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Abstract. Frequent sampling during an annual cycle of dissolved (<0.45µm) and suspended (>0.45
µm) elements has been conducted in the Kafue River at Raglan’s Farm, upstream from the mining
activities within the Copperbelt Province, Zambia. Additional sampling of sediment and intersti-
tial pore water was conducted during low water discharge. The presence of carbonates within the
drainage basin naturally gives rise to high element concentrations in the dissolved phase (Ca = 626,
Mg = 494, Na = 360 and K = 24 mmol l−1). During the rainy season the relative composition of
the dissolved elements indicated a wash out of accumulated weathering products and mineralised
organic material from the unsaturated zone of the soil profile. High concentrations of dissolved Al,
Fe and Mn were measured during high water discharge. At low water discharge the sediment was a
major source of Fe, Mn and associated Co and Cu to the water column. Enhanced concentrations of
dissolved and suspended S, Co and Cu during the rainy season indicated that atmospheric deposited
particles from the mining area were washed out into the river. Autochthonous formation of particles
rich in Si indicated diatom production during low water discharge.

Key words: hydrogeochemistry, element ratios,87Sr/86Sr, Ba/Sr, weathering, semi-arid, Kafue River,
Zambezi River

Introduction

Temporal variations in the chemical composition of river water are often due to
changes in the water regime or to different autochthonous processes. For example,
it has been documented that weathering products and mineralised organic mater-
ial accumulated in the unsaturated zone of the soil profile are washed out during
periods of high water discharge (Walling and Webb, 1986; Likens and Bormann,
1995). Furthermore, autochthonous processes, such as the uptake of elements by
biota and sorption on Fe and Mn oxide hydroxides, have also been found to alter the
chemical composition of river water (Pontér et al., 1992; Drever, 1997). However,
detailed studies of river water have been performed mostly in boreal areas and only
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few studies have been done in areas exposed to other climatic conditions, such as
semi-arid tropical conditions (e.g., Hall et al., 1977; Wright, 1982; Benedetti et al.,
1994; Eyrolle et al., 1996). Rivers draining boreal areas and semi-arid tropical areas
may show similar seasonal element fluctuations as both type of rivers are exposed
to periods of a distinct high and low water discharge. One purpose with this study
was therefore to study similarities in the fluctuations of the element concentrations
occurring in semi-arid and boreal rivers. For example, Mn has been used as a
tracer for detecting hydrogeochemical processes in a boreal river system (Pontér
et al., 1992; Ingri et al., 1994). This study shows that Mn can be used as a similar
indicator in a semi-arid tropical river system.

Area Description

The catchment area for the Kafue River upstream from Raglan’s Farm is 5775 km2,
which is about 4% of the total area of the Kafue River Basin. Most streams and
rivers within the area rise in grassy treeless areas occupying hollow saucer-shaped
depressions, known locally as dambos. They are wet or swampy during the rainy
season but may dry out during the dry season. These headwater dambos cover more
than 10% of the Copperbelt surface (Mendelsohn, 1961). Along much of the Kafue
river valley the river meanders in a flat bottomed valley with well developed flood
plains. Streams and rivers locally follow deeply weathered carbonate formations,
and in gentle depressions of the late Tertiary peneplain, they cut open v-shaped
notches (Mendelsohn, 1961).

Although Zambia is located in the tropics, the climate is tempered by the eleva-
tion of the Central African plateau. The annual mean temperature of the river water
is about 25◦C in the investigated area. The temperature drops during the beginning
of the dry season and reaches a minimum of about 16◦C during June/July. Rainfall
only occurs during one season, which extends from November to April (Figure 1).
Due to the seasonal rainfalls, water discharge in the rivers fluctuates considerably.
The average water discharge in the Kafue River is elevated by a factor of 10 during
high water discharge (JICA, 1995). At Raglan’s Farm, the sampling point in this
study, water discharge is increased by a factor of 100 during high water discharge.
The lowest water discharge (1.1 m3/s) was found during October–November and
highest water discharge (111 m3/s) during March–April (Figure 1). Sharma (1984)
has shown that there is a lag of about a month before aquifers in the upper Kafue
basin are recharged and water discharge responds in relation to the rainfall. During
the investigated period water discharge data from Raglan’s Farm indicated a dis-
tinct response in January, about one and a half months after the start of the rainy
season.

The geological framework of Zambia (Figure 2) consists basically of an elev-
ated basement of Precambrian crystalline rocks in the east, flanked on the west by
successively younger sedimentary formations deposited during marine conditions
between 1300–1000 Ma. In the upper parts of the Kafue River the bedrock mainly
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Figure 1. Water discharge (m3s−1), total suspended solids (mg l−1), measured at Raglan’s
Farm, and rainfall (mm), measured at the Ndola airport, during the period Mars 1995–April
1996.

consists of sedimentary deposits including shales, siltstones and sandstones mixed
with carbonates such as dolomite (Mendelsohn, 1961). The soils in the upper parts
of the Kafue River drainage area are classified as Ferralsols and Acrisols according
to the FAO/UNESCO (1974) classification system. Due to the intense rainfall they
are highly weathered and, thus, infertile soils (Chileshe, 1988).

Sampling

Samples of dissolved (<0.45µm) and suspended (>0.45µm) solids were col-
lected during the period March 1995 to April 1996. During high water discharge
samples were taken once a week and during low water discharge at two-week
intervals. The samples were collected on-site from the middle of the river at a depth
corresponding to half the total depth. The dissolved phase was filtered through a
0.45µm Milliporer (25 mm diameter) membrane filter by a syringe into 60 ml
polyethylene bottles. Suspended solids were collected on-line by pumping river
water with a peristaltic pump (Masterflexr) via silicon tubing through a 0.45µm
Milliporer (142 mm diameter) membrane filter. Suspended solids were collected
until the filter clogged. The size of the solids retained by the filter varies dur-
ing the filtration as accumulation of suspended material continuously decreases
the nominal pore size (Kennedy et al., 1974). Samples for total suspended solids
were collected by a Ruttner sampler and filtered on-site with pre-weighted 0.45
µm Milliporer (47 mm diameter) membrane filters. The physical/chemical para-
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Figure 2. A simplified geological Map (after Mendelsohn 1961) showing the upper parts of
the Kafue River and the sampling station at Raglan’s Farm.

meters temperature, pH, specific conductivity, redox and dissolved oxygen were
measured in situ with a Hydrolabr watersond. Alkalinity was analysed on filtered
water by gran-plot titration. All sampling equipment and bottles were acid washed
with 50% HCl and 10% HNO3 (ultrapure) and rinsed with distilled and de-ionised
water. Filters were carefully leached with acetic acid (5%) of ultra pure quality
and thereafter rinsed with distilled and de-ionised water before they were used for
sampling.

Sediment samples were collected with a modified Kajak sediment sampler (Blom-
qvist, 1985). The samples were taken during August (low water discharge) at loc-
ations where soft bottom sediment was found. After sampling the sediment core
was sliced in 0.5 cm segments in a glovebox filled with an argon atmosphere.
Within the glovebox interstitial pore water was collected from each segment of
the sediment core by filtration through 0.45µm Milliporer (47 mm diameters)
membrane filters.

Soil samples were taken well above the highest flood mark from an approximate
depth of 0.5 m and from termite mounds. Rainfall was recorded by the Department
of Meteorology, Zambia and the water discharge was recorded by the Department
of Water Affairs, Zambia.
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Analyses and Treatment of Data

ELEMENT ANALYSES

Element analyses were conducted in co-operation with SGAB-Analys, Luleå,
Sweden, with ICP-AES and ICP-MS. Solid samples analysed for Si, Al, Ca, Mg,
K, Na, Fe, Mn, P, Ti, Ba and Sr were wet ashed in platina crucibles, fired at 550◦C
for 12 hours and thereafter fused with LiBO2 into a bead. The formed bead was
then dissolved in 5% ultra pure HNO3 prior to analysis. The trace elements Co and
Cu were determined after leaching the samples with concentrated HNO3 and H2O2

in sealed teflon containers in a microwave oven. The accuracy and the precision
of the analyses compared to reference samples (NIST 1643d and SLRS-3) and
detection limits during routine conditions are given in Table I. The detection limit
for Co is close to the certified value 0.027µg l−1 (SLRS-3), but the lowest detected
concentration for Co in the Kafue River was 0.077µg l−1, well above the detection
limit, and the average value was 0.18µg l−1.

Detection limits for elements in the suspended phase, including influences from
field sampling and laboratory procedures, have been discussed by Ödman et al.
(1999). Detection limits (Method Limits of Detection, MLOD = 3∗ standard devi-
ation) (Ödman et al., 1999), lowest detected values (LDV) and mean values (MV)
for each element (µg tot) are presented in Table II.

STRONTIUM ISOTOPE ANALYSES

An aliquot of the water samples were taken for Sr-isotope analyses. Sr was separ-
ated from Rb by a Sr-specific cation-exchange resin (Pin and Bassin, 1992). About
1000 ng Sr were loaded on Re double filament and analysed on a Finnigan MAT
261 mass spectrometer in dynamic mode. Correction for mass fractionation was
made by normalisation to86Sr/88Sr = 0.1194. Isobaric interferences from87Rb were
corrected for using85Rb and the contribution from87Rb to the measured87Sr/86Sr
was found to be less than 10−5. The total procedural blank, obtained by isotope
dilution, was less than 0.1 ng. Measurement of the standard NBS 987 gave a mean
of 87Sr/86Sr = 0.710209± 0.000028 (2σ , n = 24).

TREATMENT OF DATA

Evaluating the chemical composition of river water by using different normalisa-
tion procedures provides important information about hydrogeochemical processes
and hydrological pathways within a drainage basin (e.g., Walling and Webb, 1986;
van der Weijden and Middelburg, 1989; Bishop et al., 1990; Mulder et al., 1991;
Pontér et al., 1992; Chapman et al., 1993; Elsenbeer et al., 1994; Likens and
Bormann, 1995; Land, 1998). In this study dissolved element concentrations have
been normalised with specific conductivity and expressed as % or ppm, of the total
dissolved element load. Temporal variations which not are due to dilution effects
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Table I. Accuracy and precision of the analyses compared to reference samples (NIST 1643d and SLRS-3) and detection limits during routine
measurements.

Dissolved phase

Precision and accuracy of analysis

NIST1643d SLRS-3

ICP-AES Certified Found Detection ICP-MS Certified Found Detection

mg l−1 mg l−1 n limits (mg l−1) µg l−1 µg l−1 n limits (µg l−1)

Ca 31.04 (±0.50) 30.70 (±0.78) 80 0.10 Al 31 (±3) 31.34(±3.09) 117 0.20

Mg 7.989 (±0.035) 8.05 (±0.18) 80 0.09 Ba 13.4 (±0.6) 13.51 (±0.75) 115 0.06

Na 22.07 (±0.64) 21.62 (±0.44) 80 0.10 Co 0.027 (0.003) 0.07 (±0.03) 116 0.03

K 2.356 (±0.035) 2.23 (±0.17) 80 0.40 Cu 1.35 (±0.07) 1.38 (±0.15) 116 0.20

Si 2.7∗ 2.80 (±0.07) 74 0.03 Mn 3.9 (±0.3) 3.61 (±0.31) 116 0.20

S – 0.08 (±0.05) 73 0.08

µg l−1 µg l−1 (µg l−1)

Co 25.00 (±0.59) 23.47 (±5.13) 72 0.03

Fe 91.2 (±3.9) 86.4 (±6.1) 78 0.80

Sr 294.8 (±3.4) 295.6 (±5.9) 73 0.20

∗None certified concentration.
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Table II. Analyses of blank filters and filter samples (µg tot), where MLOD = Method Limit of Detection (3∗ standard deviation), LDV = Lowest
Detected Values, MV = Mean Values at different sampling locations along the Kafue River.

(µg tot) Si Al Ca Mg K Na Fe Mn P Ti Ba Sr Co Cu n

Blank 51 10 34 14 37 36 15 0.708 5.36 1.48 0.325 0.097 0.063 1.01 11

± 16 ± 4 ± 15 ± 4 ± 13 ± 8 ± 18 ± 0.425 ± 3.24 ± 0.64 ± 0.665 ± 0.111 ± 0.03 ± 0.51

LDV 1960 547 303 129 122 85 1240 44 57 36 5.6 1.26 0.44 1.95

MV 3395 1687 442 223 270 189 2076 106 77 79 12 1.92 1.27 4.7 30

± 829 ± 619 ± 114 ± 73 ± 136 ± 131 ± 424 ± 39 ± 21 ± 24 ± 8 ± 0.47 ± 0.48 ± 1.7

MLOD 47 11 45 13 39 23 53 1.27 9.7 1.93 1.99 0.33 0.089 1.55
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are by this method more easy detected.87Sr/86Sr-isotopes (Brass, 1976; Wadleigh
et al., 1985; Palmer and Edmond, 1992; Négrel et al., 1993; Andersson et al., 1992;
Allégre et al., 1996) and Ba/Sr ratios (Land et al., 1999) have been used as a tool
for tracing water draining bedrocks of different weathering susceptibilities. The
87Sr/86Sr ratio and the Ba/Sr ratio both fluctuates in different bedrocks depending
on the K content and the substituting elements.87Rb decomposes by radioactive
decay to87Sr thus changing the87Sr/86Sr ratios in minerals. The ion radius for
Rb resembles the radius for K leading to Rb substituting for K within mineral
lattices (Faure, 1986). The Ba/Sr ratios fluctuates in different bedrocks because Sr
in granitoids substitutes for Ca and K, whereas Ba usually only substitutes for K
(Mason and More, 1982). Hence, rivers draining areas with minerals rich in K,
which also tend to be weathering resistant, show high87Sr/86Sr and Ba/Sr ratios.
An influence from carbonates in the bedrock, which show a low K content and a
fast weathering rate, will result in lower ratios. Organic acids and a high partial
pressure of CO2 in the soil solution promotes a more intensive weathering in the
upper parts of the soil profile (Likens et al., 1995). Therefore, water draining the
upper parts of a soil profile may express higher87Sr/86Sr and Ba/Sr ratios compared
to water draining the lower parts (Land et al., 1999).

Physically eroded soil-rock particles in the suspended and the deposited sed-
iment are referred to as detrital particles in this study. To differentiate detrital
particles from authigenic particles normalisation with Al or Ti has been used (Shol-
kovitz and Copland, 1982, Ingri and Widerlund, 1994). Aluminium and Ti are
major elements occurring in most rock-forming minerals. They are relatively im-
mobile during weathering and are only to a small extent taken up by biota. How-
ever, the solubility of Al is pH-dependant. Hence dissolved Al can be transported
from areas with low pH and subsequently form secondary Al-rich particles when
pH increases. Furthermore, Al can be complexed by humic matter and sorb on
particle surfaces. In this study, Ti has been used as a normalising element in the
suspended phase.

The vertical diffusion of elements across the sediment water interface was es-
timated by using Fick’s first law (Li and Gregory, 1974), as applied to the sed-
imentary environment: Fj =∅Ds (1C/1X) where Fj = the molecular diffusion
flux (µg cm−2 yr−1), ∅ = the sediment porosity (%), Ds = the molecular sediment
diffusion coefficient (cm2 yr−1) and1C/1X = the linear pore water concentration
gradient (µg cm−4). The molecular sediment diffusion coefficient, Ds, has been
estimated by diffusion coefficients of elements in free solution, given by Li and
Gregory (1974) and corrected for sediment tortuosity, according to Ullman and
Aller (1982). The total contribution of elements to the river by diffusion from the
sediment was estimated by assuming similar conditions in the sediment within the
whole investigated area.



HYDROGEOCHEMICAL PROCESSES IN THE KAFUE RIVER, ZAMBIA 393

Figure 3. Alkalinity (µmolH+ l−1), pH and specific conductivity (µS cm−1) in the Kafue
River from March 95 to April 96.

Result and Discussion

MAJOR PHYSICAL/CHEMICAL PARAMETERS, SUSPENDED C AND N

Due to the carbonate rich bedrock, the Kafue River naturally shows a high specific
conductivity, alkalinity and pH (Table III). Highest values were observed during
low water discharge and lowest values during high water discharge (Figure 3).
Wetzel (1983) and Morel and Hudson (1985) have discussed how photosynthesis
by biota may influence the pH in natural waters. The coupling between photosyn-
thesis in the river and the pH and alkalinity can be illustrated by the simplified
relations;

CO2 + H2O↔ O2 + CH2O(organicmaterial) Photosynthesis
↑↓

CO2 + H2O↔ H2CO3↔ H+ + HCO−3 The Carbonate System

which indicate that pH increases (if the starting point is above pH 6.3) without
changing the alkalinity during photosynthesis (equilibrium displaced to the left in
the lower reaction). In the Kafue River this process can be observed by increased
pH and constant alkalinity during low water discharge in June and July.

The TSS found in the Kafue River at Raglan’s Farm show values between 1 and
7 mgl−1 (Figure 1). Most major rivers have suspended solids concentrations span-
ning between 100 and 1000 mgl−1 (Milliman, 1980). The average concentration
for average world river (AWR) is 360 mg l−1 (Berner and Berner, 1987). For the
Congo River the average value is 30 mg l−1 and for the Zambezi River it fluctuates
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Table III. Concentrations of dissolved elements (µmol l−1), Alkalinity (µmol H+), pH, Conductivity (µS cm−1) and temperature (◦C) in
the Kafue River during 9503–9604. LQ = low water discharge, HQ = high water discharge, AWR = Average World River and AAR = Average
African River. Reference rivers are compiled by Martin and Whitfield, (1983), Berner and Berner (1987) and Meybeck et al., (1992).

Ca Mg Na K S Si Alk. pH Cond Temp n

(µmol l−1) (µmol H+ l−1) (µS cm−1) (◦C)

Raglan’s- H.Q. 389± 102 273± 79 191± 29 16± 9 67± 64 190± 20 1420± 315 7.3± 0.2 160± 41 25.4± 0.9 32

Farm L.Q. 626± 90 494± 103 360± 79 24± 7 50± 11 183± 33 2650± 459 8.1± 0.2 280± 49 22.3± 2.7 10

Granite 20 16 87 8 16 150 130 6.6 40
Sandstone 45 31 52 21 47 150 120 6.8 60

Carbonate 1272 321 35 13 43 100 3200 7.9 400

AAR 142 92 191 36 44 200 442

AWR 332 128 231 38 60 178

Al Fe Mn Ba Co Cu Sr n

(µmol l−1) (µmol H+ l−1)

Raglan’s- H.Q. 0.28± 0.18 4± 2 0.11± 0.069 0.12± 0.034 0.003± 0.002 0.040± 0.066 0.65± 0.157 32

Farm L.Q. 0.12± 0.076 1.4± 0.5 0.31±0.163 0.18± 0.029 0.003± 0.001 0.018± 0.008 1.14± 0.201 10

AWR 1.85 0.7 0.15 0.44 0.003 0.024 0.68
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Figure 4. Suspended organic C (SOC, Mg l−1) in the Kafue River from March 95 to April
96.

between 5 and 70 mg l−1, depending on the flood regime (Hall et al., 1977; Berner
and Berner, 1987). Rivers in Africa generally show low yields of suspended solids.
This is most likely caused by the low relief of central Africa (Hay and Southam,
1977).

The fluctuations of the TSS during high water discharge are probably caused
by heavy rain storms, increasing the particle load by erosion from the land and
re-suspension of the river sediment. During the end of the high water discharge
(March and April) the river banks were flooded. This led to a decline of the TSS,
which most likely is a reflection of a slower water velocity in the river (Figure 1).

Suspended organic carbon (SOC) showed increased concentrations during low
water discharge, in June–August, which indicate an increased organic activity (Fig-
ure 4). Suspended organic nitrogen (SON) show the same pattern as SOC and
the ratios between SOC and SON (cf. Redfield ratio) is near 7 in the river. A
ratio at about 7 indicates that autochthonous material dominates the suspended
organic matter (cf. Wetzel, 1983). The higher load of total suspended solids (TSS)
during low water discharge (Figure 1) can therefore be explained by an increased
biological production in the river.

SR-ISOTOPES AND BA/SR-RATIOS

The87Sr/86Sr ratio in the dissolved phase showed a shift from 0.71300 in October,
during low water discharge, to 0.71371 in January during the beginning of high
water discharge (Figure 5). This shift at high water discharge indicates a greater
influence of water draining relatively weathering-resistant minerals rich in K. This
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Figure 5. 87Sr/86Sr-ratios and the 1/Sr concentrations in the Kafue River at 5 occasions (Mar.
1995, Apr. 1995, Oct. 1995, Jan. 1996, Feb. 1996).

Figure 6. Dissolved Ba/Sr ratios and water discharge in the Kafue River from March 95 to
April 96.

water probably originated from the upper parts of the soil profile, where more
intensive weathering takes place.87Sr/86Sr ratios for samples taken during March,
April and October follow a mixing line (cf Figure 5) when plotted against 1/Sr,
which indicates water of the same origin. It is not likely that the increased ratios
during high water discharge are caused by rain water, as low87Sr/86Sr ratios (mean
0.71129) were measured by Négrel et al. (1993) in rain water within the nearby
Congo river basin. A marked increase in the dissolved Ba/Sr ratio from early
December to early January (Figure 6) further suggests a wash-out of elements from
the upper parts of the soil profile during high water discharge (cf. Land et al., 1999).
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Figure 7. The relative distributions of dissolved Ca, Mg, and Na + K in the Kafue River at
Raglan’s Farm and in several other African rivers. River data from Wright (1982), Nriagu
(1986), Berner & Berner (1987) and Viers (1997).

DISSOLVED (<0.45µM) AND SUSPENDED(>0.45µM) ALKALINE AND

ALKALINE EARTH ELEMENTS

The relative contribution of dissolved Ca, Mg, and Na + K to the Kafue River at
Raglan’s Farm and several other African rivers (Martin and Whitfield, 1983; Berner
and Berner, 1987; Wright, 1982; Nraigu, 1986; Viers et al., 1997) are presented
in Figure 7. Some reference rivers draining areas with a homogeneous bedrock
(granite and carbonate rock) are also included (Meybeck et al., 1992). Most African
rivers show a great influence from crystalline rocks and are therefore characterised
by relatively high Na + K, and low Ca and Mg contents, compared to AWR, which
is more dominated by carbonate rich sedimentary rocks (Figure 7). However, due
to the carbonate rich bedrock, the Kafue River is characterised by high Ca and Mg
concentrations (Figure 7 and Table III).

Seasonal variations in the dissolved major cations Ca, Mg, Na and K showed
patterns similar to the conductivity with the highest concentrations during low
water discharge, as exemplified by Ca in Figure 8. However, conductivity norm-
alised dissolved element concentrations indicate a temporary relative increase in
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Figure 8. Concentrations of Ca in the dissolved (<0.45µm) and the suspended (>0.45µm)
phase in the Kafue River from March 95 to April 96.

Ca and K and a decrease in Na during the beginning of high water discharge in
January and February (Figure 9). Likens and Bormann (1995) showed that biota
accumulate relatively more Ca and K compared with Na in terrestrial ecosystems.
Hence, a relative increase in dissolved Ca and K compared with Na in the Kafue
River during the beginning of high water discharge probably indicate a wash-out
of mineralised organic material from the upper parts of the soil profile and/or from
the dambos.

Several studies have shown marked seasonal fluctuations in the dissolved Ca
concentration in hard water systems due to the precipitation of CaCO3 (Wetzel,
1983; Walling and Webb, 1986). These occasions can be triggered by dry condi-
tions (enhanced concentrations) and/or increased pH and an active uptake by biota.
During low water discharge (July–November), conductivity normalised dissolved
Ca values in the Kafue River indicate a continuous removal of Ca from the dis-
solved phase (Figure 9). This is in contrast to the normalised Na values which
are about constant during the same period. Calculations with WATEQ4F (Ball
and Nordstrom, 1991) further indicate saturation and a precipitation of CaCO3 in
the river at Raglan’s Farm during low water discharge. The elevated Ba/Sr ratios,
during low water discharge probably indicate a co-precipitation of Sr with the Ca
rich phase (Figure 6). The concentrations of dissolved Ba showed a drop during
June and July, similar to Mn (Figure 10 and 16). This indicates Ba co-precipitating
with suspended Mn (see below).

Suspended Ca, Mg, Na, K, Sr and Ba in the Kafue River showed elevated
concentrations and Ti-normalised values, compared with the local soil and sedi-
ment (Table IV). Suspended Ti-normalised values of Ca, Mg, Ba and Sr showed
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Figure 9. Conductivity normalised dissolved (<0.45µm) major elements in the Kafue River
from March 95 to April 96.

Figure 10. Concentrations of Ba in the dissolved (<0.45µm) and the suspended (>0.45µm)
phase in the Kafue River from March 95 to April 96.
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Figure 11. Correlation between Ti-normalised (a) Ca, (b) Mg, (c) Ba and (d) Sr and
Ti-normalised Fe in the suspended phase. o = rainy season, x = dry season.

correlation to Ti-normalised Fe during the rainy season (Figure 11). During the dry
season the formation of particles, originating for example from organic material
and the precipitation of CaCO3, obscure the correlation with Ti-normalised Fe. In
a boreal river system, Ingri and Widerlund (1994) found scavenging of alkaline
earth elements by suspended none detrital Fe throughout the year. The intercept
value on the y-axis of the regression (Figure 11) shows that Ti-normalised Ca, Mg,
Ba and Sr are highly elevated compared to the local soil (Table IV). This suggests
that the elements probably also are associated with authigenic carbonates and a
Mn-rich phase (see below), apart from the detrital and Fe-rich phases.

SULPHUR

In contrast to other major dissolved elements the concentration of dissolved S
showed a pronounced increase (8 times) during the initial stage of the high water
discharge (Figure 12). Wash-out effects of S have been shown to occur in rivers
due to the accumulation and mineralisation of S in organic material (Likens and
Bormann, 1995). However, the high increase of S in the Kafue River upstream
from the mining activities is probably caused by a wash out of atmospherically
deposited S originating from the mining activities.
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Table IV. Concentrations (%, ppm) and Ti-normalised values of suspended elements (>0.45µm), sediment and soil samples (ashed weight)
in the Kafue River during 9503–9604. ASS (Average Suspended Solids) and World Soil (compiled by Martin and Whitfield 1983). High Q =
high water discharge, Low Q = low water discharge.

Raglan’s Farm Si Al Ca Fe K Mg Mn Na P Ti Ba Sr Co Cu n

(%) (ppm)

Susp. solids
(annual) 22± 1.2 11± 1.9 2.9± 0.8 14± 2.8 1.7± 0.7 1.5± 0.5 0.73± 0.4 1.3± 0.9 0.51± 0.1 0.50± 0.07 825± 651 129± 43 83± 33 290± 91 31

Susp. solids

(low Q.) 22± 0.4 8.8± 2.6 4.3± 0.7 13± 1.5 1.9± 0.5 2.2± 0.7 1.2± 0.6 1.4± 0.4 0.64± 0.2 0.42± 0.04 1623± 1486 198± 53 66± 12 340± 98 4

Susp. solids
(high Q.) 22± 1.0 12± 1.5 2.6± 0.5 13± 2.5 1.8± 0.7 1.3± 0.2 0.53± 0.2 0.86± 0.5 0.49± 0.1 0.53± 0.05 622± 259 101± 15 84± 28 316± 102 14

Sediment

(0–2 cm) 36± 1.2 5.9± 0.6 1.6± 0.2 4.9± 0.8 0.6± 0.08 0.5± 0.10 0.07± 0.02 0.07± 0.01 0.07± 0.01 0.6± 0.02 201± 41 42± 12 46± 10 146± 79 4

Sediment
(16–25 cm) 38± 0.3 5.5± 0.1 0.7± 0.1 2.4± 0.2 0.6± 0.03 0.3± 0.01 0.02± 0.001 0.08± 0.01 0.02± 0.003 0.7± 0.02 180± 16 33± 5 30± 4 15± 6 3

Local soil 38± 2 5.6± 0.4 0.08± 0.03 3.3± 2 0.77± 0.1 0.22± 0.02 0.01± 0.01 0.07± 0.03 0.03± 0.01 0.85± 0.2 204± 13 14± 1 13± 5 38± 7 4

ASS 28 9.4 2.1 4.8 2.0 1.2 0.10 0.70 0.10 0.60 600 150 20 100
World Soil 33 7.1 1.5 4.0 1.4 0.5 0.10 0.50 0.08 0.50 500 250 8 30

Ti-norm

annual 44 22 5.8 28 3.4 3 1.5 2.6 1 1 1650 258 166 580 31

Low Q. 52 21 10 31 4.5 5.2 2.9 3.3 1.5 1 3864 471 157 810 4
High Q. 42 23 4.9 25 3.4 2.5 1.0 1.6 0.9 1 1174 191 158 596 14

Sediment

(0–2 cm) 60 9.8 2.7 8.2 1 0.8 0.1 0.1 0.1 1 335 70 77 243 4

Sediment
(16–25 cm) 54 7.9 1 3.4 0.9 0.4 0.03 0.1 0.03 1 257 47 43 21 3

Local soil 45 6.6 0.1 3.9 0.9 0.3 0.01 0.1 0.04 1 240 16 15 45 5

ASS 47 16 3.5 8 3.3 2 0.2 1.2 0.2 1 1000 250 33 167

World soil 66 14 3 8 2.8 1 0.2 1 0.2 1 1000 500 16 60
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Figure 12. Concentration (mmol l−1) of S in the dissolved (<0.45µm) phase in the Kafue
River from March 95 to April 96.

SILICONE

Diatoms have been shown to be important in modifying the concentrations of
dissolved Si in freshwater systems (Wetzel, 1983). In the Kafue River dissolved
concentrations of Si show a clear minima during the dry season (Figure 13). The
suspended Si/Ti ratios show an increasing trend during the same period (Figure 13),
suggesting that dissolved Si is incorporated by diatoms. Light microscope slides
show an increased concentration of diatoms in the Kafue River during low water
discharge. Correlation of Ti normalised Si and Fe shows two populations consisting
of samples taken during the dry and the rainy season respectively (Figure 14).
Samples taken during the dry period show a linear correlation due to the forma-
tion of diatoms and probably a subsequent sorbtion of Fe oxyhydroxides on the
surfaces. Lewin (1961) showed that Fe and Al can combine with diatom silica and
affect either their dissolution rate or their final solubility. Furthermore, Nelson et
al. (1995) discussed how Fe and Al, that can form highly insoluble hydroxides, can
bind to hydroxyl groups at the surface of the hydrated amorphous silica. Samples
taken during high water discharge show no correlation between Si/Ti and Fe/Ti
ratios. The Si/Ti ratios are, however, similar to what is found within the local soil
indicating transport of Si in detrital material (Table IV).

IRON, ALUMINIUM , MANGANESE, COBALT AND COPPER

During the shift from low to high water discharge dissolved Fe and Al showed
increased concentrations in the river (Figure 15). In contrast to the major cations,
dissolved Fe decreased during the dry season and showed increased concentrations
in the suspended phase. Viers et al., (1997) discussed the behaviour of major and
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Figure 13. Concentrations (mmol l−1,%) of Si in the dissolved (<0.45µm) and the sus-
pended (>0.45 µm) phase and Si/Ti ratios in the Kafue River from March 95 to April
96.

Figure 14. Correlation between Ti normalised Si and Fe in the suspended (>0.45µm) phase,
Kafue River. x = dry season o = rainy season.

trace elements during weathering of lateritic soils. At the Nsimi-Zoetele site in
Cameroon, humic substances favoured chemical weathering both by producing
acidity and by complexing Fe and Al. Iron and Al were almost exclusively present
in the 0.22µm filtrate and showed a strong correlation with DOC. A similar result
was found by Wright (1982), who observed an increase in dissolved (<0.45µm)
Fe in the River Jong, Sierra Leone, during the beginning of high water discharge.
This was explained by the reemergance of acidic ephemeral streams washing out
accumulated Fe, complexed with organic material, from lateritic soils. No DOC
was measured in this study. However, the increased concentrations of dissolved
(<0.45µm) Fe and Al in the Kafue River during January are most likely caused
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Figure 15. Concentrations (µmol l−1,%) of Fe in the dissolved (<0.45 µm) and the
suspended (>0.45µm) phase in the Kafue River from March 95 to April 96.

by an enhanced wash out of organic colloids and/or colloidal oxyhydroxides rich
in Fe and Al from the upper parts of the soil-horizons and from the dambos.

The dissolved Mn concentration in the river (Figure 16) probably reflects three
different processes. During the beginning of the high water discharge (December–
January) a similar increase of the Mn concentrations as of Fe and Al, in spite
of increased water discharge, could probably be explained by water from flooded
organic rich environments with relatively low pH and redox conditions, such as the
dambos. During the beginning of the low water discharge (May–August), the Mn
concentration decreased, similar to the decrease in dissolved Si and Ba (Figure 13
and 10). There was a temporal increase in pH exactly during this period, (Figure 3)
which was decoupled from the linear alkalinity relation. This period is also charac-
terised by increased formation of diatoms (increased suspended Si/Ti rates) which
probably triggers the precipitation of dissolved Mn. The same process has been
documented in a boreal river system (Pontér et al., 1992). Furthermore, Chapnik
et al. (1982) and Tipping et al. (1984) found that the transition of Mn between
dissolved and suspended phases, in natural waters, depends on the presence of
particulate matter, implying either that the reaction is biologically mediated or that
it is catalysed by particles. During the end of the low water discharge (August–
November) the dissolved and the suspended Mn concentration started to increase
and showed high values during the whole period. This is most likely the result of
a lowered redox potential in the surface sediment due to break down of organic
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Figure 16. Concentrations (µmol l−1,%) of Mn in the dissolved (<0.45 µm) and the
suspended (>0.45µm) phase in the Kafue River from March 95 to April 96.

material promoting an upward flux of Mn from the sediment into the water column
(see below).

Dissolved Co and Cu shows approximately the same concentrations in the Kafue
River as found in the AWR (Table III). The concentrations of dissolved Co and Cu
increases in the Kafue River during low water discharge, from July to November,
and shows the highest values during the beginning of the high water discharge (Fig-
ure 17). Suspended Co and Cu shows concentrations in the Kafue River which are
about three times higher than in the ASS (average suspended solids) and approxim-
ately 7 times higher than levels in the local soil (Table IV). Suspended Co and Cu
show elevated concentrations especially during the end of the low water discharge
(Figure 17). High concentrations of trace elements found in the dissolved and the
suspended phase during high water discharge indicate that atmospheric particles
emanating from the mining area are deposited upstream from the sampling site and
washed out into the river during the rainy period. However, a natural cause for this
increase in Co and Cu during high water discharge cannot be excluded.

A strong linear correlation is found between suspended Co and Mn (r = 0.98)
if the period September to December is excluded (Figure 18). Copper shows a
weaker correlation (r = 0.70) with Mn (Figure 18). The weak correlations found
during low water discharge are probably explained by a larger flux of dissolved Mn
from the sediment (see below) and consequently an enhanced precipitation of fresh
Mn oxyhydroxides.
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Figure 17. Concentrations (µmol l−1, ppm) of (a) Co and (b) Cu in the dissolved (<0.45µm)
and the suspended (>0.45µm) phase in the Kafue River from March 95 to April 96.

Figure 18. Correlation between Ti-normalised suspended (>0.45µm) (a) Co, (b) Cu and Mn
in the Kafue River. x = dry season o = rainy season.

SEDIMENT

Increased concentrations of Ca, Mg, Fe, Mn, Si, Al, Ba, Sr, Co and Cu were ob-
served in the sediment pore water below 10 cm depth (Figure 19) and, except for Si,
at the sediment surface. The increased concentrations are most likely related to a
dissolution of Mn and Fe rich oxyhydroxides in a reducing environment. The redox
of the pore water showed lowered values below 10 cm depth in the core and near the
sediment surface. Low redox values near the sediment surface is probably due to
mineralisation of organic material and the low re-suspension of deposited sediment
during low water discharge. The sediment pore water data therefore supports the
observed uptake of Ca, Mg, Sr and Ba on the suspended Fe-rich phase (Figure 11)
and the uptake of Co and Cu on the suspended Mn-rich phase (Figure 18).

Calculations on the diffusion from the surface sediment into the water column
indicate that interstitial Al, Fe, Mn, Co and Cu could be a major source to the water
column during low water discharge (Table V). This is reflected by increased levels
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Figure 19. Concentrations of (a) Ca, (b) Fe, (c) Mn, (d) Co and (e) Cu in deposited sediment
(%, ppm), pore water (mmol l−1, µmol l−1) and Ti normalised ratios in a sediment profile
from the Kafue River.
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Table V. Total transport of major elements (g s−1) and trace elements (mg s−1) in the Kafue River and from the sediment into
the river. Negative values indicate a transport from the water into the sediment.

Tot. transport Ca (g s−1) Mg Na S Si Al (mg s−1) Fe Ba Co Cu Mn

Sed.-water (high Q) −1 −0.5 −0.5 0.3 −0.4 3 78 0.7 0.4 6 22

Sed.-water (low Q) −3 −1 −2 0.4 −0.4 4 102 −0.9 0.4 6 20

River (high Q) 702 299 198 85 240 340 8 741 8 69 272

River (low Q) 30 14 10 2 6 4 0.2 30 0.2 1 20
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of TSS and an increased formation of secondary Fe and Mn oxyhydroxides in the
river during low water discharge (Figure 1, 15 and 16).

Conclusions

Geochemical processes in the Kafue River, draining a semi-arid tropical region,
show seasonal fluctuations similar to those of rivers draining boreal regions. The
similarities are due to the great fluctuation between high and low water discharge.
For example, accumulated weathering products and mineralised organic material
in soil profiles within both regions are washed out during high water discharge.
During low water discharge autochthonous processes in the rivers transfer elements
from the dissolved phase to the suspended phase. Particles rich in Si are formed
by an increased number of diatoms which lowers the dissolved Si concentrations
in the water column. The diatoms also provides a greater surface area for other
elements to adhere to. Furthermore, oxide hydroxides of Fe and Mn are important
scavengers of dissolved major and trace elements in both semi-arid tropical rivers
and in boreal rivers. This study also showed that Mn is a useful tracer when inter-
preting hydrogeochemical processes in both semi-arid tropical rivers and in boreal
rivers.
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