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Abstract

The importance of wetland management and conservation is becoming more and more prevalent in the world today. It is thus
important to determine baseline contamination values for wetlands to assist in making informed management decisions.
Sediment from the Nyl River flood plain in the dry Limpopo Province was analysed using sequential extraction and ICP-MS
to determine baseline metal concentrations, and bioavailability thereof. Eight heavy metal (Cu, Cd, Cr, Al, As, Zn, Mn, Pb)
concentrations were determined and compared to sediment quality guideline values to assess sediment quality. Fractionation
of the elements was also noted to assess the bioavailability of the metals. The results indicated that the sediment is of a fair
quality in comparison to the sediment quality guideline values. They also indicate that the metals will only become available
in the presence of strong reducing agents as most of the metal concentrations were recorded in the 4™ and 5" fractions obtained
from the Tessier sequential extraction of the sediment samples. The study concluded that the sediment is of a fair quality and

that it poses little potential threat to the system.
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Introduction

From the myriad results reported in the literature it is possible
to conclude that metals have a high toxicity and worldwide dis-
tribution in the aquatic environment. They are also known to
accumulate in sediments (Klavins et al., 1998) Data concerning
environmental effects of chemicals clearly indicate the acceler-
ated and negative effects of the dispersal of metals and metalloids
in the environment by anthropogenic activities, and the changes
made to global chemical cycles (Mester et al., 1998). The study
of sediments in wetlands is important as wetlands act as natural
filters for water in a system and thus act as a sink for contami-
nated suspended particles in the water column. Sediments also
provide an indication of potential contamination on a temporal
scale. The analysis of water indicates the contamination status
at present whereas sediment can provide information on the sys-
tems’ contamination history (Shine, 2004). Wetlands can also
act as a source of increased contaminant levels in a water body
during periods of increased water flow by remobilising the set-
tled particles resulting in the re-suspension of the contaminants
into the water. These sediments are transported downstream and
affect the ecosystems of the river downstream as well as flooded
wetlands (Ulbrich et al., 1997). The mobilisation of sediments
by water flow allows contaminants to penetrate deep into wet-
lands by flood waters (Ulbrich et al., 1997). It is thus important
to assess the sediment quality throughout the system.

Contaminants bind to the sediment particles (Buykx et al.,
2002). These contaminants can be either metal compounds, or
originate from chemical compounds released into the system via
a number of anthropogenic activities.

These metal compounds may be present in several geochem-
ical phases that act as reservoirs or sinks of trace metals in the
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environment (Li et al., 1995). These phases include the broad
categories: exchangeable, specifically adsorbed, carbonate, Fe-
Mn oxides, organic matter and mineral lattice (Li et al., 1995).1t
is thus recognised that the quantification of the chemical forms
of metals in the sediment is essential for estimating the mobility
and bioavailability of metals in the environment (Leschber et al.,
1985; Li et al., 1995).

The study area falls within the Waterberg catchment area. It
follows the course of both the Klein and Groot Nyl Rivers, from
their sources to their confluence, and then the course of the Nyl
River to Moorddrift Dam near Mokopane (Potgietersrus). The
Nyl River flows through or is impacted on by the towns of Modi-
molle (Nylstroom) and Moogkopong (Naboomspruit). The Nyl
River flows in a north-easterly direction from Modimolle in the
west to Mokopane in the east. At Mokopane the river changes
course northwards and is renamed the Makgalakwena River.
The Makgalakwena River then flows into the Limpopo River.
The Nyl River and its flood plain are subjected to various poten-
tial impacts via anthropogenic activities, such as mining and
farming, as well as the associated problems caused by formal
and informal settlements. According to the Mookgopong (Anon,
2003a) and Mokopane (Anon, 2003b) tourism bureau the farming
activities that take place include both agriculture and livestock.
Crops such as maize, groundnuts, tobacco, citrus, cotton, millet,
wheat, rice and sunflowers are planted in the fertile soil of the
Waterberg catchment area. Cattle are also farmed extensively in
the rich grazing provided by the flood plain. Around the sources
of the Klein Nyl River and the Groot Nyl River game farming
takes place on a large scale with a large number of privately
owned game farms (Anon, 2003c). The mining of tin, chrome
and fluorspar also takes place in the area between Mookgopong
and Mokopane. The Waterberg catchment is characterised by its
richness in minerals with 545 known mineral deposits (Anon,
2003d).

The Nyl River flood plain is South Africa’s largest ephem-
eral wetland, being 24 250 ha in size, and 500 ha of this wet-
land is situated in a nature reserve and is classified as a RAM-
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SAR site. The flood plain is unique in the fact that it is the only
place in South Africa where the wild rice Oryza longistami-
nata grows (Gibbs et al., 1991). The nature reserve also pro-
vides valuable breeding ground for the endangered Roan ante-
lope (Hippotragus equinus) and numerous waterfowl species.
In all there are 23 Red Data bird species found in the wetland
(Tarboton, 1987).

Materials and methods

The 18 sampling sites were chosen to be evenly distributed
throughout the system, thereby providing representative sample
points in the Nyl River, the Nyl River flood plain and some of
the tributaries with more permanent flow throughout the season.
Figure 1 indicates a schematic representation of the study area
and sampling points. These sites were selected so that possible
point sources of pollution could be identified.

It is generally recognised that information about the phys-
ico-chemical forms of elements is necessary to understand their
environmental behaviour such as mobility and bioavailabil-
ity (Tack and Verloo, 1995). Sediment samples were collected
from the 18 localities throughout the system and subjected to a
S-point sequential extraction. The sequential extraction of met-
als from solid media is a common tool used in the analysis of
environmental geochemistry (Sutherland and Tack, 2003). This
process uses different reducing and oxidising agents to remove
each fraction of the bound metals in the sample. This allows for
the evaluation of the total metal content available for uptake by
organisms or bioavailability.

The 5 fractions extracted are listed in Table 1 with a brief
explanation of the remobilisation of metal ions from each frac-
tion.

Sediment samples were collected quarterly from March
2001 to July 2002 from the upper 50 mm of the substrate and
placed in 350 m( plastic honey jars and frozen. Frozen samples
were returned to the laboratory for further analysis.

In the laboratory the sediment samples underwent a proc-
ess of sequential extraction. It was decided to use a 5-fraction
extraction, which identifies the non-residual metal concentra-
tions among the three basic operationally-defined host fractions
(Ngiam and Lim, 2000). The process followed was modified
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Figure 1
Schematic of sam-
pling points in the
Nyl River System
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from the process set out by Tessier et al. (1979). The proc-
ess involves subjecting the sediment samples to chemicals of
decreasing pH and increasing oxidising strength, to remove
the operationally defined host fractions corresponding to the
exchangeable, carbonate, reducible and organic/sulphide phases
(Ngiam and Lim, 2000). Sediment samples were dried in an
oven at 60°C. Approximately 1 g of dry sample was placed in a
50 m¢{ nalgene polyethylene centrifuge tube before it underwent
extraction. Figure 2 gives a brief outline of the process followed
during the extraction process. Two replicates were prepared for
each extraction.

All samples were then analysed for metal content using
standard inductively coupled plasma mass spectrophotom-
etry (ICP-MS) techniques. ICP-MS analyses were carried out
on an X-series thermo elemental quadrupole-based ICP-MS.
Yttrium was used as an internal standard to correct for high
dissolved solids arising from matrix effects. The metals cho-
sen for the study were selected from a list of metals that were
above acceptable levels in a scan done on water from the sys-
tem.

For statistical analysis metal concentrations in sediment
fractions were analysed using one-way ANOVA with season
and site as independent factors. Significance level was taken as
P<0.05.

TABLE 1
Table of the different fractions extracted during the sequential extraction process, their binding sites
and the remobilisation thereof (adapted from Coetzee, 1993)

Fraction Fraction Binding site Remobilisation
description

Fraction 1 |Exchangeable |Weakly absorbed metals, particularly those Changes in ionic composition of water would
fraction absorbed to the surface of sediment particles. strongly influence absorption-desorption and

ion-exchange processes of metal ions with the
major constituents of sediments.

Fraction 2 | Bound to Trace metals co-precipitated with carbonates Lowering the water pH will remobilise these
carbonates trace metals.

Fraction 3 | Bound to Fe and Mg oxides present in sediments as Trace metals are remobilised due to reduction
manganese and | concretions are excellent substrates with large of Fe (IIT) and Mn (IV) under anoxic conditions
iron oxides surface areas for trace metals to absorb to and their subsequent dissolution.

Fraction 4 |Bound to Organic matter such as detritus, living organ- Trace metals may be released under oxidis-
organic matter |isms and coatings on mineral particles bind trace | ing conditions during the degradation of these

metals through complexation and bioaccumula- | substances.
tion processes.

Fraction 5 | Residual or Residual fractions are the trace metals bonded | These metals are not likely to be remobilised
inert fraction |strongly to the crystal structure of the minerals | under normal environmental conditions

comprising the sediment.
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Figure 2
Flow diagram for Tessier sequential extraction (Coetzee, 1993)

Results and discussion
Aluminium

The increased bioavailability of aluminium in sediments comes
about by the remobilisation of sediment particles by increased
water flow and agitation in conjunction with decrease in pH
(Buykx et al., 2002). This increased bioavailability can have
various physiological effects on the organisms in the system.
Figures 3 A to D indicate the various aluminium concentra-
tions, for each fraction, observed at each locality during the dif-
ferent sampling periods. The concentrations recorded indicate
that the majority of the aluminium in the sediment is partitioned
into the 4" and 5 fractions, that is, they are bound to the fractions
containing organic matter and the residual or inert fraction. This

, s"”%"'"é" 1

Figure 3(a-d)
Aluminium concentrations
(mg/kg) in the different
fractions during the different
sampling months. A: August
2001, B: November 2001, C: g
March 2002, D: July 2002
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would indicate that the aluminium in the sediment is not very
bioavailable and will only be released in the presence of a strong
reducing agent or if the pH in the system were to decrease.

No significant differences were found between the mean alu-
minium concentrations for Fractions 1, 2, 4 and 5, when the frac-
tions for each month were compared to each other. The compari-
son between mean aluminium concentrations in Fraction 3 for
March and July were, however, significantly different (P<0.05).

The results indicate that the majority of the aluminium is
concentrated in the 5" or inert fraction. This further implies that
the majority of the aluminium extracted from the sediment is
from a lattice or detrital origin and can be regarded as coming
from a natural source (Jain, 2004) and that aluminium toxicity
is not a threat to the organisms in the system.

Chromium

Chromium is a relatively scarce metal that occurs in several
states. The most toxic of these states is the chromium VI or hex-
avalent state. Fytianos and Lourantou (2004) observed in their
study of sediment from Lake Volvi and Koronia in Northern
Greece, that chromium is primarily distributed in the reducible
(Fe/Mn oxide), residual and oxidisable fractions. They found
that metals bound to these different fractions have different
potentials for remobilisation and for uptake by biota (Fytianos
and Lourantou, 2004).

Figure 4 indicates the chromium concentrations found in
the samples collected during the different sampling months.
The graphs illustrate that the chromium is partitioned in the
different fraction during the different months. Chromium is
predominantly found in the oxidisable Fraction 4 and inert
Fraction 5. During the August 2001, November 2001 and
March 2002 sampling periods the observed partitioning of
chromium concentrations is primarily in Fractions 4 and 5.
During the July sampling the majority of the chromium is
found in the 5™ fraction.

In the comparison between the different fractions and
the months sampled, Fractions 4 and 5 indicated no signifi-
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Figure 4(a-d)
Chromium concentrations (mg/kg) in the different fractions during the different sampling months.
A: August 2001, B: November 2001, C: March 2002, D: July 2002
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Figure 5(a-d)
Manganese concentrations (mg/kg) in the different fractions during the different sampling months.
A: August 2001, B: November 2001, C: March 2002, D: July 2002

cant differences (P>0.05) in
mean chromium concentra-
tions between August 2001,
November 2001, March 2002
and July 2002. Fraction 3 indi-
cated a significant difference
in mean chromium concentra-
tion between March 2002 and
July 2002. Fraction 1 indicated
significant differences in mean
chromium concentrations be-
tween August 2001 and July
2002 but no significant differ-
ences in mean chromium con-
centrations between August
2001 and March 2002 and July
2002, and November 2001 and
March 2002 and July 2002. No
significant differences in mean
chromium concentrations were
recorded between August 2001
and November 2001. Fraction
2 indicated significant differ-
ences between August 2001
and November 2001, August
2001 and March 2002, Novem-
ber 2001 and March 2002
and November 2001 and July
2002.

The highest chromium
concentrations recorded all
fell within the Sediment Qual-
ity Guideline (SQG) range of
81 to 370 mg/kg (EPA, 1999).
The majority of the chromium
concentrations were below
the lower limit of 81 mg/kg or
ERL (effect range low) (EPA,
1999). This would indicate that
chromium is not a potential
threat to the system.

Manganese

Manganese is an essential
element (Health and Welfare
Canada, 1980) that is a func-
tional component in nitrate
assimilation and is used as a
catalyst in many enzymatic
systems in both plants and ani-
mals (DWAF, 1996). Manga-
nese is readily oxidisable and
settles out of the water column
as MnO, (DWAF, 1996).
Figure 5 indicates the man-
ganese concentrationsrecorded
during the sampling period in
the system. The results indi-
cate that the third fraction had
the highest concentrations of
manganese during the sam-
pling period. No significant
differences were recorded
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in  manganese concentra-
tions between corresponding
fractions of each sampling
month. This would indicate
that manganese could be
released into the system if the
pH of the water in the system
were to decrease.

Zinc (mgikg)
g

Zinc

Zinc is an essential micronu-
trient for all organisms and
forms the active site for vari-
ous metalloenzymes (DWAF,
1996). Figure 6 illustrates the
zinc concentrations in the
system during the sampling
period.

There were no significant
differences between Frac-
tions 4 and 5 in the mean zinc
concentrations during the
different sampling months.
In Fraction 3 significant dif-
ferences (P<0.05) in the mean
zinc concentrations were
found between August 2001
and July 2002, August 2001
and March 2002, Novem-
ber 2001 and July 2002 and
March 2002 and July 2002.
Fraction 2 indicated signifi-
cant differences in the mean
zinc concentrations between
August 2001 and March
2002 and Fraction 1 between
August 2001 and July 2002.
The increased levels of zinc
measured in July 2002 sam-
ples were predominantly
found at the sites close to
the source of the river and
this would thus indicate that
increased levels were from a
natural source.

Zinc (malkg)

Copper

Copper is a common environ-
mental metal and is essential
in cellular metabolism but at
high concentrations it can be
highly toxic to fish (Grosell et
al., 1997). Copper is generally
remobilised with acid-base
ion exchange or oxidation
mechanism (Gomez Ariza et
al., 2000).

Figure 7  illustrates
the copper concentrations
observed in the system during
the sampling period. Copper
concentrations recorded all
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generally fell below or at the
lower end of the SQG range
(34 to 270 mg/kg) with one
exception. An excessively
high copper concentration
(786.5 mg/kg) was recorded
at the source of the Klein
Nyl River (KNO) during July
2002 (Fig. 7 D). This level
B was found in the 2" fraction,

0- Ofgﬁ;qﬁf@@@f éép 5 @Gp&é@{ﬁfgggw which would indicatg that
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f copper is readily available.
The site is, however, situated
Locality Locality on a farm about 50 m from
d the source of the Klein Nyl
River so it can be assumed
the levels come from natural

sources.

A comparison between the
corresponding fractions from
each sampling month indi-
cated that Fraction 3 was the

: only fraction that exhibited
i - significant differences. Sig-
*&We‘p@’é‘?*‘"fé“@%@%&?ﬁ* @f@fﬁﬁiff@ﬁﬁfw nificant differences in mean
Qﬁ,f Gg" Ojf e@" copper concentration were
between November 2001 and
Locality Locality July 2002, and March 2002
Figure 8(a-d) and July 2002.
Arsenic concentrations (mg/kg) in the different fractions during the different sampling months.
A: August 2001, B: November 2001, C: March 2002, D: July 2002 Arsenic
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Arsenic is a highly toxic met-
a b alloid element (Rodrigues et
al., 2003; Pizzaro et al., 2003).
It is widely distributed as a
trace element in rocks and
soils and is mainly mobilised
by microbial activities (Gar-
cia-Sanchez and Alvarez-
Ayuso, 2003).
Figure 8 indicates the
arsenic concentrationsin the

j ﬁfﬁﬁﬁﬁfﬁ@?ﬂw system during the sampling
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5).
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only fractions to show sig-
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sampling months. Concentra-
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Figure 9(a-d)
Cadmium concentrations (mg/kg) in the different fractions during the different sampling months. Cadmium is a non-essential
A: August 2001, B: November 2001, C: March 2002, D: July 2002 trace element that enters the
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environment via anthropo- a
genic activities such as sew- 1500-
age-sludge, fertilisers and
pesticides (DWAF, 1996).
Cadmium adsorbs strongly
to sediments and organic
matter (Sanders et al., 1999).
Cadmium has a range of nega-
tive physiological effects on a
organism, such as decreased
growth rates and negative
effects on embryonic devel- f

opment (Newman and Mcln-

tosh, 1991)

Figure 9 indicates the cad- c
mium concentrationsrecorded
during the sampling period.

The maximum cadmium
concentration of 2.5 mg/kg
recorded during sampling
fell within the SQG and thus
cadmium poses little poten-
tial threat to the organisms
in the system. No differences
were recorded between cor-
responding fractions for
each month with the excep-
tion of Fraction 4, where
significant differences were
found between November
2001 and March 2002 and
November 2001 and July
2002.
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Lead is a non-essential trace
element (Ewers and Schlip-
koter, 1991). The toxicity
of lead is dependent on the
life stage of the organism,
and the presence of organic
material (Hellawell, 1986).
Decreases in water pH can c
increase the bioavailability
of lead in the system (Hel-
lawell, 1986).

Figure 10 indicates lead
concentrations  determined
in the system during the
sampling period. The results
indicate that the majority of
the lead is partitioned in Frac-
tions 3, 4 and 5.

No significant differ-
ences were noted in mean
lead concentrations between
corresponding fractions for
Fraction 2 and 3 from August 2001 to July 2002. In Frac-
tion 1 significant differences were recorded between August
2001 and March 2001, August 2001 and July 2002, Novem-
ber 2001 and March 2001 and November 2001 and July 2002.
In Fraction 5 significant differences were recorded between
August 2001 and November 2001, March 2002 and July 2002,
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Lead concentrations (mg/kg) in the different fractions during the different sampling months.
A: August 2001, B: November 2001, C: March 2002, D: July 2002

==

EERFraction 1
E=3Fraction 2
E=3Fraction 3

00+
904
80+
704
604
504
40+
304
204

Fraction Percentage

104
o
Mn Zn Cu As Cd

Metal

d

Fraction Percentage

Pb Mn Zn Cu As Cd Pb

Metal

Figure 11 (a-d)

Fraction percentage of mean metal concentrations

November 2001 and March 2002 and November 2001 and
July 2002.

All lead concentrations fell within the SQG range except for
Fraction 5 in August 2001. This is little cause for concern as
Fraction 5 is the residual/inert fraction and the lead would thus
be from geogenic origin.
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Conclusions

The results clearly indicate that the metals do not appear to pose
an environmental problem in the system. Figures 11 A to D indi-
cate a stacked graph of the percentage makeup of the different
fractions for the different metals. The figure indicates that the
majority of the metals are partitioned into Fractions 3, 4 and
5 are generally not bioavailable. This would signify that met-
als from the sediments pose little to no potential threat to the
organisms in the system. This would also imply that most of the
metals in the system are from a natural source.

The results also indicate that all metal concentrations fell
within the lower end of the Sediment Quality Guideline Range.
These will thus have little or no effect on the organisms in the
system. Zinc was the only metal that had concentrations greater
than the guideline value. This is however little cause for concern
as they were recorded in the residual or inert fraction (Fraction
5). This would imply that they are natural concentrations in the
sediment.
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