value increased in the Kafue River to
106.9 μg/l downstream from its conﬂuence with the highly contaminated Mushishima tributary. The input from the Changa tributary further
increased concentration in the Kafue River to 108 μg/l. Copper concentrations in other tributaries located downstream were relatively low
and, for this reason, the Cu concentration in the Kafue River decreased
to 38.9 μg/l in outﬂow sample M18. In 2010 suspension was also collected. Concentration trends were similar as in 2010. In highly contaminated sample M3 95.4% of total load of Cu was in suspension.
Concentrations in other tributaries including the Uchi were low with a
resulting outﬂow dissolved concentration of 69 μg/l and a suspended
concentration of 80.8 μg/l (53.9% of total load) in the Kafue River at
M18.
Concentrations of Co are shown in Fig. 6d. In 2009 the concentration in background sample M1 was only 0.3 μg/l, but due to input
from contaminated tributaries close to Chingola the concentration
in the Kafue River increased to 30.4 μg/l at M6. As in the case of Cu,
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other tributaries were less contaminated. However, the input from
the highly contaminated Uchi tributary, which is affected by process
water from the treatment plant in Kitwe (the Nkana Industrial Complex), increased the Co concentration in the Kafue River. In 2010 suspension was also collected and concentrations in suspension in the
Lubengele and Mushishima tributaries were considerable. Cobalt concentrations in the Kafue River increased from 0.4 μg/l in background
samples to 25.8 μg/l in M6. Concentrations in downstream tributaries
were relatively low and the concentration in the Kafue River decreased to only 6.8 μg/l (M10). Compared to Cu, Co concentrations
in suspension were generally lower than dissolved concentrations.
Concentrations of dissolved total Fe are provided in Fig. 6e. In
2009, the dissolved Fe concentration in background M1 sample was
relatively high and then decreased as a consequence of relatively
low concentrations in tributaries (maximum in Lubengele, M2,
34 μg/l). Concentrations then increased to 200 μg/l in M12 and at
the outﬂow point M18 decreased to 89 μg/l. In 2010 in sample M1
the dissolved concentration was 128 μg/l and concentration in suspension was 270 μg/l, i.e. 32.2% of the total load. In tributaries Lubengele (M2) and Mushishima (M3), the concentrations in suspension
were extremely high, comprising 99.7% and 97.6% of total loads, respectively. The input of suspension from tributaries affected sample
M4 on the Kafue River. The Kafue River received more suspension
from the Changa tributary, but concentrations decreased at downstream point M6. Beyond this point both concentrations in the
Kafue River and tributaries were lower, but concentrations in suspension were always signiﬁcant.
Concentrations of dissolved Mn are provided in Fig. 6f. In 2009
concentrations increased from background sample M1 with 18.6 μg/
l to 374 μg/l in M6. This was a consequence of the water input from
contaminated tributaries (maximum 33980 μg/l in the Mushishima
tributary, M3). The only tributary in the Kitwe area with high Mn
was the Uchi tributary. In 2010 dissolved concentrations were similar
to those in 2009. Maximum Mn concentration was reached at M6 on
the Kafue River, with a dissolved concentration of 544 μg/l, but with a
low suspension. Beyond this point concentrations were lower and
suspension concentrations were not signiﬁcant.
Concentrations of Ca are provided in Fig. 6g. In 2009 concentrations increased from a background value of 13.9 mg/l and kept increasing up to a
maximum concentration of 35.8 mg/l in M14. The concentration in the
outﬂow sample M18 was 33.8 mg/l. Concentrations in tributaries were always higher than in the Kafue River, with a maximum of 317.1 mg/l in the
Mushishima tributary (M3). In 2010 the trend was identical, but Ca concentrations in the Kafue River were lower. Again, Ca concentrations in
tributaries were always higher than in the Kafue River.
Concentrations of Mg are shown in Fig. 6h. In 2009 there was an
increasing trend similar to that of Ca, but concentrations were lower
by a factor of about two. Concentrations in tributaries were again
higher than those in the Kafue River, with a maximum of 137 mg/l
in the Uchi tributary (M15). In 2010 there was an increasing trend
again, but concentrations were lower. Concentrations in tributaries
were generally higher than in the Kafue River.
Concentrations of sulfate are provided in Fig. 6i. In 2009, the concentration at background point M1 was only 1.9 mg/l, but increased downstream from the conﬂuence with the Changa tributary. This was a
consequence of sulfate input from several contaminated tributaries. In
the outﬂow sample M18, the concentration of sulfate was 83.4 mg/l. In
2010 concentrations in the Kafue River were consistently lower than in
2009 due to the dilution in the rainy period. Concentrations in the tributaries were also lower than in 2009. At the outﬂow from the Copperbelt
(M18) concentration was 49.4 mg/l, i.e. 59.2% of concentration in 2009.
6. Speciation calculations
Speciation calculations were performed using the program PHREEQC
(Parkhurst and Appelo, 1999) and thermodynamic data for Cu and Co

compiled from databases of minteq.dat and llnl.dat. Because of the
lack of redox data, water in streams was equilibrated with atmospheric
oxygen with a log PO2 of −0.68.
Results for the sampling campaign in 2009, performed during the
advanced dry period (late June), are provided in Table 3. Many samples
were supersaturated with respect to barite as a consequence of increased concentration of sulfate and most samples were undersaturated
with respect to carbonate minerals, except sample M16 downgradient
from Kitwe (Fig. 1), which was supersaturated with respect to calcite.
Supersaturation with respect to amorphous Fe(OH)3, goethite and
MnOOH was reached in most samples, but these results have to be
interpreted with caution because of an uncertain redox status. Equilibrium with respect to gypsum or any other sulfate minerals (except barite) such as bieberite, CoSO4.7H2O, was not reached even in highly
contaminated samples such as M15 from the Uchi tributary. However,
sample M3 from the Mushishima tributary (Fig. 1), which was strongly
affected by mine drainage, was supersaturated with respect to the Cuminerals tenorite, CuO, and malachite, Cu2CO3(OH)2. Sample M5 from
the Changa tributary was also supersaturated with respect to tenorite.
All samples were undersaturated with respect to any Co-minerals. All
calculated log PCO2 values were higher than the atmospheric value of
−3.5 and some of them reached N−2.0.
Results for the sampling campaign in 2010, performed shortly after
the rainy period (mid-May) are shown in Table 4. Again, many samples
were supersaturated with respect to barite, which may control Ba concentrations in high sulfate waters. Most samples, except samples M7
and M16, were undersaturated with respect to the carbonate minerals
calcite and dolomite. As in 2009, all samples, including the most contaminated sample M15 from the Uchi tributary, were undersaturated with
respect to any sulfate mineral (except barite) including gypsum and bieberite. Water in streams was generally supersaturated with respect to Fe
(III)-minerals including amorphous Fe(OH)3 and goethite and Mn(IV)
minerals such as manganite, MnOOH. These minerals are efﬁcient adsorbents for Cu, Co and other metals. Equilibrium was not reached with respect to any particular Cu or Co phases except tenorite, CuO e.g. samples
M3 and M4 close to Chingola. Most samples were undersaturated with
respect to amorphous silica. Again, calculated log PCO2 values were
higher than atmospheric values, but they were lower than in 2009.
Based on speciation calculations, in low sulfate water (e.g. sample
M16) the dominant Cu species was generally Cu(OH)2 followed by
Cu 2+and CuSO4. In high sulfate water (e.g. sample M15) Cu 2+ was
followed by CuSO4 and Cu(OH)20. In low sulfate water Co was present
as Co 2+ followed by CoHCO3+ and CoSO4. In high sulfate water Co 2+
was again dominant followed by CoSO4 and CoHCO3+.
In summary, saturation was not reached with respect to any sulfate
phase except barite and only two samples reached supersaturation with
respect to calcite and dolomite. In contrast, almost all samples were supersaturated with respect to Fe(III) phases such as amorphous Fe(OH)3
and goethite and Mn(IV) phases such as manganite. Only sample M3
from the Mushishima tributary was supersaturated with respect to malachite and some samples downstream from Chingola were supersaturated with respect to tenorite, but saturation was not reached with
respect to any Co-mineral. Saturation indices for all sulﬁdic minerals
(not shown) were highly negative as expected in oxidized streams. All
calculated PCO2 values were higher than the atmospheric value, indicating that equilibration of river water with atmosphere is a slow process.

7. Multivariate statistics
Multivariate statistical analysis was performed using the program
PAST (Hammer et al., 2001). In Hierarchical Cluster Analyses (HCA)
for samples, samples are separated on the basis of their mutual Euclidian distances and similar samples are located in the same clusters
(Davies, 1986). Only results for 2009 are presented because results
for 2010 were similar.
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Results of HCA in Ward's mode for water samples are shown in Fig. 7a.
The most contaminated samples M15 from the Uchi tributary and M3
from the Mushishima tributary are in a small sub-cluster at the left
and the least contaminated samples from M16 to M13 are in a large
sub-cluster at the right. The large sub-cluster can be further divided into
sub-clusters of wells from M16 to M18 with intermediate contamination,
which are located directly on the Kafue River, a sub-cluster with low
contamination samples from M4 to M1 located in the middle, and a
sub-cluster with samples from M9 to M13 at the right, representing
water in the Kafue River before Kitwe with a relatively low level of
contamination.
Results of the HCA for stream sediment samples are shown in Fig. 7b.
Samples from M5 (Changa tributary) to M15 (Uchi tributary) with heavily contaminated sediments are in the left sub-cluster. The sub-cluster at
the right comprises two smaller sub-clusters, one from M4 to M8 with
an intermediate level of contamination and a second with less contaminated samples from M1 to M12. There is a difference compared to
water samples. Sample M15 from the Uchi tributary is in the most contaminated sub-cluster in both plots, but samples M16, M17, and M18 located in the most contaminated sub-cluster in the stream sediment plot
are not in the most contaminated sub-cluster in water plot. Similarly,
sample M5 from the Changa tributary has highly contaminated sediments, but less contaminated water. This may be explained by the fact
that water samples represent time shots, but solid phase samples are
long-term archives. Also, stream sediment composition is especially affected by the sedimentation of suspended contamination, which is not
considered in cluster analysis performed on ﬁltered samples.
8. Discussion
The Kafue River network represents a well-neutralized system. In
the Copperbelt, acid mine drainage is generally neutralized directly in
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mine tailings and waste rock piles. First sulﬁdic minerals such as pyrite
are oxidized by oxygen in the presence of water (Blowes et al., 2003),
2þ

FeS2 ðsÞ þ 3:5O2 ðgÞ þ H2 O ¼ Fe

2

þ 2SO4 þ 2H

þ

ð1Þ

In the Chambishi and Mindolo mine tailings located west of the
Kafue River, neutralization minerals such as calcite and dolomite are
present in the solid phase even about 40 years after deposition (Sracek
et al., 2010b) and they neutralize acidity produced by the oxidation of
sulﬁdes with a simultaneous precipitation of gypsum,
þ

2

CaCO3 ðsÞ þ 2H þ SO4 þ 2H2 O ¼ CaSO4 :2H2 OðsÞ þ H2 CO3

ð2Þ

Since a signiﬁcant part of mine tailings is under unsaturated conditions, Fe 2+ is oxidized to Fe 3+ and, at pH N 3.0, there is precipitation
of ferric minerals, e.g. ferrihydrite, directly in mine tailings in a global
reaction
2

þ

FeS2 ðsÞ þ 3:75O2 ðgÞ þ 3:5H2 O ¼ FeðOHÞ3 ðsÞ þ 2SO4 þ 4H

ð3Þ

Compared to low neutralization capacity mine tailings, Fe 3+ does
not participate in the oxidation of sulﬁdes and ferric minerals form coatings on the surface of sulﬁdic minerals, decreasing their oxidation rate
(Nicholson et al., 1990). These processes result in close to neutral pH
in mine tailings and pore water with high dissolved concentrations of
Ca and sulfate, but low concentrations of dissolved iron. Large amounts
of gypsum and ferric iron minerals were found in several mine tailings
such as at Chambishi and Mindolo in the Copperbelt (Sracek et al.,
2010b). Ferric oxide and hydroxides are efﬁcient adsorbents of Cu and
Co. Both metals are generally present as positively charged species
Cu2+ and Co2+ and their adsorption increases with increasing pH, i.e.
there is an adsorption edge (Langmuir, 1997). Amorphous and poorly
crystalline ferric minerals are later transformed to well-crystalline

Fig. 6. Field parameters and concentrations in water: (a) pH, (b) EC, (c) Cu, (d) Co, (e) Fe, (f) Mn, (g) Ca, (h) Mg, and (i) SO4, full circles-dissolved concentrations in 2010, empty
circles-dissolved concentrations in 2009, full inverted triangles-concentrations in suspension in 2010, symbols on vertical lines indicate concentrations in tributaries.
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Fig. 6 (continued).

phases such as hematite found in large amounts in mine tailings in the
Copperbelt (Sracek et al., 2010b), which immobilize Cu and Co very efﬁciently. These phases have low solubility, but they can be suspended in
water especially during the rainy period from November to April.
This means that in the Kafue River and its tributaries, most suspension has an origin already directly in mining wastes. This is different from formation of colloids in low-pH streams affected by acid
mine drainage. In such cases, colloids in stream water are formed directly in streams as a consequence of neutralization of water caused
by mixing with a neutral water stream or by dissolution of carbonates
in river bed sediments (Berger et al., 2000; Kimball et al., 1995). A
typical example is attenuation of acid mine drainage at Silverton in
Colorado. There the Animas River receives water from Cement
Creek (pH 3.8) with high dissolved metal concentrations. Mixing
with near-neutral pH water in the Animas River results in increased
pH and transforms Al and Fe into colloids which contain Cu and Pb.
The Animas River also receives water from Mineral Creek (pH 6.6),
where colloids are already present upstream due to only mildly acidic

conditions, but more colloids are formed downstream of the conﬂuence (Schemel et al., 2000; Schemel et al., 2007). In the Pecos River
in New Mexico, water initially has high dissolved concentrations of
Zn, Al, Cu, and Pb and a pH around 3.0 (Berger et al., 2000). Due to
mixing with neutral water streams and interactions with carbonates
in sediments, the pH increases to about 7.0 and Al and Fe hydroxides
precipitate and adsorb dissolved metals. The carbonates in river sediments are also responsible for neutralization of mine drainage at
Zimapan at Hidalgo State, Mexico (Espinosa and Armienta, 2007).
In the Kafue River, sulfate seems to behave in a conservative way.
The concentration of sulfate increases gradually from background
sample M1 downstream towards the outﬂow point M18 at Fisher's
farm. Concentrations of sulfate in tributaries are generally much
higher than in the Kafue River and higher concentrations were also
found in the advanced dry period. The same generally applies to Ca
and Mg except a few samples (e.g. M16 downstream from Kitwe).
In the advanced dry period (late June) concentrations of principal
ions are always higher than in the early dry period (mid-May) due

O. Sracek et al. / Journal of Geochemical Exploration 112 (2012) 174–188

185

Table 3
Selected results of saturation indices calculation for samples from 2009 during the dry period (late June), bold-supersaturation.
Sample/SI

Barite

Bieberite

Calcite

Co(OH)3

CoCO3

Tenorite

logPCO2

Dolomite

Fe(OH)3(a)

Goethite

Gypsum

Malachite

MnOOH

SiO2(a)

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17
M18

− 1.84
− 0.18
0.85
− 0.04
0.31
− 0.13
0.57
− 0.05
0.34
0.04
0.11
0.06
0.49
0.13
0.66
0.52
0.10
0.04

− 10.67
− 8.04
− 4.21
− 7.47
− 6.96
− 7.45
− 8.19
− 7.72
− 7.76
− 7.45
− 7.86
− 7.68
− 6.84
− 7.61
− 4.63
− 7.84
− 7.29
− 7.41

− 1.53
− 1.10
− 2.01
− 1.08
− 0.77
− 1.08
− 0.48
− 1.10
− 0.88
− 0.84
− 0.52
− 1.11
− 0.37
− 0.78
− 0.38
0.05
− 0.79
− 0.81

− 4.19
− 2.32
− 2.41
− 2.03
− 1.24
− 1.92
− 3.74
− 2.34
− 3.06
− 1.59
− 2.20
− 2.44
− 2.47
− 1.71
− 0.05
− 1.40
− 1.45
− 1.65

− 4.26
− 2.65
− 1.84
− 2.36
− 1.71
− 2.14
− 3.82
− 2.56
− 3.49
− 2.16
− 2.99
− 2.71
− 2.32
− 2.39
− 0.51
− 1.91
− 2.09
− 2.18

− 1.93
− 0.37
0.09
− 0.07
0.29
− 0.09
− 1.17
− 0.22
− 1.63
− 0.13
− 1.54
− 0.20
−1.72
− 0.39
− 0.64
− 0.54
− 0.42
− 0.40

− 1.83
− 2.10
− 1.31
− 2.09
− 2.27
− 2.0
− 1.84
− 1.99
− 2.17
− 2.30
− 2.38
− 2.05
− 1.78
− 2.35
− 2.20
− 2.13
− 2.37
− 2.30

− 2.99
− 2.22
− 4.17
− 2.23
− 1.55
− 2.21
− 1.19
− 2.30
− 2.61
− 1.83
− 1.06
− 2.28
− 0.96
− 1.67
− 0.69
− 0.31
− 1.65
− 1.68

1.87
1.32
− 0.28
1.68
1.17
1.71
0.75
1.81
0.77
1.76
1.37
1.84
1.94
2.05
0.86
1.12
1.86
1.83

7.67
7.14
5.61
7.47
7.0
7.52
6.54
7.61
6.55
7.52
7.02
7.65
7.89
7.75
6.64
6.81
7.62
7.63

− 3.80
− 2.36
− 0.23
− 2.07
− 1.89
− 2.26
− 0.72
− 2.13
− 1.04
− 2.01
− 1.30
− 1.95
− 0.73
− 1.89
− 0.38
− 1.78
− 1.87
− 1.91

− 4.05
− 1.20
0.41
− 0.57
− 0.07
− 0.54
− 2.50
− 0.78
− 3.77
− 0.88
− 3.67
− 0.82
− 3.74
− 1.38
− 1.82
− 1.44
− 1.54
− 1.45

2.50
3.62
3.17
3.93
3.34
4.05
3.58
3.80
3.06
4.56
3.93
3.75
3.18
4.65
5.04
4.70
4.43
4.21

− 1.41
− 1.44
− 0.96
− 1.36
− 1.22
− 1.35
− 1.23
− 1.32
− 1.26
− 1.30
− 1.27
− 1.30
− 1.22
− 1.26
− 1.15
− 1.12
− 1.27
− 1.31

to the dilution during the preceding rainy period. It is possible to expect even higher concentrations in the late dry period (September
and October), before the onset of the rainy period. However, based
on the discharge measurements in the Kafue River at the beginning
of the Copperbelt (close to point M1 in Fig. 1), presented by Petterson
and Ingri (2001), maximum discharge in the Kafue River is in March
which then sharply decreases during April and May. Discharge in
June is already low and does not change signiﬁcantly until October.
Sulfate concentrations were used in a mixing equation to estimate
the relative input of water from different tributaries (Table 5). The
mixing equation applied was
Q 2 C3 −C1
¼
Q 3 C2 −C1

ð4Þ

where Q2 is discharge in a tributary before the conﬂuence with the
Kafue River, Q3 is discharge in the Kafue River beyond the conﬂuence,
C1 and C3 are respective concentrations in the Kafue River before and
beyond conﬂuence with the tributary and C2 is concentration in the
tributary. The situation is complicated by the lack of sampling points
in the Kafue River downstream from the conﬂuence with the Lubengele tributary. This means that point M4 integrates input from both
the Lubengele and Mushishima tributaries, but Mushishima input
dominates because of its much higher sulfate concentration. In the

advanced dry period in 2009, the estimated water input was less
than 5% for all tributaries except the Wanshimba tributary at M18
with calculated input of 23.5% (Table 5). In the early dry period in
2010, less sampling points provided interpretable data because
water in the Kafue River was diluted by the input of groundwater
and throughﬂow from the unsaturated zone during the precedent
rainy period and there was no downstream change of sulfate concentration at some points. Again, the estimated water input from tributaries was less than 5%, except the Mwambashi tributary at M12
with calculated input of 15.3%. It is noticeable that estimated inputs
are generally relatively low and with two exceptions below 5% of
total discharge in the Kafue River. The two most contaminated tributaries, the Mushishima and Uchi, contribute only from 3.1 to 3.8% and
from 0.4 to 0.6% of the total discharge, respectively, depending on the
season. This means that contamination from the tributaries is highly
diluted in the Kafue River.
In 2010 both dissolved and suspended concentrations were determined and the mixing equation was then applied using estimated contributions from tributaries based on sulfate concentrations (Table 5) to
calculate mass balance for total concentrations of metals (i.e. dissolved
and suspended fractions, where the suspended fraction generally dominated). Results are shown in Fig. 8. Except at point M12 downstream
from the Mwambashi tributary, there are signiﬁcant reductions of
total metal concentrations after mixing with the Kafue River water.

Table 4
Selected results of saturation indices calculation for samples from 2010 after the rainy period (mid-May), bold-supersaturation.
Sample/SI

Barite

Bieberite

Calcite

Co(OH)3

CoCO3

Tenorite

logPCO2

Dolomite

Fe(OH)3(a)

Goethite

Gypsum

Malachite

MnOOH

SiO2(a)

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17
M18

− 2.23
− 0.07
0.70
− 0.68
0.24
− 0.61
0.36
− 0.34
0.20
− 0.38
− 0.01
− 0.15
0.49
− 0.16
0.52
0.29
− 0.10
− 0.15

− 11.04
− 8.07
− 5.50
− 8.16
− 6.98
− 8.06
− 8.14
− 7.80
− 7.97
− 7.97
− 8.10
− 7.97
− 6.93
− 8.08
− 4.74
− 8.08
− 7.50
− 7.61

− 0.74
− 0.57
0.19
− 0.83
− 0.51
− 0.81
0.21
− 0.55
− 0.86
− 0.61
− 0.32
− 0.58
− 0.23
− 0.63
− 0.16
0.28
− 0.66
− 0.59

− 3.13
− 1.73
− 0.28
− 1.38
− 0.54
− 1.19
− 2.38
− 0.91
− 2.72
− 1.0
− 2.03
− 1.17
− 1.89
− 1.42
0.41
− 0.67
− 0.92
− 0.90

− 3.37
− 2.30
− 0.81
− 2.04
− 1.35
− 1.78
− 2.86
− 1.72
− 3.42
− 1.94
− 2.89
− 2.20
− 2.19
− 2.34
− 0.22
− 1.58
− 1.83
− 1.87

− 1.0
0.04
1.32
0.21
0.39
0.21
− 0.43
0.28
− 1.17
0.20
− 1.19
0.02
− 1.11
0.02
− 0.19
− 0.30
− 0.08
− 0.10

− 2.09
− 2.43
− 2.41
− 2.52
− 2.61
− 2.47
− 2.44
− 2.70
−2.32
− 2.73
− 2.57
− 2.79
− 2.07
− 2.67
− 2.40
− 2.41
− 2.65
− 2.70

− 1.44
− 1.14
− 0.76
− 1.71
− 1.03
− 1.64
0.23
− 1.17
− 2.61
− 1.32
− 0.68
− 1.24
− 0.76
− 1.37
− 0.34
0.09
− 1.39
− 1.26

2.25
1.59
2.91
2.14
1.64
2.43
− 0.31
2.16
1.39
2.23
1.58
2.37
1.87
2.35
1.76
0.36
2.43
2.23

8.12
7.47
8.82
8.10
7.45
8.32
5.65
8.05
7.07
8.06
7.33
8.17
7.68
8.13
7.56
5.94
8.20
7.99

− 4.26
− 2.20
− 0.72
− 2.81
− 2.01
− 2.95
− 0.90
− 2.47
− 1.30
− 2.52
− 1.42
− 2.22
− 0.83
− 2.23
− 0.55
− 2.16
− 2.21
− 2.20

− 2.50
− 0.79
1.77
− 0.51
− 0.19
− 0.50
− 1.82
− 0.59
− 2.91
− 0.69
− 3.25
− 1.10
− 2.66
− 0.97
− 1.15
− 1.14
− 1.13
− 1.22

3.21
4.47
5.40
4.39
5.19
4.88
4.92
4.94
3.56
5.07
4.08
5.09
3.91
4.92
5.25
5.38
4.94
4.96

− 1.37
− 1.46
− 1.19
− 1.37
− 1.23
− 1.36
− 1.19
− 1.35
− 1.15
− 1.35
− 1.22
− 1.29
− 1.11
− 1.21
− 1.17
− 1.06
− 1.30
− 1.26
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Table 5
Relative ﬂow input to the Kafue River from its tributaries.
Sample-Kafue River/
inﬂow

M4, Mushishima
inﬂow
M8, Mufulira inﬂow
M10, Musakashi
inﬂow
M12, Mwambashi
inﬂow
M14, Mindolo inﬂow
M16, Uchi inﬂow
M18, Wanshimba
inﬂow

Inﬂow 2009, early dry
period

Inﬂow 2010, advanced dry
period

[% of total discharge]

[% of total discharge]

3.8

3.1

1.6
4.5

4.9
n.a.

0.5

15.3

3.1
0.4
23.5

n.a.
0.6
n.a.

Bold — most contaminated tributaries.
n.a. — not available.

Fig. 7. Hierarchical Cluster Analysis (HCA): (a) water samples, and (b) solid phase samples.

Maximum total losses are downstream from the conﬂuence with the
Mushishima tributary for Fe (839.4 μg/l, 36.6% of total load) and Cu
(359.8 μg/l, 33.0%). Losses of metals are also signiﬁcant downstream
from the conﬂuence with the Mufulira tributary, reaching 640.6 μg/l
(49.7% of total load) for Fe, 307.9 μg/l (52.9%) for Mn and 65.7 μg/l
(18.0%) for Cu. Total losses downstream from the conﬂuence with the
Uchi tributary are relatively less signiﬁcant, but relative losses are
high, reaching 167.1 μg/l (26.4% of total load) for Fe, 99. 9 μg/l (46.7%)
for Mn, and 109.3 μg/l (55.8%) for Cu. This is a consequence of much
lower water inﬂow and, thus, contaminant load from the Uchi tributary
compared to the Mushishima tributary (by a factor of about 6).
At the most contaminated Mushishima tributary (M3), respective
molar ratios of Fe/Cu and Fe/Co are 2.05 and 50.8, which remain similar
(2.32 and 66.1) at point M4 in the Kafue River located downstream from
its conﬂuence with the Mushishima tributary. The low Fe/Cu ratio suggests that copper is not only bound to hydrous ferric oxides, but is also
present in suspension in the form of primary sulﬁdes such as bornite
and/or in minerals of copper without iron such as malachite. This is supported by mineralogical analyses of sediments in the Kafue River, which
are formed by sedimentation of suspended material. Background sample M1 already has high iron content due to the presence of hematite
(Table 2) washed out from tropical soils during the rainy period. Samples from the Mushishima tributary (Fig. 4a) and the Changa tributary
(Fig. 4b) contain a lot of copper unrelated to iron in the form of native
copper, covellite, and malachite. Samples from the Uchi tributary
(Fig. 4c) and from the Kafue River downstream from Uchi (Fig. 4d)

affected by the Nkana smelter contain a Cu–Fe–S intermediate solid solution (ISS) with a Fe/Cu ratio of 1:1. The results of the sequential extraction of stream sediments revealed that a high percentage of Cu
and Co in sediments is present in the exchangeable/acid fraction,
(Fig. 7c,d), and therefore, the potential for their dissolution and remobilization is high. Compared with results of the sequential analysis of the
background sample M1, where only 4.9% of Cu and 14.8% of Co of the
total amount of metals is bound to the exchangeable/acid fraction of
the sequential analysis, the amount of Cu and Co increases to 38–
57.1% and 19.5–43.9%, respectively, in contaminated sediments.
All sulﬁdes found in shallow stream sediments are primary, i.e. they
originate from upstream sources of contamination such as mine tailings.
However, sulfate reduction coupled with precipitation of secondary sulﬁdes such as framboidal pyrite was found in deeper stream sediments
(below 15 cm depth) of the Kafue River by Petterson and Ingri (2001).
In spite of the high neutralization capacity of mining wastes, the
concentrations of dissolved contaminants in most contaminated tributaries of the Kafue River exceed the Zambian limits for efﬂuent and
waste water (Environmental Council of Zambia, 2009) with respect to
Cu (limit: 1000 μg/l), Co (limit: 1500 μg/l) Mn (limit: 1000 μg/l) and
sulfate (limit: 1500 mg/l). However, the contaminant concentrations
are highly dependent on the ﬂow rates of the Kafue River and its tributaries. For example, the concentration of Cu (29400 μg/l), Co (5824 μg/l,

Fig. 8. Decrease of total metal load (dissolved plus suspended fraction) at selected
points in the Kafue River after receiving water from contaminated tributaries: at M4
from the Mushishima tributary, at the M8 from Mufulira tributary, at M12 from the
Mwambashi tributary, and at M16 from the Uchi tributary.
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Mn (33980 μg/l) and sulfate (1850 mg/l) in the Mushishima tributary
(the Chingola Area) highly exceeded the Zambian limits during the advanced dry season of 2009 whereas they were much lower, with the exception of sulfate, in the early dry period of 2010. Similarly, the
concentrations of Mn (2947 μg/l) and sulfate (1629.6 mg/l) in the highly contaminated Uchi tributary (the Kitwe Area) were substantially
higher in 2009 compared to 2010. The concentration of dissolved cobalt
in the Uchi tributary, however, was essentially the same in the 2009 and
2010 sampling periods (2262.8 and 2523.8 μg/l respectively), presumably due to increasing capacity of the processing plant. It is not surprising that the main sources of dissolved metals and sulfate, i.e. the
Mushishima and Uchi tributaries, drain the areas where chemical treatment plants are located. Therefore, it can be concluded that the chemical leaching plant of the Konkola Copper Mine in Chingola and the
cobalt and copper chemical processing plant in Kitwe (the Ndola Industrial Area) are the most important sources of dissolved contaminants.
It is difﬁcult to assess the contamination of stream sediments in
the Kafue River catchment since river sediment environmental quality guidelines have not been established either in Zambia or in any
country in Sub-Saharan Africa. Comparing our data with the Canadian
interim freshwater sediment quality guidelines for Cu (197 mg.kg −1;
total content, dry weight; Probable Effect Level; Canadian Council of
Ministers of the Environment, 1999) all data from the Copperbelt, including the Kafue River itself exceed the Canadian limit. The only exception is the low copper content in sediments of the Musakashi
(M9) and Mwambashi (M11) tributaries. As substantial fractions of
Cu, Co, and Mn are present in contaminated sediments in easily available form (exchangeable/acid extractable Cu: 37.9–57.1% exchangeable/acid extractable Co: 19.5–43.9%), they pose a potential risk
during the acid spikes, during the failure of pH control or accidents
(i. e., leakage of acids) from chemical plants of the Copperbelt. For example, sampling performed in the Uchi River (the Kitwe Area) in
2006 revealed that water discharged from the Nkana Industrial Complex showed a pH value of 2.04 and extreme concentrations of dissolved metals (Kříbek et al., 2006). In 1982, cattle losses due to
drinking contaminated water were reported along the Mwambashi
River (Zambia Consolidated Copper Mines, 1982) and Kambole
(2003) reported several ﬁsh kills in the Kafue River in the past due
to acid spikes and mobilization of metals from river sediments. Therefore, a strict adherence to management procedures during the drainage of technological process water from chemical plants is highly
desirable in the Copperbelt Mining District.
9. Conclusions
Contamination of the Kafue River and its tributaries in the Copperbelt, northern Zambia, was investigated in order to determine the environmental impact of mining and related activities. Values of pH in
the Kafue River and its tributaries in the contaminated area are always close to neutral with maximum values in tributaries and concentrations of sulfate, which behaves conservatively, gradually
increase downstream. Concentrations of Ca and Mg produced during
neutralization processes also increase downstream. There is a large
input of Cu and Co from multiple contamination sources mainly located on the Mushishima tributary, but both metals are bound to Fe-rich
particles in suspension, which settle in the Kafue River. Contaminants
in suspension contribute more than 95% of the total contaminant
load. Additional contaminant sources such as the Uchi mine tailings
and Nkana smelter are located in the industrial area around Kitwe,
but metals released from these sources which are mostly present in
suspension, are attenuated efﬁciently and resulting dissolved and
suspended concentrations at Fisher's farm, where the Kafue River
ﬂows out of the Copperbelt, are low.
Low Fe/Cu ratios in suspension and mineralogy of stream sediments
downstream of sources around Chingola indicate that native copper,
Cu-sulﬁdes, and Cu carbonates are present in stream sediments besides
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copper bound to Fe(III) oxide and hydroxides. The Nkana smelter in
Kitwe contributes slag glass and Cu–Fe–S intermediate solid solution
(ISS) particles. Results of sequential analyses of stream sediments
revealed that the amounts of Cu, Co and Mn bound to extractable/carbonate, reducible (poorly crystalline Fe- and Mn oxides and hydroxides) and oxidizable (organic matter and sulﬁdes) fractions are higher
than in the residual (Aqua Regia) fraction. Compared to Cu, Co and
Mn, Fe is bound predominantly to the residual fraction as a consequence of washout from lateritic soils. Speciation modeling suggests a
possibility of precipitation of some Cu mineral phases such as tenorite
and malachite only in the most contaminated tributaries such as the
Mushishima, but most minerals present in sediments have an origin
in upstream sources of contamination.
In the early dry period (mid-May), dissolved and suspended concentrations and also concentrations of principal ions are lower than in
the advanced dry period (late June). Suspended concentrations of
metals are important especially in contaminated tributaries (more
than 95% of total contaminant load) and sampling of suspension
should be a part of the sampling procedure. Contents in sediments
are also lower in the early dry period, presumably due to re-distribution of contaminated sediments during high ﬂow rate period in the
preceding rainy season from November to April. When the scale of
mining and related activities in the Copperbelt is taken into account,
the environmental impact on the Kafue River is relatively limited
due to a high neutralizing capacity of the mining wastes which controls the rapid precipitation of iron oxides and hydroxides and adsorption and/or co-precipitation of copper, cobalt and other
chemical species from surface water. It makes the Kafue River different from many rivers affected by acid mine drainage such as Rio Tinto,
where low pH values and high concentrations of dissolved metals
occur. Most metals are transported in suspension, just like in other
rivers with close to neutral pH in mining regions. However, sedimentation of suspended particles and the resulting high load of metals in
stream sediments of the Kafue River may pose a potential environmental risk in acid spikes, for example following accidental spills
from chemical plants, when a signiﬁcant part of metals in sediments
can be released back into surface water.
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