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The increase in and the use of metal cOlnplOUllldS and and in 

... ~I .. ."t...., has resulted in the of and which needs to be evaluated in 

the urban environment. The of some of these wastes into urban rivers should be 

evaluated to determine the for and The effects may, 

in be the chemical states in which these wastes manifest and 

the ........ ; .... , .. Al have. 

The """'0;1 ..... ' ..... ,.. extraction '''''-.ll''''II'''O;; of Tessier et aI. was apllJne~a to the Black River and 

the ... "".u.llwetland sedime:ntsunder .. ih", ... , ... altmc)spbel 

accuracy, in order to evaluate the of metal polilution in the 

Mrica. The total trace metal COllcentr'atilons ll'iI"lIli1"rllllv exceed the 

with a level of 

MetrollJOUtan area, South 

maximum 

pelrDliissiible metal contents for Mo and volatile 

host for and to a lesser extent for lIIr!1l'fli,l.". 

in river sedimc~nt. The is host to most of the a sulJlstanti:1lI 

..... ,I"till'" of Pb at all and most of the Cr at one Metals associated with the AVS and 

..... ~, ........ matter F ...... ti€ ... are p01:enltiaIJy Dlo-:IlV3lUame upon and sulJsequcent oxidation of 

river sediment The Liesbeeck has poltenltiaI for in situ mobililsation of with a 

sulJ.stanti:al fllnnlnn hosted the act'll-u:acnaIJle, carbonate fraction. Most the Crand are 

iUllIU\;liIlU::U with the residual fra,etiino ...... ,Il • ..l' ... 1Ili a low pOl.CD1UW mobilisation and 

aVluhtbillity in the river se(Umlen'IS for these elements. 

In a core of SU[t-oJOC. 

tend to occur 

wetland sedjm.~nt, the more elements such as 

conlcem~ratiOllsM7-9cm 

Cd and 

in the sedlimlent, while the 

less mobile elements such as Cr and Co have The Fe-

Mn oxide is the dominant host for the Zn and whHe the matter fraction is 

the main host Cr and Co. Zn and Cd have the II' ......... ' ...... for seasonal with 

cb~mgJing redox COlldiltiOllS due to and Wal[er··log;gm.g of the wetland in the 

season, a pO!lslble tr'1llllulfll"r between the oxide and mineral Cr and 

while in the for mobilisation 

with natural with some 11"'''' ..... 1 ...... for imlIDobiliisaltion under anoxic 

.... ., ..... 11 •• ., .... whe~ the wetland is fi04lded, the of Metals as 

a ..... 1' ...... '" have the p01:enltial for seasonal the season, when is not water-

carbonate 

s: 5. 

Zn and Cd have concentrations associated with the acid-leachable 

and have p01:enltiaJ for mobilisation on aCidiflcatioiO, such as water with 
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FiglJre 1: Location map of the stlJdy area in SOlJth Africa. 
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Fi .. ,urc 2 A~rial photograph ofth~ Black River cmchment area. 
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1.3 Preliminary data 

Data from a preliminary study (XRF and ICP-MS water chemistry data of Chad 

Vlansky, GE0304F class, VCT) of the Black River water near the N2, indicates 

concentrations ofCr (>250 ppm), Ca2+ (-91 ppm), Mg2+ (-36 ppm), S042-

(-100 ppm), considerably higher than all other fresh water bodies measured in the 

area. This could be taken as an indication of the level of anthropogenic input. 

Eight sediment samples taken from dredged material from the Black River in the 

vicinity of the N21N5 national highway interchange also indicate extremely high 

concentrations of potentially toxic metals e.g. maximum values of 265ppm Pb, 

195ppm Sn, 140ppm Cu, 224ppm Mn, 64ppm As, 41ppm Ni, 224ppm Cr, 1259ppm 

Zn and 9.6ppm Co. Comparisons to the Average Shale Value which has been used as 

a measure of enrichment for fine grained sediments in other studies (Emmerson et al., 

1997), reveals that the sediment is very slightly enriched with regard to Cu and Cr, 

and more severely enriched in Zn and Pb compared to the Average Shale Value of 

Turekian and Wedepohl, (1961). Mean concentrations of Cr, Cu, Zn and Pb for the 

eight samples of dredged material form the Black river, all exceed the 1999 SABS 

maximum permissible metal (MPM) content in soil, and the Dutch Government target 

values (Emmerson et ai., 1997) defined as acceptable environmental quality 

standards. However, the total fraction of potentially toxic metals may not be all 

bioavailable at one time under any particular conditions of pH and redox state, 

depending on which phase or fraction of the sediment they reside in. A geochemistry 

soil report was composed, on the soil formed on shales of the Malmesbury Group on 

the northern slopes of Table Mountain (N. Haniff, 2002) as part ofthe Environmental 

Geochemistry class at VCT. It was found that the shales have a relatively large 

fraction of soluble Mn, Fe and AI i.e. 4-5ppm Mn, 3-4ppm Fe and 0-1ppm AI in the 

surface soil horizon, O-lppm Mn, 4-5ppm Fe and 3-4ppm AI in the sub-surface layer, 

22cm below the surface. The soil formed on Malmesbury Shale was found to be 

mildly acidic and contain an accumulation of iron oxides in the sub-surface layer. 

This could probably have some effect on the sediment composition and adsorption 

characteristics (with regard to various trace metals) of the Black river sediment. The 

cation exchange capacity (CEC in mmolclkg) of the shale was also found to be low, 
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93.88mmolclkg in the 22cm thick A-horizon, in fact lower than if aU the soil was 

composed of pure kaolinite. 

Data from the Cape Town Municipality Scientific Services Division reveals that the 

pH of the Black River varies mainly between 7-8 at positions downstream of the 

Vygekraal - Black Rivers convergence, with rare occasions over the last 11 years, 

when the pH has varied to 6.4 or as high as 9.6. The changes in pH would have had an 

effect on the adsorption of heavy metals onto sediment, the complexes formed and 

their stabilities (See MacBride, 1994, Chapters 4&5), and subsequently on sediment 

and water quality. 

2. Methods 

2.1 Sampling 

2.1.1 River Sediment Samples 

On the 15th and 16th August, eight sediment samples were collected from the Black 

River and it's tributaries. The sampling points are as fonows (Fig. 2): 

1. Elsieskraal convergence point with the Vygekraal River, on the southern 

Bank, across from the convergence point. 

2. Vygekraal River, downstream of the Elsieskraal convergence point. This was 

on the southern bank, adjacent to the walk-over golf course bridge. 

3. At the Raapenberg bridge in the Vygekraal River, near the bridge pillar. 

Southern bank. 

4. Next to the Raapenberg Wetland, in the Black River, on the southern bank. 

About SOm east of the walkbridge before the Maitland turnoff. 

5. From the Liesbeeck River, opposite the Hartleyvale stadium, on the southern 

bank. 

6. In the Vygekraal River, just upstream of the sewage effluent inlet. 

7. Surface sediment from the Raapenberg wetland at the convergence of the 

Black and Liesbeeck rivers, across from the Liesbeeck canal. 

8. Vygekraal river in Blom Street, far upstream of the Athlone sewage works, 

and downstream of Borchard's Quarry Wastewater Facility. 

10 
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No sediment was found in the Salt River Canal, and there is no data available for this 

part of the river. 

At each sampling stop, bottom sediment was scooped off the river bed, transferred 

from the plastic cup into two clean zip lock plastic bags, without removing pore

waters. The temperature and pH was measured for wet sediment on one bag. The 

other bag was flushed with nitrogen gas using a small plastic tube attached to the gas 

canister, and the ziplock bags were sealed with duct-tape to store. Care was taken not 

to bring any metal in contact with the sediment. At the laboratory, EC was measured, 

since no portable EC meter was available. All sediment except sample 7, which was 

stored at 4°C, was frozen immediately after returning to the laboratory, approximately 

4 hours after sampling. See Appendix 1 for results. 

2.1.2 Riparian Wetland Samples 

One 40cm core sample was taken from the Raapenberg wetland, -20m West of the 

western tip of the boundary fence, of the South African Observatory, at the Liesbeeck 

- Black River convergence. The core was taken using PVC piping, and was sealed 

with rubber stoppers and plastic on either side in the field. The core was sectioned 

under Nitrogen in a nitrogen bag, constructed from polyethylene and duct tape. The 

top IOcm of the core was sectioned every lcm using a plastic spatula, and then every 

-Scm below this. Each individual section was sealed in a ziplock plastic bag and 

immediately frozen for future sequential extractions. 

An additional60cm long core was taken -30cm away from the first core, for a 

description of the main units, grain size analyses thereof and porosity tests, the results 

of which can be found in Appendix 1. 

2.2 Sequential Extraction Procedure 

The sequential extraction procedure of Tessier et aI. (1979) was selected for the Black 

River and Raapenberg Wetland samples. There have been various studies around the 

world all using similar ideologies and methods of analysis for heavy metal 

accumulation in sediments. The studies evaluated includes the Pearl River Estuary, 

China (Xiangdong Li et aI., 2001), Nanhu Lake, China (Deming Dong et aI., 2001), 
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the Tees Estuary, England (Jones and Turki, 1997), Nordasvannet fjord, Norway 

(Muller, 2002), Cima Lake, Brazil (Silva et aI., 2002), Massachusetts Bay, USA 

(Hothner et aI., 2002), Sapelo Island, Georgia, USA (Koretsky et aI., 2000), the 

Orwell and Stour Estuaries, eastern England (Wright and Mason, 1999), the Dommel 

and Bovenschelde Rivers, Belgium (van Ryssen et aI., 1999) and the Severn Estuary, 

south-west Britain (Mortimer and Rae, 2000). Total digestion, partial digestion 

procedures and two other sequential extraction procedures were considered (Kersten 

and Forstner, 1986; and the BCR sequential extraction method ofUre et aI., 1993) in 

detail. 

The fairly well understood procedure of Tessier et aI. (1979) described many 

constraints and controls on the phase being dissolved and most of the potential 

uncertainties of the method were also explored. Ca and Fe concentrations were 

measured in supernatants after different time intervals to calibrate the reaction times, 

thermodynamic calculations were used to predict possible reactions and X-ray 

diffraction was used to determine the changes in whole sediment composition after 

treatment with each successive reagent. Subsequent literature (Rapin et aI., 1986; 

Kersten and Forstner, 1991) also explored the potential uncertainties of the Tessier et 

al. (1979) sequential extraction procedure, and therefore the limitations of the method 

are fairly well understood. Previous authors have attempted to compare the results of 

different sequential extraction procedures (Usero et aI. 1998), with admittedly little 

success. However, there are numerous previous studies available, which have used the 

Tessier et al. (1979) method for sediment extraction, in similar environments, 

available for comparison with the results obtained in this study. 

The prescribed times for each reaction were used, as they were in many other studies 

(Jones and Turki, 1997; Xiangdong Li et aI., 2001; Mortimer and Rae, 2000; Rapin et 

aI., 1986). Unfortunately, the time available for this project did not allow for the 

calibration of the process, for each site-specific sediment, to determine: 

• The length of reaction time appropriate to dissolve the desired phase entirely, 

and if it is selective enough to not attack other phases in the sediment, 

If the reaction time is appropriate in terms of adsorption of dissolved trace 

metals onto the existing clay minerals, and onto edge sites of other minerals. 

12 
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A certified reference material, SL-I from the International Atomic Energy Agency 

(IAEA), was also sequentially reacted in order to evaluate the possible loss of 

sediment during the sequential extractions and overall validity of the application of 

the procedure. SL-l is a well homogenised lake sediment. Certified elements include 

Cd, Cr, Cu, Ni and Pb (IAEA, 1979). 

2.2.1 Sequential Reaction (Tessier et al., 1979) 

The five sequential steps applied to an estimated Ig of dry sediment are as follows: 

(a) Fraction 1: Metals on exchangeable sites in the sediment were leached for 1 

hour with 8 ml of 1 M sodium acetate (NaOAc) at pH 8.3, with continuous agitation. 

(b) Fraction 2: Metals associated with the carbonate phase and those specifically 

adsorbed, were leached for 5 hours (for the core samples) or 6 hours (for the river 

sediment samples) with 8 ml of 1 M sodium acetate (NaOAc) adjusted to pH 5 with 

concentrated, purified acetic acid (BOAc). Also with continuous agitation. 

(c) Fraction 3: To dissolve the Fe-Mn oxides (and acid volatile sulphides) and 

release the associated trace metals, sediment was leached with 20 ml of 0.04 M 

hydroxylamine hydrochloride (NH20HHCI) in 25% v/v HOAc at 96± 3°C for 6 

hours. 

(d) Fraction 4: Metals bound to organic matter, and resistant sulphides were 

leached with 5ml of 30% hydrogen peroxide (B202) at pH 2 at 85± 2°C for two hours 

with occasional agitation. A second aliquot of 3 ml of 30% H202 at pH 2, was added 

and reacted at 85± 2°C for a further 3 hours with intermittent agitation. After cooling, 

5 ml of3.2 M NH40Ac in 20% v/v nitric acid (RN03) was added, the sample was 

diluted to approximately 20 ml with distilled water and continuously agitated for 30 

minutes. 

(e) Fraction 5: Residues were ground in an agate mortar prior to digestion. The 

residues of the river sediment were totally digested using a 4: 1 v/v mixture of 

hydrofluoric acid (HF) and HN03, then dried down and dissolved with concentrated 

HN03 twice, drying down each time. This digestion was carried out in the wet 

laboratory, Department of Geological Sciences, University of Cape Town. The 

residues of the wetland core samples were digested using a 4: 1 v/v mixture ofHCI 

and HF, which was boiled off, then the procedure was repeated with concentrated 

HN03 and then with concentrated perchloric acid (BCI04). This procedure was 

carried out at the Department of Chemical Engineering, University of Cape Town, 

13 
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following the ex-Karbochem R&D laboratory method. The digested residues for 

both the river and wetland sediment was then diluted using 5% v/v HN03. 

For ease of reference, Fraction 1 is referred to as the exchangeable fraction and 

Fraction 2 as the carbonate fraction. Fraction 3 is referred to as the oxide fraction, 

even though the extraction does not distinguish between acid volatile sulphides and 

oxides (Rapin et at, 1986) and this step may liberate metals from labile organic 

complexes as well (Tessier et al., 1979). Fraction 4 is referred to as the organic matter 

fraction, even though it may include the more resistant, well crystallised sulphides 

(e.g. pyrite), and Fraction5 is referred to as the residual fraction composed mainly of 

silicate detrital material, and may include some refractory organics and resistant 

sulphides (Tessier et at, 1979). 

An reactions were performed in 50 ml polyethylene centrifuge vials with screw cap 

lids, which can withstand temperatures up to 121°C. All apparatus was acid washed in 

dilute nitric acid at pH < 0.5, and then washed in distilled water. Vials for the first 

three steps were sealed with parafilm under nitrogen atmosphere to minimise contact 

of the sample with oxygen. Reagents were also added to the vials under nitrogen 

atmosphere (Photo 1, Appendix 1). At the end of each step, the sealed vials were 

centrifuged at 6000 rpm for five minutes. The supernatant was removed with a pipette 

or a plastic dropper, and filtered through a 0.45 J..I.m Millipore membrane syringe filter 

in order to remove most of the colloidal material. All supernatants were then acidified 

with concentrated HN03 to maintain pH < 2 and stored at -4°C. 

After the removal of the supernatants after each step, sediment residues were rinsed 

with :::;8 ml of distilled water to remove reagents remaining in the vial. The residue 

was then centrifuged, the rinse-water removed and discarded using a plastic dropper, 

and the centrifuge vial sealed under nitrogen atmosphere. 

2.2.2 Sample Pre-treatment and Reaction Conditions 

Wet sediment was reacted in the sequential extraction procedure under a nitrogen 

atmosphere. Previous work has shown that acceptable techniques includes freezing 

and that this pre-treatment caused the least change for the anoxic sediment studied 

14 
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(Rapin et al., 1986). Also, previous work has shown that if oxygen is not rigorously 

excluded during extraction from anoxic samples, significant differences were 

observed between the first four fractions, due to the acid volatile sulphide 

concentrations CAYS) in the sample decreasing in the first two extractions 

(Rapin et al., 1986). 

2.2.3 Sample Homogenisation 

Due to wet frozen storage of sediment and extractions carried out under a nitrogen 

atmosphere as fast as possible to prevent fractionation, it was almost impossible to 

homogenise the samples. Samples were stirred with a plastic spatula, but a thorough 

homogenisation process, which would involve drying and sieving, was not carried out 

in order to avoid oxidation of samples. Thus, the samples can be considered fairly 

heterogeneous, for both the river sediment and the core sediment samples. 

2.2.4 ICP-MS Analyses 

The supernatants extracted after each sequential reaction step, were diluted 100 times 

in 5% HN03 and analysed on the quadrupole - type Ion Coupled Plasma Mass 

Spectrometer (ICP-MS) at the Department of Geological Sciences, University of Cape 

Town. While samples from the core were sectioned to 40 cm depth for sequential 

reaction, at 5 cm intervals, only samples to 25 cm depth were analysed on the ICP-MS 

due to budget constraints. All data received from the ICP-MS in mglkg solution, were 

corrected for density of the reagent solutions and dilutions made prior to analyses, e.g. 

due to acidification of the supernatants. Blank concentrations were subtracted for each 

element, and concentrations in ppm, were calculated i.e. mg per kg of sediment. 40 

elements were analysed in each supernatant for each sample however, only a few 

elements which are of potential environmental concern, in terms of elevated 

concentrations and toxicity, were selected for detailed analysis. 

2.2.5 Duplicate Samples 

Two out of eight river sediment samples were selected for duplicate sequential 

reactions. Four out of twelve wetland core samples were selected for duplicate 

sequential reactions. However, only nine core samples were analysed and only two of 

the duplicate samples were analysed on the ICP-MS due to financial constraints. 
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2.2.6 Temporal Variation during Sequential Reaction 

In order to obtain an indication the variation of trace metal concentration in the 

supernatants, as the reaction proceeded for the second, third and fourth steps of the 

extraction, sub-samples were taken. Two river sediment samples were selected for 

monitoring of temporal variations during the sequential reactions. Approximately 

200 ~l was removed from each sample supernatant at different time intervals as the 

reactions proceeded. These two samples were exposed to oxygen during the 

extractions, and were duplicates of samples 1 and 7. This was in order to evaluate 

possible decreases in the concentration of metals in the supernatants due to the 

adsorption onto available solid surfaces. Due to the difficulty filtering such a small 

volume, the supernatant was first pipetted into a syringe, then 2 ml distilled water 

pipetted above, and the liquid was immediately pushed through a 0.45 ~m Millipore 

membrane filter using a plunger into the syringe. The filtered solution was acidified 

with concentrated HN03 and stored at 4°C for future analysis. The two samples were ... 
not monitored in duplicate, and this procedure is untested, uncalibrated for error, and 

not a standardised method. 

2.3 Sediment Porosity and Density Determination 

Since wet sediment (in excess of Ig) was used in the sequential reactions, the porosity 

was determined for each sample to estimate the mass of water in each sample, in order 

to determine the dry mass of each sample reacted. Wet sediment was inserted into a 

syringe of known mass in order to calculate a mass per unit volume for the wet 

sediment. A sample of dry sediment was then inserted into the syringe in order to 

calculate a mass per unit volume for the dry sediment. Alternately, the wet sediment 

in the syringe was dried and re-weighed. The difference between the two, for each 

sample was taken as the mass of water in sediment, which is equal to the volume of 

the water for p (H20) = I.00g/cm3
, This allowed the calculation of the porosity for the 

sample (Appendix 1). 

Porosity and density was determined in duplicate for each river sediment sample from 

the Black River and for each unit in the core from the Raapenberg Wetland, because 

of high variability between the samples from the various locations. The units in the 

16 



Univ
ers

ity
 of

  C
ap

e T
ow

n

core were determined by visually identifying grain size changes, colour, and texture 

changes (Appendix 1). 

2.4 Grain Size Analysis 

A portion of each river sediment sample, and of each major unit of the "description 

core" was oven dried in order to perform a grain size analysis. The sample was dry 

sieved through a 2 mm sieve in order to separate the gravel fraction, then wet sieved 

through a 63 J.lffi sieve in order to separate the sand fraction from the mud fraction. 

The mud fraction was centrifuged to reduce the volume, ultrasonicated after adding a 

dispersant, and then allowed to settle to separate the clay «2 IJ.m) and silt (>2 IJ.m) 

fractions, for a time calculated using Stoke's law (Appendix 1). 

2.S Organic Carbon Determination 

The percent organic carbon was determined using the Walkley Black Method 

(Appendix 1). The organic carbon content was determined for each river sediment 

sample and each core sediment sample (taken from the same core from which the 

sequentially reacted samples were taken). 

2.6 X-Ray Diffraction (XRD) 

The clay retrieved from the grain size analyses was centrifuged to reduce the volume, 

and smeared onto glass slides to analyse for major mineral composition using X-ray 

diffraction. This was done for all river sediment samples, and each unit identified in 

the description core, taken -30 cm away from the core that was used for sequential 

extractions. The main mineral assemblage was identified for each sample. 

2.7 Whole Sediment Digestions 

50 mg dry mass of each river sediment sample reacted in the sequential reaction, was 

digested using a 4: 1 HF and RN03 mixture. Due to the time constraints on the project, 

the same was not done for the core samples, instead the concentrations from each of 
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the five fractions from the sequential reactions were added for a total. The whole 

digestion was conducted in order to compare the sum of five fractions of the 

sequential reactions to a total digestion of dried sediment for the river sediment. The 

separate sediment aliquots for the whole digestion and sequential reaction were not 

homogenised. All sediment was ground in an agate mortar prior to digestion. 

2.8 Water Samples 

Only two water samples were taken from the wetland area, and none were taken from 

the Black River for trace metal analysis. When the two cores were taken from the 

Raapenberg wetland, one for sequential reaction, and one for soil profile description, 

the water displaced by the core, that filled the hole, was scooped using a plastic 

utensil. The two pore-water samples were then filtered twice using Millipore 

membrane 0.45 iJ.m filters, and acidified with nitric acid. They were then analysed on 

the ICP-MS in duplicate after ten times dilution. 
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3. Results 

3.1 Selected Elemental Concentrations in Five Fractions of Black River 

Sediment 

The concentrations (in mglkg soil or ppm) of selected elements are shown in 

Table 1, for five fractions of Black River sediment. There is no residual fraction data 

available for the major elements. 

3.2 Selected Elemental Concentrations in Five Fractions of Raapenberg 

Wetland Sediment 

The concentrations (in mglkg soil or ppm) of selected elements are shown in 

Table 2, for five fractions ofRaapenberg wetland core sediment. 

3.3 Organic Carbon (OC) Percent for River and Wetland Sediment 

Table 3: Organic Carbon Percent, determined by the Walkley-Black method. 

Wetland C~ re SamplE s (Weight percent) 
DeDth (cm OC% reDeat1 repeat2 aveOC% stdev 

1 36.94 30.03 33.49 4.89 
3 34.09 34.09 
5 13.97 17.80 15.89 2.71 
7 11.86 11.86 
9 6.70 6.70 

12.5 1.72 1.72 
15 0.42 1.34 0.88 0.65 
20 1.16 1.16 
25 0.80 0.80 
30 0.97 0.97 
35 1.93 1.93 
39 0.63 0.63 

River Sedil~l.mt Sam~ les (Welg~ t Percent) 
SamDle OC% repeat1 repeat2 ave OC% st. dev. 

1 1.68 1.68 
2 0.27 0.27 
3 6.70 7.19 6.95 0.35 
4 4.08 4.08 
5 5.35 5.35 
6 0.23 0.23 
7 13.42 11.76 13.80 12.99 1.08 
8 1.25 1.25 
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Table 1. Concentrations (ppm or mglkg soil) of Selected Elements in Five Fractions of Black River Sediment 
Sample 

UIS8 
II 
1 
2 
3 

DIS 4 
Liesbeeck5 

wetland 7 

UIS8 
IS 
1 
2 
3 

DIS 4 
Liesbeeck5 

wetland 7 

UIS8 
IS 
1 
2 
3 

DIS 4 
liesbeeck5 

wetland 7 

IJIS 8 
II 
1 
2 
3 

5 
7 

DIS 4 
liesbeeck 

wetland 

exchangeable 
Cr 

0.00 
0.00 
0.19 
0.07 
0.00 
0.00 
0.00 
7.95 

exchangeable 
Pb 

0.00 
0.17 
0.07 
0.00 
0.06 
0.01 
0.32 
0.00 

exchangeable 
AI 

2.86 
9.75 
0.91 
1.48 
0.76 
0.67 
0.23 
7.11 

exchangeable 
Ca 

729 
286 
612 
385 

1468 
1107 
1750 
428 

carbonates 
Cr 

0.85 
0.53 
0.84 
0.77 
0.45 
1.34 
1.19 
0.45 

carbonates 
Pb 

0.90 
1.77 

18.82 
1.55 
8.39 
6.80 

52.39 
9.37 

carbonates 
AI 

16.54 
11.97 
12.43 
14.33 
5.58 

17.27 
81.51 
32.54 

carbonates 
Ca 

3565 
1539 

10226 
3114 
9445 
2881 
1174 
787 

oxides organics residue sum 
Cr Cr Cr Cr 

1.41 2.03 3.57 7.86 
0.86 0.17 2.13 3.69 
2.40 1.81 8.59 13.82 
1.23 0.72 2.39 5.18 
5.97 17.40 36.35 60.17 

10.61 42.25 22.22 76.41 
3.18 6.05 32.18 42.60 
0.57 5.39 31.08 45.43 

oxides organics residue sum 
Pb Pb Pb Pb 

33.22 10.69 2.45 47.46 
2.33 0.22 1.91 6.40 

44.69 9.19 6.85 79.81 
10.54 1.66 1.25 15.00 
108.4 70.71 24.58 212.2 
66.53 34.72 13.08 121.15 

132.68 45.86 21.79 253.1 
24.74 15.22 19.01 68.34 

oxides organics residue sum 
AI AI 

326.4 240.7 
148.6 49.59 
249.0 224.5 
202.8 110.9 
517.0 1530 
918.4 1331 
1569 2376 

688.3 2190 

oxides organics residue sum 
Ca ~ 18.92 

0.00 24.26 
540 96.45 
0.0 72.44 

1322 356.4 
386 157 
293 145 

39.38 75.85 

total exchangeable carbonates oxides organics residue sum 
Cr Zn Zn Zn Zn Zn Zn 

9.18 0.00 3.31 63.15 6.57 7.72 80.7 
3.29 0.66 5.59 15.06 0.96 6.02 28.3 

16.64 1.00 31.37 98.34 5.28 13.96 149.9 
6.18 0.04 4.26 36.61 1.72 5.00 47.6 

60.81 0.09 24.90 336.35 31.57 64.50 457.4 
70.53 2.32 12.35 196.48 25.39 36.19 274.7 
53.99 0.00 41.05 177.13 19.01 67.59 304.8 
34.86 5.18 13.60 51.12 9.51 72.58 152.0 

total exchangeable carbonates oxides organics residue sum 
Pb Cu Cu Cu Cu Cu Cu 

63.14 0.00 0.00 0.60 11.02 2.00 13.63 
12.83 0.17 0.00 0.49 3.08 1.02 4.77 
106.0 0.14 0.06 1.30 15.22 3.08 19.81 
11.64 0.18 0.00 0.66 2.85 1.42 5.11 
275.9 0.05 0.00 1.85 54.26 30.03 86.00 
180.0 0.00 0.00 0.46 23.43 8.31 32.20 
381.4 0.00 0.00 3.48 43.69 13.00 60.37 
91.55 0.00 0.00 0.43 13.17 14.18 27.77 

t ca residue sum 
Se Se Se Se Se Se 

0.00 0.00 0.05 0.19 0.70 0.95 
0.06 0.00 0.00 0.00 n.d. 0.06 
0.05 0.00 0.00 0.09 0.44 0.58 
0.00 0.00 0.20 0.01 0.19 0.40 
0.07 0.00 0.26 0.54 0.51 1.38 
0.01 0.00 0.00 0.59 0.15 0.76 
0.03 0.00 0.16 0.35 0.36 0.90 
3.85 0.00 022 0.41 0.39 4.67 

total exchangeable carbonates oxides organics residue sum 
Si Si SI Si 

0.0 37.6 164 197 
25.6 12.6 37.5 41.0 
12.4 49.3 174 169 
7.4 24.0 70.7 88.0 

26.4 40.0 858 475 
0.0 61.8 890 551 
1.8 137 834 535 

84.6 20.1 186 451 

20 

total 
Zn 

109.4 
46.8 

217.3 
59.9 

618.2 
460.5 
372.6 
190.2 

total 
Cu 

15.51 
4.18 

30.92 
5.60 

94.97 
58.34 
72.06 
34.61 

total 
Se 

0.51 
0.17 
0.81 
0.71 
1.26 
2.23 
1.38 
1.16 

total 
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Table 1 (continued). Concentrations (ppm or mglkg soil) of Selected Elements in Five Fractions of Black River Sediment 
Sample 

UISB 
6 
1 
2 
3 

DIS" 
Uesbeeck5 

wetland 7 

UISB 
6 
1 
2 
3 

DIS" 
Liesbeeck5 

wetland 7 

UISB 
6 
1 
2 
3 

DIS" 
Uesbeeck5 

wetland 7 

exchangeable 
Cd 

0.00 
0.02 
0.00 
0.00 
0.00 
0.01 
0.00 
0.26 

exchangeable 
Hi 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

exchangeable 
Co 

0.00 
0.00 
0.01 
0.00 
0.01 
0.00 
0.03 
0.00 

carbonates oxides 
Cd Cd 

0.01 0.11 
0.D1 0.03 
0.D1 0.11 
0.02 0.04 
0.01 0.63 
0.01 0.67 
0.03 0.34 
0.02 0.21 

carbonates oxides 
Hi Hi 

0.18 0.31 
0.00 0.12 
0.58 2.01 
0.58 0.70 
4.08 6.79 
1.00 3.46 
0.11 1.28 
0.06 1.10 

carbonates oxides 
Co Co 

0.03 0.13 
0.02 0.04 
0.24 0.34 
0.04 0.09 
0.28 0.67 
0.21 0.69 
0.48 0.96 
0.41 0.58 

organics residue sum total 
Cd Cd 

0.01 0.02 0.15 
0.00 0.00 0.06 
0.00 0.01 0.14 
0.00 0.00 0.05 
0.07 0.07 o.n 
0.36 0.02 1.06 
0.02 0.04 0.44 
0.00 0.00 0.49 

organics residue sum total 
Hi Hi Hi Hi 

0.31 0.56 1.36 
0.09 0.16 0.36 
0.48 1.47 4.54 
0.36 0.61 2.26 
3.52 11.63 26.01 
3.86 6.48 14.80 
1.16 4.41 6.96 
1.02 B.69 10.87 

organics residue sum total 
Co Co Co Co 

0.17 0.22 0.56 
0.04 0.07 0.17 
0.21 0.53 1.33 
0.13 0.26 0.52 
0.76 2.90 4.92 
1.84 2.12 5.06 
0.61 2.29 4.37 
0.47 2.95 4.41 

exchangeable carbonates oxides organics residue sum total 
Hg Hg 

0.23 0.000 0.000 0.009 0 0.046 0.055 0.0455 
0.06 0.000 0.000 0.027 0.078 0.178 0.283 0.2439 
0.33 0.029 0.000 0.152 0.101 0.816 1.099 1.0752 
0.05 0.006 0.000 0.136 0.059 0.601 0.804 0.7859 
1.26 0.000 0.000 0.091 0.107 0.513 0.711 0.8n6 
1.04 0.000 0.000 0.191 0.059 0.349 0.599 0.4474 
0.58 0.000 0.000 0.071 0.063 0.218 0.372 0.3538 
0.47 1.275 0.000 0.066 0.004 0.148 1.493 0.1537 

exchangeable carbonates oxides organics residue sum total 
As As ~ 0.26 

IA s As 
2.33 0.04 0.14 O. 1.92 1.32 
0.53 0.02 0.01 0.15 0.05 0.17 0.39 0.48 
6.14 0.04 0.16 0.73 0.38 1.65 2.96 3.37 
1.91 0.03 0.03 0.27 0.08 0.33 0.73 1.41 

31.43 0.10 0.21 1.84 1.09 4.85 8.10 10.53 
19.97 0.14 0.43 1.98 0.99 2.05 5.59 9.78 
12.75 0.05 0.65 1.83 1.05 12.37 15.95 15.86 
10.73 0.25 0.73 1.30 0.98 9.35 12.61 12.69 

exchangeable carbonates oxides organics residue sum total 
Fe Fe Fe Fe 

0.81 0.00 353 435 307 
0.23 0.80 51.2 106 44.2 
1.63 3.14 312 728 118 
0.44 0.00 200 275 61.4 
5.15 2.37 798 1911 1054 
5.25 0.00 554 2068 2588 
4.94 0.00 439 3120 641 
4.86 0.00 183 1974 841 

Note that no residual fraction data is available for the major elements. Zero values imply concentrations below the detection limit of the ICP-MS 
or within the concentration range of the blank samples. U/S 8 is the most upstream sample, with samples in order from top to bottom towards the 
most downstream sample, DIS 4. Liesbeeck 5 is the river bottom sediment from the Liesbeeck River, while wetland 7 is the scooped sediment 
sample from the Raapenberg Wetland. Total elemental concentrations are the results of whole digested analyses, of a separate whole aliquot of 
sediment, while the Sum is the addition of the concentrations for the five fractions extracted and analysed individually. 
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Tablel. Concentrations (ppm or mglkg soil) of Selected Elements in Five Fractions of Raapenberg Wetland Core. 
exchangeable carbonates oxides organics residue sum exchangeable carbonates oxides organics residue sum 

DeDth (cm) Cr Cr Cr Cr Cr Cr Zn Zn Zn Zn Zn Zn 
1 0.62 0.00 6.85 68.99 63.25 139.72 1.98 28.87 160.10 35.24 112.25 338.42 
3 0.20 0.72 17.75 182.38 74.21 275.26 3.15 31.44 104.71 28.33 93.16 260.79 
5 0.23 0.00 6.06 27.14 54.24 87.67 8.19 71.82 298.40 73.86 159.28 611.54 
7 0.17 0.00 6.00 27.33 54.67 88.16 5.22 59.70 344.63 86.81 136.13 632.49 
9 0.15 0.00 0.00 11.95 26.12 38.23 7.35 66.92 305.46 51.86 94.09 525.68 

12.5 0.13 0.00 2.53 3.65 14.12 20.43 3.79 51.76 194.18 17.89 5.67 273.29 
15 0.15 0.48 4.08 7.74 21.56 34.01 3.96 65.66 251.35 24.74 96.20 441.90 
20 0.30 0.55 2.70 3.81 16.35 23.70 0.00 5.53 83.67 13.64 85.36 186.20 
25 0.25 0.74 4.72 2.44 15.29 23.44 0.00 6.83 90.22 11.59 82.21 190.84 

Sl-1 O.SO 0.00 6.63 2.60 86.56 96.29 2.33 19.05 61.44 12.76 152.36 247.94 

exchangeable carbonates oxides organics residue sum exchangeable carbonates oxides organics residue sum 
Depth (cm) Cu Cu Cu If'O, Cu Cu Pb Pb Pb Pb Pb Pb 

1 0.41 0.00 1.59 82.35 57.90 142.25 0.67 32.37 119.43 93.07 68.48 314.02 
3 0.00 0.00 1.59 83.79 72.67 158.05 1.04 48.58 148.98 198.51 SO.95 448.06 
5 0.00 0.00 3.29 57.52 42.72 103.53 2.12 25.41 102.80 117.45 39.10 286.89 
7 0.00 0.00 4.02 61.35 29.15 94.52 1.43 16.22 83.79 116.10 40.01 257.54 
9 0.09 0.00 4.05 30.73 12.66 47.53 1.39 17.91 73.70 49.37 25.51 167.87 

12.5 0.13 0.00 3.82 7.92 4.17 16.04 0.14 4.83 50.46 19.15 8.94 83.52 
15 0.00 0.15 4.36 9.79 6.61 20.90 0.16 5.86 55.15 25.60 14.25 101.02 
20 0.00 0.14 3.81 7.35 8.46 19.75 0.06 5.03 66.13 23.34 17.48 112.04 
25 0.00 0.22 5.46 6.28 5.11 17.06 0.13 8.39 51.96 14.62 12.58 87.67 

Sl-1 0.58 0.03 1.35 4.80 22.83 29.58 0.01 0.71 14.25 5.22 13.31 33.49 

exchangeable carbonates oxides organics residue sum exchangeable carbonates oxides organics residue sum 
Depth (cm) As As As As As As ca Ca Ca Ca Ca Ca 

1 0.08 1.01 7.07 2.42 15.87 26.45 5483 2556 746 166 0 8952 
3 0.08 1.34 5.47 2.29 0.00 9.18 3352 1292 747 219 373 5984 
5 0.10 0.53 3.51 4.06 13.14 21.34 4050 1574 1416 514 0 7555 
7 0.10 0.68 3.93 4.94 20.53 30.17 4857 1846 1735 568 0 9006 
9 0.00 0.21 2.08 2.53 15.11 19.93 3156 998 777 200 0 5131 

12.5 0.00 0.02 1.59 2.34 6.62 10.56 1269 389 256 98 0 2012 
15 0.01 0.09 1.30 3.64 19.98 25.02 1184 546 357 75 1457 3619 
20 0.01 0.06 0.99 2.98 4.07 8.11 1106 511 221 80 1492 3410 
25 0.01 0.04 0.58 1.48 19.83 21.95 638 296 179 157 2401 3671 

Sl1 0.00 0.09 4.18 3.24 30.81 38.32 2836 279 116 127 1423 4782 
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Tablel (continued). Concentrations (ppm or mglkg soil) of Selected Elements in Five Fractions of Raapenberg Wetland Core. 

Depth (cm) 
1 
3 
5 
7 
9 

Sl-1 

12.5 
15 
20 
25 

Depth (cm) 
1 
3 
5 
7 
It 

Sl-1 

12.5 
15 
20 
25 

exchangeable 
Mo 

0.30 
0.18 
0.15 
0.13 
0.12 
0.03 
0.02 
0.01 
0.01 
0.00 

exchangeable 
Co 

0.20 
0.16 
0.22 
0.16 
0.17 
0.09 
0.10 
0.02 
0.01 
0.48 

exchangeable 
) Se Depth (cm 
1 
3 
5 
7 
9 

Sl-1 

12.5 
15 
20 
25 

0.26 
0.05 
0.05 
0.00 
0.00 
0.00 
0.24 
0.11 
0.03 
0.00 

carbonates oxides 
Mo Mo 

0.00 0.56 
0.00 0.59 
0.00 0.30 
0.00 0.29 
0.00 0.23 
0.00 0.10 
0.00 0.05 
0.00 0.01 
0.00 0.01 
0.00 0.14 

carbonates oxides 
Co Co 

0.88 1.21 
0.54 1.45 
0.81 3.76 
0.70 4.47 
0.83 3.79 
0.53 2.05 
0.64 2.36 
0.14 1.80 
0.10 1.23 
0.91 6.28 

carbonates oxides 
Se Se 

0.00 0.12 
0.24 0.40 
0.27 0.63 
0.35 0.65 
0.52 0.33 
0.06 0.40 
0.05 1.02 
0.00 0.88 
0.13 0.24 
0.23 0.30 

organics residue sum exchangeable 
Mo Mo Mo Cd 

3.52 0.00 4.38 0.02 
8.16 0.00 8.93 0.00 
1.20 1.15 2.79 0.02 
1.44 0.00 1.86 0.01 
0.72 0.00 1.07 0.02 
0.27 0.00 0.40 0.03 
0.32 0.00 0.39 0.02 
0.25 0.00 0.27 0.01 
0.18 1.67 1.87 0.00 
0.00 0.00 0.15 0.05 

organics residue sum exchangeable 
Co Co Co NI 

1.06 5.17 8.53 0.43 
1.16 6.02 9.33 0.12 
1.42 7.08 13.27 0.21 
1.84 7.24 14.42 0.19 
0.84 3.45 9.08 0.16 
0.23 2.47 5.38 0.14 
0.30 2.41 5.80 0.05 
0.29 2.70 4.95 0.02 
0.21 2.42 3.97 0.05 
1.78 8.07 17.52 0.05 

OrganlCS~ exchangeable 
Se Fe 

1.56 0.00 1.95 128 
1.45 0.00 2.13 97 
3.83 0.00 4.78 26 
3.77 0.00 4.77 13 
2.78 0.00 3.64 6 
0.88 0.00 1.33 4 
1.06 0.00 2.37 0 
0.63 0.00 1.63 0 
0.18 0.00 0.58 0 
0.50 0.00 1.03 9 

23 

carbonates oxides organics residue sum 
Cd Cd Cd Cd Cd 

0.02 0.46 0.09 0.05 0.63 
0.05 0.31 0.09 0.00 0.45 
0.14 1.03 0.19 0.00 1.38 
0.12 1.36 0.27 0.00 1.75 
0.17 0.67 0.09 0.00 0.96 
0.14 0.36 0.02 0.00 0.55 
0.13 0.63 0.04 0.00 0.82 
0.05 0.11 0.01 0.00 0.18 
0.03 0.09 0.01 0.00 0.13 
0.10 0.01 0.01 0.00 0.18 

carbonates oxides organics residue sum 
Ni NI Nt NI NI 

0.00 2.46 2.74 44.00 49.63 
0.00 2.10 4.38 34.03 40.63 
0.00 6.09 7.83 82.67 96.80 
0.32 3.94 6.44 32.23 43.12 
0.48 3.78 1.39 19.20 25.01 
0.28 1.34 0.00 31.41 33.17 
0.34 2.63 0.00 16.66 19.68 
0.07 0.85 0.00 14.81 15.75 
0.32 0.84 0.00 13.14 14.36 
0.00 1.42 0.03 51.62 53.11 

carbonates oxides organics residue sum 
Fe Fe Fe Fe Fe 

1618 7845 3238 18398 31221 
347 4730 2576 21261 29012 
255 6005 2492 25693 34471 
137 5744 2971 21026 35891 
92 4428 1094 19835 25455 
36 5490 787 16837 23154 
25 5279 1591 17876 24771 

6 4566 765 19791 25128 
0 2566 543 15804 18914 

349 16599 3297 48206 68460 
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Table 2 (continued). Concentrations (ppm or m soil of Selected Elements in Five Fractions of Raapenberg Wetland Core. 
carbonates oxides organics residue sum 

Depth (cm) 
1 0.58 0.00 0.00 0.00 0.17 
3 0.22 0.38 0.07 0.08 4.26 
5 0.28 0.43 0.00 0.00 0.00 
7 0.23 0.38 0.00 0.00 0.00 
9 0.16 0.21 1.09 0.00 0.00 

12.5 0.05 0.05 0.21 0.03 0.00 
15 0.00 0.00 0.04 0.00 0.08 
20 0.00 0.00 0.00 0.46 0.00 
25 0.00 0.00 0.00 0.28 0.00 

SL-l is the certified reference material, a lake sediment, from the International Atomic Energy Agency. 
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3.4 Combined Sampling Heterogeneity and Procedural Errol' in River 

Sediment 

Two samples were sequentially reacted in duplicate. The results anow an estimation 

of the combined procedural error and sample heterogeneity, since samples were not 

completely homogenised. 

Table 4: Average Combined Sampling Heterogeneity and Procedural Precisional 

Errol', P, at the 950/0 confidence limit. 

Concentration Ranges P «slX)*200%) (sIX )*100% n 

error on values < 0.1 ppm 273.94 136.97 8 

0.1 ppm <error on values 142.53 71.27 21 

<2ppm 

2ppm <error on values 131.25 65.63 9 

<10ppm 

10ppm <error on values 68.17 34.09 13 

<lOOppm 

100ppm <error on values 62.32 31.16 7 

Calculated from duplicates for selected elements (pb, Zn, Cu, Cr, Ca, AI, Ni, Fe, As) 

for various concentration ranges (for four fractions). P = two standard deviations (20) 

as a percent of the mean (X). The third column gives one standard deviation as a 

percent of the mean. 

Calculated standard deviations for each element in Appendix 2. 
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7 (b) 
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oxkles Pb 
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1 (~) ~~:=::~~'-1--1--1--J--J 
100 150 200 

Concentration (ppm) 

Figun:: J: Pb in fi,·e fractio". (If ri,·er l!ediment. Sample I i .... nd from the most npstRam ...,gion 

(If the .amplin/: "11!a., "hile Sample 7 i. liD 0'1!".nic-rich, muddy sffiiment from the .. ecland area 

~ 7(3) 
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carbonates Zn 
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residual Zn 
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7 (b) 

~ 7(3) 

~ • 
(/) 1 (b) 

o "'00 

Corrparison of CUplicates for Ca~~~~~ __ ,--, 

exchangeable Ca 

carbonates Ca 

0000 BOO'J l OCXJQ 12000 14000 1600 ' 
Concentration (ppm) 

Fih'll""~: ell in r .... r fntctioos <If rl",r sediment. Sample 1 ili .and from tile moot up.lream region 

<If the .ampling lIlT11, ... biIe Sampl~ 7 i. an orga.nic-rich, mtJdd, .. dimen! rrom tile 'H~land a""", 

3.5 Analytical Error for River Sediment Supernatant Analyses 

Three samples were analysed in triplicate on one run on the ICP-MS, at the beginning, 

middle and end of the run. Three different reagent types were chosen for the 

triplicates_ An estimation oCthe precision of tile ICP-MS can be obtained from these 

data, but the error will also incilide pipelling and diluting errors, which are 

unavoidable. The standard deviatiOlls of the individual resliits from the triplicate 

mean, were calculated as II percent oftlie mean (Table 5) This was taken as an 

estimate of the error on the entire dataset 
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Table 5. Analytical Error for Aquatic Sediment Supernatant Analyses on the ICP-MS. 
Analytical Error oftriplicate ICP-MS samples 
Precision or Scatter of samples at the 95'% Confidence limit. (Beginning, middle and end of run) 

%P (200*(st.dev.lmean Li Be B Na Ma AI Si 
NIST-1640 (%Bias) 3.90 27.95 4.40 19.24 8.38 13.81 
TRIP:C1 (%P) - 194.56 15.45 21.39 
TRIP:S3 (%P) - 244.55 346.41 19.03 2.84 5.42 
TRIP:FM4 (%P) 57.39 - 88.62 96.51 41.61 45.14 
average %P 57.391 244.55 209.86 57.77 19.97 23.98 
%P (200*Cst.dev.lmean Cr Mn Fe Ni Co Cu Zn 
NIST-1640 (% Bias) -4.67 4.02 23.15 2.67 1.41 6.84 
TRIP:C1 (%P) 141.71 9.12 8.02 108.70 9.42 -
TRIP:S3 (%P) 6.92 2.81 3.08 11.90 3.02 1.29 
TRIP:FM4 (%P) 59.33 43.52 37.90 66.17 39.70 31.11 
average %P 69.32 18.48 16.33 62.25 17.38 16.20 
%P C200*Cst.dev.lmean Se Rb Sr Mo Ag Cd Sb 
NIST-1640 (%Bias) 7.85 2.74 6.70 -0.53 -7.58 -2.29 
TRIP:C1 (%P) - 50.38 6.72 - 11.68 
TRIP:S3 (%P) 17.69 2.31 3.88 2.68 40.18 21.78 
TRIP:FM4 (%P) 223.21 39.93 43.88 59.10 - 44.06 
average %P 120.45 30.87 18.16 30.89 - 25.84 
%P (200*{st.dev.lmean TI Pb 
NIST-1640 (%Bias) 6.31 

K Ca 
9.27 21.93 -10.04 

129.77 127.56 18.79 
15.90 41.39 25.21 
58.89 47.48 52.50 
68.19 72.14 32.17 

Ga As 
24.38 1.46 
10.18 23.02 45.29 
2.58 4.08 9.05 

43.89 48.34 51.44 
18.88 25.15 35.26 

W Hg 
-2.27 

270.14 - -
4.61 8.82 

79.56 142.46 218.29 
118.10 75.64 218.29 

TRIP:C1 (%P) - 9.43 There is generally a higher error on the lowest concentration samples due to low 
TRIP:S3 (%P) 49.52 2.92 concentrations of some elements in the sample, close to the blank concentrations. 
TRIP:FM4 (%P) 43.35 41.61 The relatMey high blank concentrations also influences the low concentration 
average %P 46.43 17.99 samples to a larger extent than the high concentration samples. 

Percent Bias 
The NIST-1640 is the water standard used to quantify the bias of the quadrupole ICP-MS. The value for each element for the NIST-1640 
standard is the percent bias of the analysis for each element. Positive values indicate a tendency towards higher than accurate values, and 
negative values indicate a tendency towards lower than accurate values. The % Bias is given as a percentage difference between the true or 
accepted value and the measured value. All other values are the Precision (%P), which equals 200*( crImean). 
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3.6 Sample Heterogeneity and Procedural Error for Wetland Core Samples 

Four samples (sections or slices from the core) were sequentially reacted in duplicate. 

The supernatants of two of the four duplicates were analysed by the ICP-MS. The 

results allow an estimation of the combined procedural error and sample 

heterogeneity, since samples were not completely homogenised. 

Table 6: Average Combined Sampling Heterogeneity and Procedural Predsional 

Error, P at the 95% confidence limit for Wetland Core samples. 

Concentration Ranges P=(s/x)*200%» (s/X) * 100 n 

error for values < 0.1 ppm 119.23 59.62 12 

0.1 ppm < error for values < 2ppm 82.72 41.36 31 

2ppm < error for values < 10ppm 43.91 21.96 15 

10ppm< error for values < 100ppm 25.27 12.64 12 

100ppm < error fur values < 1000ppm 25.30 12.65 11 

error for values> 1 OOOppm 55.51 27.76 6 

Calculated from duplicates for selected elements (Cr, Zn, Pb, Ni, Co, Cu, As, Ca, Fe, 

Cd, Mo, Se) for various concentration ranges. P = two standard deviations (2s) as a 

percent ofthe mean (X). Includes data from fractions 1 to 4 (excludes the residual 

fraction). The third column gives one standard deviation as a percent of the mean. 

Calculated standard deviations for each element in Appendix 2. 
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t'igorc 6: Ph in fin fraroon, of wetland oediment. Sample A2(a) i. an organic-rich, lUoololy 

.. diment from 2-Jcm d."th in t1>< core, and i. 1M duplicale of s.omple A2(h). Sample AIi(a) is an 

organic-poor, .ilty-,and from IO-I2.s"m depth in the CtIre and is tbe duplicate of ",lUplc A6(b~ 

A6(a) 

A6(b) 

~ 
~A2(a) 
00 

Ii] exchangeable 
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o oxides Zn 
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A2(b) r~':::::r::==::r::==t~~r~~!--l---J 
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Concentration (ppm) 

l'ij!,Ure 7, Zn in five fnctioo. of "dland .. diment. Sample A2(a) i. an organk-ricb, muddy 

.. diment from Wcm okpth in theeore, add i. tM duplicate of ... mple A2(h). Sample A6(a) is an 

orgllnic-poor, ,ilty-sand from iO-12.Scm depth in the co", and is ,he duplicate of ",mple A6(b). 
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FigulT 9: Cr in fio.., fnoctiollli of .,-eliand sediment. Sample Al(a) i. all organic-rich, muddy 

sedillU'nt from 2-Jcm d~pth in the co"', and i. the dUI)I;CllIe of ",mple A2(b). Samplc A6(a) i, an 

organic_poor. iilt)-_und from IO_12.Scm depth in the core and i. the duplk;de of ",mple A6(b). 
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~,gure 10, Co in fin fractiollll of .... etland sediment. Sample A2(a) i. an organic-rich, muddy 

..,diment from 1-3cm depth in the core, and i. the duplicate of .ample Al(h). Sample A6(a) i. an 

organic-poor, lilty-.. ",d from 1O-12.5cm dcptlo in tbe core and is the dupUcatc of <ample A6{b). 

3,7 Analytical Error for Wetland Core Supernatant Analyses 

Two ,ample, Wel"e analysed in triplicate on one run on the ICP-MS, at the beginning, 

middle and end of the run. Two reagent types were chosen for the triplicates. An 

estimation of the precisIOn ofltlc ICP-MS can be obtamed from these data, but the 

error will also include pipetting and diluting errors The standard deviations of the 

individual results from the triplicate mean, were calculated as a percent ufthe mean 

for each element. ThIS was taken as an estImate of the error for the precision of the 

lCP-MS to analyse eaeh element for a specifie matrix. Results can be foond in 

Table 7, where, for eaclt element, the ;1andard deviation as a percent of the mean. is 

averaged 
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Table 7. Analytical E .... o .. fo .. Wetland Co .. e Sample Supernatant Analyses on the ICP-MS. 
Analytical error of Triplicate ICP-MS Samples 
Precision, P or Scatter ofvalues at the 95% Cofidence Limit (Samples at the beginning, middle and end of run) 
%P=200"Cst.dev.lmean Li Be B Na Mg AI Si 
NIST-1640(%Bias) 6.29 10.41 2.02 8.09 1.82 31.26 7.99 
TRIPA2FM(%P) 4.78 280.0 26.75 47.71 7.14 9.70 5.78 
TRI PB 1 S(%P) 6.76 346.4 346.41 8.97 2.79 7.79 11.84 
Average %P 5.77 313.21 186.58 28.34 4.96 8.75 8.81 
%P=200*(st.dev.lmean Sc 11 V Cr Mn Fe Ni 
NI ST-1640(%Bias) -3.32 -0.36 0.51 33.99 5.54 
TRIPA2FM(%P) 346.41 4.59 39.21 5.58 7.36 6.30 87.72 
TRIPB1 S(%P) 18.95 2.19 39.37 19.34 1.34 4.95 
Average %P 182.68 3.39 39.29 12.46 4.35 5.62 
%P=200*(st.dev.lmean Zn Ga As Se Rb Sr Y 
NIST-1640(%Bias ) 28.55 -0.24 4.33 3.25 3.24 
TRIPA2FM(%P) 7.92 7.64 11.71 266.89 4.10 6.06 6.17 
TRIPB1S(%P) 3.00 0.72 7.05 84.18 2.08 1.95 4.21 
Average %P 5.46 4.18 9.38 175.53 3.09 4.01 5.19 
%P=200"Cst.dev.lmean iAa Cd Sb Cs Ba La Ce 
NIST-1640(%Bias) 3.90 -1.70 -0.38 -1.75 
TRIPA2FM(%P) 15.12 4.74 15.87 3.42 4.86 5.70 
TRIPB1S(%P) 28.65 2.96 7.49 1.72 3.21 2.98 
Average %P 21.89 3.85 11.68 2.57 4.04 4.34 
%P=200*(st.dev.lmean Hg 11 Pb Th U 
NIST-1640(%Bias) 8.64 
TRIPA2FM(%P) 202.87 24.28 2.28 48.53 3.56 
TRIPB 1 S(%P) 346.41 30.85 3.21 4.85 4.77 
Average %P 137.32 13.78 1.37 13.35 2.08 

K Ca 
6.86 3.34 

59.92 41.35 
256.54 85.31 
158.23 63.33 

Co Cu 
-0.89 8.64 
3.39 5.08 
2.79 4.29 
3.09 4.69 

Zr Mo 
0.15 

19.26 4.83 
3.48 2.48 

11.37 3.66 
Nd W 

7.10 292.85 
5.45 191.93 
6.27 242.39 

The NIST-1640 is the water standard used to quantify the bias of the quadrupole ICP-MS. The value for each element for the NIST-1640 
standard is the percent bias of the analysis for each element. Positive values indicate a tendency towards higher than accurate values, and 
negative values indicate a tendency towards lower than accurate values. The % Bias is given as a percentage difference between the true or 
accepted value, and the measured value. All other values are the Precision (%P), which equals 200*( almean). 
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3.8 Temporal Variation during Sequential Reaction 

Measurements were conducted for the second, third and fourth extraction steps. The 

data is used as an approximate indication and confirmation that 

(a) the reaction times applied to the sediment were appropriate in dissolving 

the desired phases, and that, 

(b) the soluble metal concentration in the supernatant did not decrease 

substantially due to adsorption onto the solid phase, just before, or while 

simultaneously extracting the supernatant. 

The two samples chosen for the monitoring of temporal variations are sample 9 and 

sample 10. These samples are duplicates of two river samples. Sample 9 is a sand 

sample from the Elsieskraal convergence point with the Vygekraal River, and 

corresponds to location 1 on the map. Sample lOis an organic-rich, muddy river 

sediment from the Raapenberg Wetland and correspond to location 7 on the map. 

Graphs of 'temporal variation' samples are available in Appendix 6. 

3.9 Grain Size Analysis 

3.9.1 River Sediment 

The particle/grain sizes are defined as follows: 
Clay < 2 J..I.m diameter 
2 J..I.m < Silt < 63 J..I.ffi diameter 
63 J..I.m < Sand < 2 mm diameter 
Gravel> 2 mm diameter 

Table 8: Grain Size Distribution for River Sediment (We!ghtj!ercenfi 
Sample Gravel Sand % Silt % Clay % 
Number fraction % 

1 3.4 90 5.5 1.1 
2 l.5 >98.3 0.1 <0.1 
3 6.2 56 33.2 4.7 
4 31.2 52.6 16.2 <0.1 
5 4.3 43.5 46.2 6 
6 0.0 99.4 -0.55 <0.1 
7 14.6 39.7 39.1 6.6 
8 1 88 5 6 
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3.9.2 Wetland Core Samples 
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3.10 X-Ray Diffraction (XRD) 

The separate clay fraction from each river sediment sample yielded the following 

results on the XRD (OM ~ organic matter)' 

Table 9; Mineralogy of the clay size fraction of rivl"r sediml"nt samples. 

Sample Minerals 

I Illite/mica-smectite. kaolinite. 

2 Illite/mica smectite, kaolinite 
... 

3 Maioly kaolinite, lesser illite. 

r. -- ---- -
Mainly kaolinite, lesser illite/mica smectitc. 

5 Kaolonitc, mica, smectite, possible gibbsite. , Illite, kaolinite. 

7 Kaolinite, illite/mica-smectitc. 

8 Kaolinite, calcite, lesser illite. 

• • OM feature or hump mall XRD scans . 
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Table 10: Mineralogy of day size fraction of the wetland core sediment samples. 

Depth in core Minerals 

(cm) 

2-9 Kaolinite, illite/mica, goethite. 

9-22 Kaolinite, illite/mica-smectite, goethite, gibbsite. 

22 - 31 Kaolinite, illite/mica, goethite. 

31- 45 Mainly kaolinite, illite, mica-smectite, goethite, gibbsite, possible 

calcite. 

45 -48 Kaolinite, illite, mica-smectite, gibbsite. 

48-60 Kaolinite, lesser illite, K-feldspar, Goethite, possible white mica 

There was one unidentified peak at 2.38 angstroms in 3 of the six slides. OM feature 

occurred in all but one (48 - 60 em sample) XRD scan. XRD raw data is available in 

Appendix 3. 

3.11 Whole Sediment Digestion for River Sediment 

Graphs summarising results of whole sediment digestions, and the procedural and 

analytical error for the aquatic sediment samples are available in Appendix 4. Whole 

sediment digestion was not performed on the wetland core samples due to time 

constraints. 
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3.12 Porewater (PW) Trace Metal Concentrations 

Table 11: Trace Metal Concentration (ppb or J.1g1l) in porewater displaced by tbe 

two cores -30cm apart taken from tbe Raapenberg Wetland. 

Element PWI (ppb) PWl (ppb) mean st dey 

Cr 9.74 8.98 9.3~ 0.540 

~ 609.0 689.0 649.0 56.50 

fe 18999 17879 18439 792 

iNi 75.4 121.0 98.19 32.19 

Co 8.17 8.61 8.39 0.312 

~u 21.44 25.66 23.55 2.98 

~n 111.4 153Ji 132.5 29.90 

As 18.17 18.85 18.51 0.485 

Se 17.94 18.77 18.36 0.590 

Mo 2.64 2.77 2.71 0.093 

Ag 0.06 0.05 0.05 0.009 

~d 0.11 0.15 0.13 0.024 

Hg 0.43 0.33 0.38 0.069 

TI 0.06 0.07 0.07 0.009 

Ph 64.26 68.68 66.47 3.12 

PWI is from the core used for the sequential reaction and PW2 is from the core taken 

for sediment description. PWI and PW2 had pH values of6.56, 6.45 and Electrical 

Conductivity (BC) values of 4.25 mS/cm, 4.34 mS/cm, respectively (at 20°C). 

Analytical error and sampling heterogeneity for pore-water samples can he found in 

Appendix 5. 
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4. Discussion of Results 

4.1 Pollution Levels for Various Elements 

4.1.1 River Sediment 

For the river sediment, a separate aliquot of each sediment sample was subjected to a 

whole digestion procedure to evaluate the total metal concentration of the sediment. 

This aliquot of sediment was subjected to much lower losses of sediment due to the 

whole digestion procedure applied to it, than the aliquot subjected to the sequential 

extraction procedure. Therefore, for the river sediment where whole digestion data are 

available, these data will be used for comparison to the Government guidelines 

(Table 9) and critical limits, rather than the sum of the concentrations from the five 

fractions of the sequential extraction procedure. Error on data is reported at the 95% 

confidence limit, in percent precision (%P), calculated from duplicate samples. The 

%P value calculated from the sand-rich duplicate samples will be applied to other 

sandy samples, the %P value from the silty, moderately organic rich duplicate 

samples will be applied to similar samples, and the %P from the highly organic rich 

duplicate samples will be applied to similar samples. In this way, the highly variable 

river sediment sample characteristics are accounted for, which is important since clay 

and humus rich samples tend to accumulate more trace metals and sometimes have 

different critical limits (USEP A website). In the case of guideline comparisons for 

river sediment, using whole digested sediment data, the %P is for the digestion 

procedure and the analytical process combined, and excludes sample heterogeneity. 
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Table 12: 1999 South African Bureau of Standards (SABS) Maximum 

Permissible Metal (MPM) and Inorganic Content in Soil 

(due to phyto- and zoo-toxicity effects). 

Element Maximum Permissible Metal and 

Inorganic Content in Soil (mglkg 

or ppm) 

Cadmium, Cd 2 

Cobalt, Co 20 

Chromium, Cr 80 

Copper, Cu 100 

Mercury, Hg 0.5 

Molybdenum, Mo 2.3 

Nickel, Ni 15 

Lead, Pb 56 

Zinc, Zn 185 

Arsenic, As 2 

Selenium, Se 2 

Zinc (Zn) 

Zinc is a particularly serious problem in the Black River study area probably due to its 

association with sewage sludge from the two sewage treatment facilities discharging 

into the Black River. This association is mainly due to household products such as 

shampoo, sunblock, creams etc. (ATSDR Report, 2002). Sediment at locations 1,2,6 

and 8 on the map were sandy in nature and concentrations of most heavy metals were 

lower than for the silty samples. However, Zn at 217 ppm (P= 1.1 %) at location 1 

(Fig. 19) exceeds the SABS maximum permissible metal (MPM) in soil of 185 ppm 

and all European country critical limits, up to 200 ppm (USEPA website). The silty 

samples including the Liesbeeck sediment far exceed the MPM for Zn (Table 12), 

with the highest at 618 ppm (P=5.8%) at location 3, up to three times the SA and 

some European limits (USEPA website). 
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Lead (Pb) 

The anthropogenic Pb present could possibly be sourced from household water, due to 

old Pb pipes or from waste not properly disposed of, however, a much more likely 

and dominant source is probably atmospheric deposition from automobile exhaust 

emissions (ATSDR Report, 2002). All sand samples (2, 6, 8) show low values below 

the SABS MPM limit, except for location 1 at the mouth of the Elsieskraal River 

(Fig. 17), which contains -106 ppm Pb (P= 10 .2%). The Pb in the silty samples far 

exceeds the SABS MPM limit of -56 ppm (Table 12), with the Raapenberg Bridge 

sample at -276 ppm (P=8.1 %), second only to the Liesbeeck River at -381 ppm 

(P=8.1%). 

Chromium (Cr) and Nickel (Ni) 

Cr, also potentially sourced from the brake emissions of automobiles, and Ni, have 

values lower than the SABS MPM limit in sand sediment samples. The silty samples 

have values of Cr lower than the SABS limits with the most elevated values at 

location 3 and 4 (Fig. 21). Ni content in sediment exceeds the SABS MPM content of 

15 ppm at location 3 with -31 ppm (P=5.4%) and at location 4 with -20 ppm 

(P=5.4%) (Table 1). 

Copper (Cu) 

The Cu in all samples is less than the SABS MPM content, but is high at location 3 

with -95 ppm (p=7%), -72 ppm (p=7%) in the Liesbeeck River, and -58 ppm 

(p=7%) at location 4 (Fig. 23). These 3 locations exceed the critical limits for most 

European countries (USEPA website). 

Mercury (Hg), Cadmium (Cd) and Arsenic (As) 

Hg concentrations in most samples slightly exceed the 1999 SABS MPM content of 

0.5 ppm, with a high at location 1 of 1.1 ppm (no error estimate available), 

0.88±0.38 ppm (or P=86.4%) at location 3, and relatively lower values in the two 

most upstream samples at locations 8 and 6, but where no error estimates are available 

(Fig. 26). The wetland sample also has a lower concentration with 

0.15±0.054 ppm (or P=70.00Io). 
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Cd concentrations are lower than the SABS MPM contents but approach about half 

the limit at location 3 with 1.26±0.11 ppm (or P=17.5%) and at location 4 with 

1.04 ppm (p=17.5%). 

Arsenic exceeds the SABS MPM content of2 ppm (Table 12) for most locations 

except the upstream sandy samples (Fig. 25). The highest values found are location 3 

with 10.5 ppm (p=69.4%), location 4 with 9.8 ppm (p=69.4%), the Liesbeeck River 

with the highest 15.7 ppm (p=69.4%), and the wetland sample with 12.9 ppm 

(p=1.4%). 

4.1.2 Wetland Core Samples 

The top lcm of the core that was sequentially extracted, was predominantly root-mass 

and contained very little sediment (Appendix 1), other than some mud adhering to the 

roots. In this top 1 cm, Arsenic and Cu were at their maximum total concentrations 

(sum of the five fractions), and so were the Ca and Fe concentrations (Table 2). For 

most elements the concentration was highest in the top 10cm of the core. In this top 

root zone, where the organic carbon content is also substantial (Fig. 15), the peak 

concentrations often exceed the SABS MPM contents (Table 12), and/or some 

European critical limits (USEPA website). Pb, Zn, Cr, Ni, Cu, As, Mo, Se (up to 448 

ppm, 632 ppm, 275 ppm, 96.8 ppm, 158 ppm, 30.2 ppm, 8.93 ppm, 4.78 ppm 

respectively, for five fractions added) exceeds the SABS (1999) limits. Error 

estimates for each fraction are available in Appendix 2. Hg (up to 5.00 ppm, Table 2) 

also exceeds the SABS limits however, the error on the Hg results, which are 

discussed elsewhere in detail, prevents major conclusions to be drawn from this, and 

further work is required here. While Cd does not exceed the SABS limit of 

2 ppm, it does approach them at certain depths (up to 1. 75 ppm), and exceeds most 

European critical limits (USEPA website). 

4.2 The Extraction Procedure: Reagent Selectivity, Fraction Definition and 

Metal Recovery Efficiency 

The method of Tessier et al. (1979) was selected for this study, and is one of the most 

thoroughly researched and widely used sequential extraction methods to evaluate the 

41 



Univ
ers

ity
 of

  C
ap

e T
ow

n

possible chemical associations of metals in sediment (Xiangdong Li et aI., 2001). The 

Tessier et al. (1979) method was used on oxic to suboxic salt marsh sediment 

(Mortimer and Rae, 2000), on organic rich clayey-silt estuary sediment (Jones and 

Turki, 1997), and on estuary sediment cores (Xiangdong Li et aI., 2001). The 

application of this study to the sub-oxic wetland core is very similar to these previous 

studies. The basis of leaching of certain metals is that a particular reagent is phase 

specific, however, it is common for studies to point out that the various extractants 

used are not as selective as expected (Kersten and Forstner, 1991). 

In the first stage of extraction, or exchangeable fraction the exchangeable metals are 

released from ion exchange adsorption sites. While the 1M NaOAc (pH 8.2) has been 

shown to release a lesser amount of the exchangeable fraction of metals compared to 

the 1M MgCh (Tessier et at, 1979), the NaOAc reagent was chosen. 

The second stage of the extraction dissolves Ca and Mg carbonate or Ca Mg(C03)2 

and also possibly specifically adsorbed trace metals due to the strong pH dependence 

of desorption of metals off the solid substrate (Tessier et al., 1979). This fraction 

would represent the acid soluble fraction of metals in the sediment. Divalent salts 

such as ferrous and manganese carbonates may also dissolve (Tessier et al., 1979). 

The largest concentration of Ca was released in the extraction step that was intended 

to dissolve the carbonates (Fig. 12). In comparison, the concentration of Ca released 

in subsequent steps was far lower, indicating that most, if not all of the carbonate was 

dissolved. Only in the Liesbeeck sediment sample, did the Ca in the exchangeable 

fraction exceed that in the carbonate fraction, but the Liesbeeck sample diverges in 

many other ways, and the sediment is sourced in a different area (Table Mountain 

Group sandstones), so differences are expected. In the wetland core samples, the 

largest portion ofCa was released in the exchangeable fraction of the sediment 

(Table 2), and not the carbonate fraction. It is assumed that most of the Ca is 

associated with exchangeable sites, since the original calibration of this method 

indicated only 2-3% dissolution of carbonates in the first step (Tessier et al., 1979). 
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The third i>tage is to dissolve the reducible FefMn oxides in the sediment, with the Mn 

oxides more easily leached than the Fe oxides, and the organic carbon content ufthe 

samples were shown to be undiminished (Tessier et aI, 1979). Rapin et aI. (i 986) 

showed that under a N, atmosphere the acid volatile sulphide, or amorphous sulphide 

concerrtrations were maintamed (87 - 100(10) in the first two extr&.tions, but that it 

decreased tu :0;5% of the initial concentrations after the third extraction phase So, the 

stage meant to dissolve the Fe/Mn oxides, also releases the metals associated with the 

AVS in the sediment (Rapin et aI, 1986). This means that for anoxic sediment such as 

the river sediment, where presumahly H,S or CH. hubbies were observed exiting on 

sampling, that the third extractioTlS stage actually represents the metals associated 

with the AVS or Fe--monosulphides (FeS), The possible liberation of metals from 

labile organic complexes could also not be excluded (Tessier et al., 1979). Fe was 

released predominantly in the third extraction step (Fig. 13). The appreciahle amount 

of Fe in the carbonate fraction was previously explained by the dissolution of divalent 

salts e.g. FeeO., (Tessier et al., 1979). The large amourrts of Fe associated with the 

fourth, organic fraction for location 4, could reflect an association with the organic 

fraction or pyrite (FeS2), since the original method determined that increasing the 

leaching time, did not affect the Fe concerrtration in the leachates (Tessier et al., 
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1979). However, while all other samples showed that most Fe was liberated in the 

third cxtraction step, and the sediments are all comprised of similar minerals 

(Table 9), location 4 has the largest coarse faction >2 mm (Table 8), so it is possible 

that not all the AVS and oxide had dissolved completely in the third extraction step. 

Fe for 4 Fraclons of Sedirenl 
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10 oxides Fe 
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Ihi 
ti:h :J tI J .n 

~ • - " " D r • 
" • ~ • - • •• • Locaton 

, , -
Figure 13: .'e in fonr fracoon. of ",dimcnt. Samp"," an. in order from the ...... 1 npSlrcam. 

sample IInm""r H toward. Ibe mOlt downstream, ..... ple number ... Sample 5 i. from the 

Liesh<:eck I{j"er, in line "ilb number'" Tbe Rupen""rg weU .... d, _pie number 7, i. adj"""'t 

to. and hcrn""n ..... ple 4 and umple S. 

The fourth stage attacks all oxidisab1e phases such as organic matter and wdl

crystallised sulphide phases e.g. pyrite, but the oxidation of organic matter is 

incomplete, while only a slight attack on the silicate residual phase occurred with this 

treatment (Tessier et aI, 1979). The choice ofH, O, represents a compromise between 

complete oxidation and alteration of silicatc material (Tessier ct aI. , 1979). The 

procedure applied to the certified reference material SL-I , indicates a good recovery 

for some of the certified metals evaluated in this study. The sum of metals recovered 

in five fractions agreed to within the 95% confidence limit, or very dose to it 

(Table 13). 
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Table 13: Certified Values for Metals in Reference Material, Sir 1 from the 

International Atomic Energy Agency (1979) vs the Sum of Five fractions from 

Sequentially Reacted Reference Material, SIrl, in this study. 

Element Accepted Values Degree of Sum of Five 

(ppm) Confidence for Fractions (ppm) 

accepted value 

Cr 104± 9 R 96 

Zn 223 ± 10 H 248 

Ni 44.9 ± 8 R 53.1 

Cu 30.0 ± 5 R 29.6 

Co 19.8 ± 1.5 H 17.5 

Pb 37.7 ± 7.4 R 33.5 

As 27.5 ± 2.9 H 38.3 

Cd 0.26 ± 0.05 R 0.18 

Hg 0.13 Value not certified. 1.52 

Mo 1.3 Value not certified. 0.15 

Se 2.9 Value not certified. 1.03 

H is a certified value with a high degree of confidence. R is a certified value with a 

reasonable degree of confidence. All certified values are shown with the 95% 

confidence limits. 

The sum of recovered concentrations for five fractions of the sequential extraction 

procedure were within the 95% confidence limit of the certified values for Cr, Cu and 

Pb, slight differences for Zn (6.41%), Co (-4.26%), Ni (0.40%), and larger differences 

for As (26.05%), Cd (-14.29%). Hg, Mo and Se values are not certified and show 

phenomenal differences of 1069%, -88.51 % and -64.45% respectively (Table 13). 

Positive differences represent an over-estimation of the concentration, while negative 

differences represent an under-estimation. The relatively good recovery verifies the 

overall accuracy of the sequential extraction procedure. 
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4.3 Mt'tal behaviour: Stability lind Mobility 

4.3.1 Spatial Mdal Distribution 

rhe Raapenberg Bridge area, and Black River Parkway bridge area (locations 3 and 4 

respectively) bave the among the highest concentrations of Ph, Zn, Ni, Cu and As and 

the Liesbeeck River (location 5) with regard to Ph. As and Zn. These areas have an 

accumulation ofsih and organic malter, indicating slower flow and lower gradient, 

hence more deposition of fine material, than further upstream. There is a good 

correlation between the silt cnntent (Tablt' 8) atxl nrganic matter (OM) percentage 

(Fig. 14) in the six Black River sediment samples (Fig. 15). Generalty the deposition 

of more clay with its high surface area entails the depositinn ofbnth more organic 

matter atxl trace metals (Muner, 2002). rhe OM probably originates in part, frnm the 

sewage particles settling at these depositional locations, thereby increasing the 

nutrient load. i,e. nitrates, phosphates etc. that enhances plant and algal grmvth 

.. 
" t----1----~----+---_1C_--_+----+_----~ 

1m I--+---t---+~I---t-----t--+ 
~. t---t--j---I---+-+--t
b • • t----1-----+----+---_1~ 
1 ~ t----1----+----+---_1~ 
, t----+---I--" .-+ .. --j~ 

FigulT 14: O~anic ""rbon ,,'ei~ht peITent in rivet' sediment. Sample, .IT in order from the mo,t 

up.Heam •• ample number 8 I",urd. lbe mo.t downstream. <ample number ... Sample 5 is fro", 

the Li .. b=k River, in liDe with Dumber 4. The Raap ... bergll'ct!and, ... mple number 7, i. 

uijaceDllo, nd ~n "''''ple'' nd '.mple~ Onetriplin~ nd mo duplinte ,ample, ga'''' 
OIle ,tandard de'iation f""" the mean of 7.0% ±fl.J~%, lJ.lI% ±I.l %, respecti\..,ly. 
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Fig. 15: COT...,I;nion between Silt Contcnt and Organic Matter for 6 BilIel< Rin,r sediment 

,amples. Correl"tion coefficient ~ R', 
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Unfortunately, locations 3 and 4 which are associated with silt deposition and the 

resultant elevated trace metal concentrations arc the same locations where dredging of 

sediment occurs, by the local Municipality in order to keep the water flow efficient 

Location 1. at the mouth of the Elsieskraal River also shows some elevated 

concentrations fur trace metals evaluated, even though it is sandy in nature. 

Concentrations of all selected trace elements in the core decreases with depth, since 

the more recent, shallower sediment, probably reflects a recent increase in industrial 

activity and anthropogenic input, as has been shown in studies where sediments have 

been dated (Silva and Re.zende, 2002; Botlmer et aL , 2002) Atmospheric deposit ion, 

in part from exhaust fumes /Tom recently built (1930' s - 1960's) highways alongside 

the Raapenberg wetland, and increased urbanisation and population, must certainly 

havc contributcd to this trace metal accumulation. This is consistent with llndings at 

other locations, for example, the enrichment of Pb, Zn and eu in the top 15 cm of the 

Pcarl Rivcr Estuary, China, with metals maintaining fairly constant concentrations 

below 35 em depth, and these were taken to reflect background concerrtrations 

(Xiangdong Li et at., 2001), Another influence on the distribution of heavy metals is 

the grain si7.e variations with depth or location. The grcatest concentration of iK:avy 

metals have been found in the intervals offiner sediments, attributed to the greater 
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surface area of the smaller particles (Silva and Rezende, 2001). This may justify 

further work to greater depth to include the deeper mud layers in the wetland core 

(App~ndiJ," J). 

Elements such as Cd and Zn which are rated as medium and high mobility metals, 

respectively, in acidic, oxidising environments, and Hg which has a dominant soluble 

species. Hg(OH),o, above a pH of 4 (MacBride, 1994), tend to have moved lower in 

the depth profile of the Raapenberg Wetland core with peak concentrations at 

7 - 9 cm_ Elements such as Cu, Cr and Pb which are very tightly bound to organic 

matter, and are considered quite immobile in this fonn (MacBride, 1994), have peak 

concentrations at 1-3 cm, much shallower in the depth profile_ This correlates with the 

top-most organic rich layer in the core (Fig. J 6). 

Organle Carbon Percentage In Core 
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Fig .. ..., 16: Qrguic C ........ d P"...,cnt id ,,·cU...,d .. dimcnt from 00", sample. Thn:e d .. plicak 

,ampl~' ga .. ~ I ,t...,danl d~viatioD f .... m theme..., of JJ.5%±4.9%.l~.9"'. ±2.7% .... d 

0.88"", ±ll6~%. 

4.3.2 Controlling Processes on Solnbility and Bio-availability 

Each trace metal is bound to dominantly one or two phases of the sediment depending 

on its basic chemistry_ In order to become mobile, it will have to begin with 

desorption or dissolution followed by diffusion and advection away from the area of 
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maximum concentration, and may undergo re-adsorption or precipitation which can 

then immobilise the element (MacBride, 1994). These processes are influenced by pH 

and redox conditions (MacBride, 1994), which win probably change seasonally with 

rains and subsequent water-logging of the wetland. Discharges into the river altering 

the pH of the water column may also influence mobility of metals. Dredging of the 

Black River will probably be accompanied by a decrease in pH as the sulphides 

oxidise in the dredged piles of sediment: 

FeS2 + 7.S 02 + H20 ~ 2Fe3+ + 4sol + 2W 

(Stephens et aI., 2001). 

(1) 

Acidification in an environment by any mechanism, possibly by equation (1), may 

make metals available by the dissolution of an oxide phase that may host trace metals: 

Al(0H)3 + 3H+ ~ Al3+ +3H20 

(MacBride, 1994). 

(2) 

Acidification in the environment may also cause the dissolution of carbonate 

minerals, which are buffering reactions: 

W + CaC03 ~ HC03- + Ca2+ 

(MacBride, 1994). 

(3) 

This reaction may also release trace metals that have co-precipitated with the 

dissolving mineral phase, in this case, carbonate or that have adsorbed to the phase, 

similar to the Fe-sulphide and gibbsite (Al(0H)3) dissolution reactions in equations 

(1) and (2), respectively. 

Redox Reactions in Sediment: 

Redox stratification occurs in sediment with depth due to the sequential utilisation of 

tenninal electron acceptors in the microbial degradation of organic matter 

(Koretsky et aI., 2000). The organic matter decays progressively, and decreases in 

content with increasing depth (Fig. 16). Microbial activity changes from aerobic to 
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anaerobic when the dissolved oxygen diminishes to trace levels (about 10-6 M) 

(MacBride, 1994), which occurs with depth as it becomes more difficult for oxygen to 

diffuse into the sediment. The sequential depletion of electron acceptors with depth is 

accompanied by the build-up of reduced inorganic by-products, and the depletion 

occurs in the order: 

(a) Oz (aerobic) respiration of organic matter, 

CHzO + Oz ~ COz + HzO (4) 

(b) Mn 4+ respiration to form Mn Z+ in the suboxic zone, 

2MnOz + CHzO +3W ~ 2Mnz+ + HC03- + 2HzO (5) 

(c) Fe3+ respiration to form Fez+ in the suboxic zone, 

4FeOOH + CHzO +7W ~ 4Fez+ + HC03- + 6HzO (6) 

(d) Sulphate reduction to form HzS (sulphide) in the sulphidic zone, 

S04 z- + 2CHzO ~ HzS + 2HC03 - (7) 

(e) Methanogenesis in the methanogenic zone (Koretsky, 2000). 

(8) 

(all species are aqueous except for minerai phases which are solids) 

Most reduction reactions consume W ions, causing a rise in the pH towards 7 

(MacBride, 1994). Step (a) occurs in the oxic zone of the soil, and metals bound to 

organic matter are potentially available by this reaction. Steps (b) and (c) can occur 

during early diagenesis, releasing soluble Fez+ and Mnz+ species and metals associated 

with the oxide phases to porewaters, and possibly the overlying water column (Jones 

and Turki, 1997). With the onset of sulphate reduction, probably within a few 

centimetres of the sediment-water interface of a river or lake sediment, any remaining 

Fe3+ and Mn4+ species will be rapidly converted to monosulphides and eventually 

pyrite (Jones and Turki, 1997). When aqueous sulphide reacts with aqueous iron (or 

directly with oxyhydroxides such as goethite and gibbsite) to form solid FeS 

(monosulphides), any trace metals that are released by these processes may complex 

strong ligands (e.g. organic matter), coprecipitate with Fe-sulphides, or adsorb to the 

surface of existing pyrite and A VS minerals (Cooper and Morse, 1998). 

Temporary bio-availability of metals released from the dissolution of oxyhydroxides 

may occur after the start of oxyhydroxide dissolution but before the onset of sulphate 
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reduction. Certain fractions or phases in the sediment may also be available to 

different organisms in the environment. For example, previous studies have shown 

that trace metal levels in benthic organisms correlate better with the trace metal 

concentration in sediments when normalised to the Fe- hydrous oxide and/or organic 

content of the sediments (Tessier and Campbell, 1986). 

High concentrations of dissolved Fe and Mn in porewaters sampled from the cores 

taken from the Raapenberg wetland (Table 11), confirms reduction of Fe and Mn 

oxides in the Raapenberg sediments, and demonstrates the potential for diagenetic 

mobilisation of oxide bound metals. A similar conclusion from high dissolved Mn 

concentrations in Tees Estuary water, was reached by Jones and Turki, (1997). In an 

anaerobic environment continued sulphate reduction will result in a sulphide 

dominated environment, where higher concentrations of aqueous sulphide inhibit 

metal-ligand formation, favour the formation of metal-sulphide minerals, and allow 

rapid pyrite formation to sequester trace metals within pyrite via the reaction of F eS 

with aqueous HzS (Cooper and Morse, 1998). When sulphidisation of Fe minerals is 

complete, pyrite will be the dominant host for metals, and as long as conditions 

remain reducing, these metals will be unavailable for reaction or uptake by biota 

(Jones and Turki, 1997). Key factors in predicting the trace metal reactivity in an 

aquatic environment are the potential for sulphide minerals to trap free metals and the 

potential for the sulphide minerals to be destroyed via oxidative dissolution (equation 

(1») at a later date (Cooper and Morse, 1998). 

Metals associated with the OM in the oxic zone will be progressively released as a 

result of microbial oxidation of the organic substrate. With increasing depth, these 

organic-associated metals will be progressively released due to further degradation of 

organic matter. Also, sulphide ions (Sz") in aqueous solution have been known to 

assist the dismutation of certain organometallic compounds: 

2(CH3)M+ + Sz- ~ [(CH3)M + (CH3)zMS (M = Sn, Pb) (9) 

(Harrison and de Mora, 1996). 

With diagenesis and the onset of reducing conditions some of the metals released 

from OM microbial degradation, will probably be fixed as pyrite, but if the sediment 
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is agitated and mixed with oxygenated water, oxidative degradation of organic matter 

(Jones and Turki, 1997) and dissolution of the solid sulphide minerals could 

potentially mobilise all metals associated with these phases. A leachability study by 

Stephen et al. (2001) on dredged sediment, showed the redistribution of metals from 

various phases during drying and oxidation. They found significant metal loads in 

run-off and percolating water. Sulphides are only sparingly soluble in water 

(MacBride, 1994) but dredging of river sediment and subsequent oxidation of 

sulphides will change the sulphide/sulphate ratio (Stephen et al., 2001), changing the 

solubility. 

Of course, the precipitation of oxides could scavenge some of the metals released 

(Rapin et al., 1986). Tessier et al., (1979) illustrated the strong scavenging efficiency 

ofFe-Mn oxides for trace metals in oxic sediment. This would especially be the case 

ifthe metals are strongly sorbing metals, or hard Lewis acids that bond well with the 

0 2
- ligand. In the wetland core samples (Table 10), the main mineral phases are the 

Fe-oxide, goethite and gibbsite (instead of sulphide) because the core was under sub

oxic conditions at the time of sampling. There is probably also amorphous Mn -oxide 

present since the parent material is quite rich in Mn (Soil Report, 2002, N. Haniff). 
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4.4 Metal Partitioning 

4.4.1 Lead (Pb) 
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Fif:Un' 17: Ph concentration in r;,1' fractions of rinr !oediment. Samples"""" iD .. rd~r from the 

most upstrum, ~mpl~ numb~c II towards the most downstream, ,ample Dumber 4. Sam"I~.'\ is 

f .... m th~ J,ie,bft"Ck Ri""r, in line "ilh Dumb~c 4. The Raa" ... bng ,,·l1Iand ... mpl~ number 7. i. 

adja~nt to, and bet"een sample 4 and ~mple ~ The Sum is the addition .. [fi,.., r",room and tbe 

Total is the wbol~ ....timen! dige""d independentl) .. 

One of the h'gilest coocentration metals in thIS study, Pb, a chalcophile is 

predominantly associated with the AVS or oxide Fraction in the anoxic river sediment, 

and to a slightly lesser extent the organic fraction, with the exception of tile Liesbeeck 

sample, which has the carbonate fraction as the second most dOminant (Fig. 17). A 

dominant association with the Fe-Mn oxide (or AVS) fraclion was also found in the 

let's Estuary, north-east England (Jones and Turh, 1997) and we:.tem sediments in 

the Pearl River Estuary, China (Xiangdoog L~ 20(1). Pb in nature predominantly 

exists as the Phl ' ion (MacBride, 1994), which is a borderline soft Lewis acid (Shriver 

and Atkins, 1999). This means that it would form more complexes where covalent 

bonding is important (Shriver and Atkins, 1999) with soft bases such as the S2-

sulphidc, and R: organic ligands, rcndcring it fairly immobile in nature, and Ph is 

immobile even under oxic conditions ifthe pH is raised (MacBride, 1994). Transport 

processes and acidic solutions could stililcach trace mctals during oxidation. This 

implies that tbe Ph locked in the AVS fraction of in situ rivcr sediment should not be 
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considered a biohazard, unless disturbed e.g, by dredging, changing pH of overlying 

waters, 

The borderline ,oft metal, Pb (Shriver and Atkins, 1999), will most easily bond with 

organic ligands and other borderline ligands, then the soft ligands, and then with hard 

ligands to some extent e.g, 0'-. So, it is possible that when the sulphide and organics 

have scavenged as much Pb that they can (in this case up to 108 ppm and 71 ppm in 

the l31ack River, respectively), being the preferred pha,e" the remainder binds with 

the harder ligands such as the carbonate (CO:J'l ion (8 ppm in the same l31ack River 

sample), The carbonate fraction may then become particularly loaded where the metal 

concentrations are exceptionally high, a, in the Liesbeeck sediment sample (Fig. 11). 

This will mean that where concentrations are higher, a larger portion of the metal 

reserve is likely to be more easily bio-available e.g. a larger portion will be found in 

the easily acid-leachable carbonate fractioo, 
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.'i~ure 13: Ph ""I1Centrations in fj,-e fractiono of Raapcnbug 1\'ctland sediment. ~mpl"" are in 

order of depth in the co", and con<,<,mratio"" "IT for dry weigllt of .ample. The d~ptb axi, i, not 

to seal~ and the la""l ",p",,,,n!. the h...., of (be unit. 

In the top 7 em ofthe 25 em of the sub-oxic wetland core samples, the dominant 

fraction with regard to Pb is the organics fraction, while with increasing depth, the 

dominant fraction become, the oxide (reducible) fraction (Fig. 18). Xiangdoog Li, 

(2001) found from Pb isotope results in the Pearl River Estuary (China), that the most 
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of the anthropogenic Pb may be accumulated by Fe-Mn oXIdes and organic matter. 

Pb' + undergoes strong complexation with organic matter and tends to bioaccumulate 

in this layer (here, up to 448 ppm Pb), but generally tbis type of Pb accumulation has 

shown very little leaching over many years and appears to be unavailable to plant tops 

('Macl3ride, 1994) The concentration ofPb also decreases with depth in the older 

sediment, as does the organic carbon content (Fig. 16). As OM decays, Pb (and other 

tmce metal> released), may then becomes hosted by the Fe!ll.ln oxides to some extent 

and some potentially released. With burial and possible flooding of the wetland, the 

Pb is likely tu form PbS, which is very insoll1ble in reduced soils (Macl3ride, 1994). 

If the top lcm ofwut-rich sediment is excluded, then the top lcm of the most recent 

sediment, Just bell"\1 the root-rna.ls, contaim up to --50 ppm (P=226%) acid-leachable 

Pb (Fig. 18) This is substantial considering that even rainwater is potentially 

.Iufficiently acidic to leach this during the rainy season, on equilibration ,\lith this 

sediment. This tractiun of Pb is of concern since it is the most easily bio-available. 
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4.4.2 Zinc (Zn) 

fii",;;;;;g,~z;in~in 5 Fractions of sediment 
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.ampl .. number!! t ..... ard. the must dOWDot",am • .ampl~ number4. SlJDple 5 j, from tbe 

Ue.bl"eCk Rh· .... in line with number 4. The Raapcnberg"'dland • .ample nnmber 7, i. adjacent 

t .... and between .amp'" 4 and sample.'i. TheSum is the addition off .... ·efrll.ction. and tbe Total i. 

th~ "hole ...... iment dil.<e.red independendy. 

Zn, a borderline hard metal and chalcophile. is predominantly associated with the 

AVS and Fe;Mn oxide fractions, respectively. in both the river (up 10 336 ppm) and 

wetland (up 10 345 ppm) sediments (Figures 19 and 20). In the river sediment 

another dominant fraction is the residual fTaction, The wetland core samples also 

show that a substantial portion of the Zn partitions into the carbonate fraction (up to 

,·,72 ppm), even more so than into the organic fraction. Zn tends to form oxides, 

hydroxides, hydroxycarbonates at pH 6 or higher where there are high levels ofZn in 

the soil (MacBride, 1994), And, the borderline hard acid will prefer bonding, ba.sed on 

the ion charge ratio, to hard oc borderline ligands, such as Off", 0,-, CO/ - (Shriver 

and Atkins., 1999), unlike the soft organic ligand K. 

Ln, being a chaloophile is probably associated with the extremely insoluble ZnS 

(MacBride, 1994) in the anoxic river samples. As is the case with Pb, on oxidation of 

dredged material, the Zn may be available while the sulphides dissolve to re

precipitate as oxides. In acidic environments, Zn2" is one of the most soluble and 
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most mobile of the trace metal cations (MacBride, 1994), as may be the case in the 

dredged piles of sediment from the Black River. 

Zn in 5 Fractions, with Depth ". ~ ~ 
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Figu..., 20: Zn OOD""Dtratiom iD (h'c fraclinn. of Raapenoo'1l ,,'etl~nd .. diment. Samp\"" He in 

order of depth in th~ co..., and cOD""ntraliom Kr" for dry weiglll of sample. Tile depth axio i, Dot 

to orale and the label "'p...,,,,,nb thc h..., of the unit. 

On flooding the wetland in the rainy season, the release ofZn from dissolving FelMn 

oxides may initially increase availability. but be ultimately re:.iricted by the fonnation 

ofZnS (MacBride, 1994). Neutral pH, such as the currently exhis at the wetland, is 

essential to reduce the mobility ofZn (MacBride, 1994). For metal cations such as 

Zn
21 

and Cd2
+ however, there is less tendency to fonn soluble organic complexes such 

as CU2~ and Fe'~, and so conditions promoting adsorption and precipitation such as 

increasing pH tends to reduce availability (MacBride, 1994), Ouly in alkaline 

environmenlS, similar to Pb, Zn-organic complexes become soluble or the fonnation 

ofZn-hydroxy anions can increase mobility 
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4.4.3 Chromium (Crl 

Cr for 5 Fractions of sediment 
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. 'igure 21: Cr in fh'( fractiOlL" of ri'-er "'<limen!. Sample. a..., in IIrd~r from tlte most up.tream, 

... mple number S toward. tlt( most <lownotream .... mple number 4. Sample ~ is from tlt~ 

Ue,llt'eck Riwr, in lin~ "itlt number 4. The Raapen""'1: "'",llond. ""mpI~ number 7, is lIdjltrent 

.... and betweeD ""mplc 4 aud ""mpl~~. The Sum i, the additioD of nw frllction, and th( T"tal i. 

tlt~ D hol~ ""diment digested independentl)', 

For most river sediment samples, the most dominant phase for Cr is the residual 

/Taction, which is the least available /Taction of the sediment (Fig. 21). At only two 

locations, with the highest Cr contents (the Raapenberg and Black River Parkway 

bridges, locations 3 and 4 respectively) does a significant portion ofCr associate with 

the organic fraction. Cr is usually present as the very immobile C?' torm in soils and 

compie:<es very strongly with orga~ic matter (MacUride, 1994). In the wetland 

samples most of the Cr is associated with the organic fraction (Fig, 22), with the 

highest concentration in the topmost layer of soil, below the root-mass_ As this 

decays, the Cr would probably chemisorb on Fe-oxides and clays in the soil, as is the 

strong tendency for CrJ< (MacBride, 1994), At high pll Cr substitules for Fe in lhe 

mineral structure and precipitates as Cr(OH). .. and is very immobile and unavailable 

to plants (MacUride, 1994). Only at very high pH could the Cr become oxidised to 

CrO/-, a very toxic form of Cr. which is promoted by Mn-oxides (MacBride, 1(94) 

This should probably be investigated considering the high Cr contenl (--201 ppm) in 

lhe welland top-soil. 
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4.4.4 Copper (Cu) 
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In both the wetland core samples and the river sediment the organic fraction is by far 

the dominant host ofCu (up to S4 ppm and 83 ppm, respectively). The residual and 

oxide! AVS fractions host smaller portions oftbe Cu (Figures 23 and 24). One would 

think that river sediment will release the fraction ofCu hosted by the AVS fraction 

and the oxidisable (organic) fraction ifthe material is dredged, especially with a 

decrease in the pH as the river sediment dries and oxidises. 

As the organic matter decays with depth in the wetland, there is to some extent a 

transfer into the Fe-oxide fraction, which increases slightly with depth (Fig. 24) Cu, 

like Fe, migrates to the roots of plants in the form of non-adsorbing organic 

complexes, and usually factor, that decrease solubility of free metal cations in the soil 

solution, will not affect the uptake ofthese complexes by plants (MacBride, 1994). 

The CU2 1 ion is more tightly bound to organic matter than any othcc divalent transition 

metal (MacBride, 1994), probably since CUl l is a very ,oft acid while the R- Iigand is 

a soft base (Shriver and Atkins, 1999). Corusequentiy, Cu is rated as a low mobility 

clement in ncar neutral, humus-rich soils (MacBride, 1994). The recent wetland 

sediment has accumulated far more Cu than the river sediment The largest potential 

problem in the wetland is Cu accumulation as CuS due to episodes of reduction after 

bioaccumulation in lrumus (MacBride, 1994), and could happen with subsequent 

burial and reduction ofCu-ricb humus when the wetland is flooded. 1his mechanism 
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could also be seen as not a problem but a solution to stabilising the free metal and 

soluble organic complex concentrations, which are available 10 plants, since CuS is 

extremely insoluble. A complication of this mechanism is that there is probably a 

large seasonal variation in available concentralions ofCu dlle 10 the successive 

flooding and drying everrts in the wetland causing changes in redox conditions 

4.4.5 Arsenic (As) and Mercury (Ug) 

As for 5 Fractions of Sediment 
18 
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• 6 
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npSlream, umple oumber H (o"ard. lbe mo.t do .. nMream, .ample Durnbcr 4. Sample ~ is frolll 

tbe lk.b=k Rh..,r. in tide "ith oumber 4. The Raapenber~ "etland, ,ample oumbu 7. is 

adj""mt tfI, and bct .. ·..,n """,pic 4 and """,ple~. 'rbe Sum " the addition of fi", fnortioos IIIld the 

Total i. the " 'bole ",diment digcOled indcpendeolly. 

Hg, Arsenic and Se arc the soft metals (or B-type metals) that can be released into the 

atmosphere as inorganic vapours from the burning of coal (Stumm and Morgan. 

1996). Mo~i ofthe arsenic in the river sediment is associated with the residual fraction 

and to a much lesser extent, the AVS and organic fra~iion5 (Fig. 25) While the 

residual is the least available fraction, work by Stephens et ai , (2001), sbowed that 

between 2 and 5 weeks of drying and oxidising canal sediment, the arsenic shil~ed 

from predominarrtly the residual fraction to mainly the oxidisable fraction, which they 

thought was related 10 the bacterially mediated re&.iion of AslSJ precipitation. This is 

an une)(pe~ied outcome, however, the oxidisable fraction coliid possibly he converted 

to arsenate AsO. )', the o)(idised I>iate, by soil microbes and Mn oxides 

61 



Univ
ers

ity
 of

  C
ap

e T
ow

n

(MacBride, 1994). This may be favourable in acidic dredged piles of sediment since 

AsO/' adSOl"bs effeclively in an acidic environment, in soils wilh high clay or oxide 

content (MacBride, 1994) 

As in 5 Fractions, ~ Depth 

" '" '- ' : : -*,, 1 II I II 
"0 

"E 7.0 
" 1."1 exchangeable As I 
~ ~.o 
Q.125 I I I I I • carbonates As I ~ 

o oxi:les As 
, 

15 . .0 , 
~o I I I I I I I o organics As , 
25 . .0 ~ • residue As , , 

" 
, • " " '" " " '" '" ~ ~ " ~ ~ ~ " Concentration (PPfll 

"i~ ... ", 2(;: A,.,..nic, M eOIl«otratiom ill fi'" fnrtion' of Raapeobcrg ~etla.od ocdimeJlL Sample< 

a,.., ill order of de(llh in !be co", nd COlle""tratioD' a,.., for dry "righl of <ample.. Tbe deplb ni8 

is not 10 scale lind the label .... pl"CSl""nt, lite """" oft ... unit. 

As::S) precipitation could also occur in the wetlarxl ,ediment due lo tlooding, bringing 

about reducing conditions, resulting in arsenic accumulation In the wetland, the 

arsenic is dominantly associated with the residual fraction. and to a lessee eldent wilh 

the oxide and organic fractions, and to a lesser eldent in the carbonate (acid-leachable) 

fraction in the more recent sediment (1<'ig. 26). Arsenic shows an increa'led association 

with the organic fraction wilh depth. In this case the OI"ganic fraction at grcatcc depth 

may actually be indicating a crystalline sulphide phase since the organic carbon 

percent decrea,e, to a minimllm in the lower half ofthe corc. The greatest danger at 

the current circum-neutral pH in the wctland (Appendix 1), on soil originating on 

Malmesbury marine shale, which is rich in wdium chloride (Soil Report, 1992, N 

Haoiff), is that arsenic may be mobile in the soluble Na arsenate form (MacBride, 

1994), 
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Most of the Hg in the Black River river samples is associated with the residual 

fraction and to a much lesser extent, the AVS and organic fractions. Hg is a soft 

Lewis acid (Shriver and Atkins, 1999) and shoold be hosted by the sulphide and 

organic fractions, and it is uncertain why the association is :.trongest with the residual 

fraction. It is possible that extraction techniques used here did not liberate the Hg 

effectively since, the dominant soluble form, Hg(OHh" exists above pH4 (MacBride, 

1994) It is also possible that the Hg exists in the river sediment as the extremely 

insoluble HgS and this was not effectively dissolved. The highest Hg concentration is 

at the mouth of the Elsieskraal River (Fig. 27, location 1). and decreases gradually 

away from this loeatioo_ This trend is seen both for the whole digested sediment. and 

the sum of the five fractions of the sediment, which were processed and analysed 

separately Results agree to within a maximum of208'Yo of each other (excluding the 

anomalous wetland sample 7). Funher work is thus warranted on this basis, using 

alt ernate methods of analysis, on the Hg levels in the Elsieskraal River sediment, and 

water 
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The Hg concentrations in the wetland core approach a maximum at 9 cm depth 

(Table 2), and generally appears to be hosted by the exchangeable and carbonate 

fractions at shallower depth, and by the oxide and organic fractions deeper in the core. 

However, there is no clear or smooth trend seen, and further work is required, either 

by a different extraction technique selected just for Hg, or another means of analysing 

leachates which has a better precision for Hg than the ICP-MS. The organic fraction 

shown at greater depth, is possibly a wen crystallised phase e.g. pyrite, which hosts 

the Hg, but it is difficult to evaluate. 

Hg is a 'sulphur seeking', soft Lewis acid, and can form insoluble HgS under 

reducing conditions (Stumm and Morgan, 1996). However, this may not be entirely 

favourable ifthe wetland is flooded, since volatile organomercury can also form 

under these conditions (MacBride, 1994). Also of significance is that the wetland soil 

originates from NaCl-rich Malmesbury marine shale (Soil Report 2002, N. Haniff), 

and Hg (and to a lesser extent Cd and Zn) is particularly prone to chloride induced 

mobilisation, forming metal-chloride pairs which are soluble (MacBride, 1994). 

4.4.6 Cadmium (Cd) 

The highest concentrations of Cd in the river sediment, like aU other data, are at 

locations 3, 4 and 5 which are the Raapenberg bridge location, the Black River 

Parkway bridge, and in the Liesbeeck River, in order of high to low concentrations 

(1.26 ppm, 1.06 ppm and 0.58 ppm, respectively). The main host of Cd is the AVS 

fraction with a lesser organic fraction association (Table 1). Cd, another chalcophile, 

should be associated with the A VS fraction. While no Cd concentrations measured in 

this study exceed the SABS (1999) MPM content of2 ppm, concentrations >0.5 ppm 

is considered evidence of soil pollution (MacBride, 1994). The likely sources in this 

case are the sewage effluent released into the Black River and the proximity to the N2 

and other highways. Cd2
+ is even more mobile than Zn, has a very high toxicity to 

animals and humans, and has a medium to high mobility in acidic oxidising solutions 

(MacBride, 1994). This is an element of fair concern in the piles of dredged sediment, 

which often lays on the banks of the Black river and alongside the Raapenberg 

wetland, before disposal elsewhere. 
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In the wetland core samples the Cd is hosted mainly by the oxides, likely goethite, 

gibbsite and amorpous Mn oxides, and to a lesser extent by the carbonate and then the 

organic fraction, with maximum concentrations at 5-7 cm depth (Table 2) of up to 

1.75 ppm. This is very close to the SABS (1999) MPM content. The wetland is 

currently at circum-neutral pH, so the mobility of Cd is low. If the wetland is 

continuously waterlogged in the rainy season, the precipitation of CdS under the 

reducing conditions, will result in also low Cd mobility (MacBride, 1994). If the 

sediment is well drained, though, it may allow the uptake of hazardous levels of Cd 

by plants (MacBride, 1994), as is probably the case in this wetland in the dry season. 

4.5 Temporal Variation during Sequential Extraction Procedure 

Two river samples were used to monitor variations in concentration of elements with 

reaction time. This was done in order to evaluate whether adsorption and desorption 

are influencing the concentrations in the supernatants, and if this influences at all the 

times at which the reaction is stopped. Adsorption will be reflected by a decrease in 

concentration. Unfortunately, no time is available to evaluate the exact reaction time 

for each sediment type, so the prescribed time for this method of extraction was 

applied. The variations in concentration therefore also reflects the various phases 

being dissolved, and logically, the start of the next phase being dissolved, should be 

accompanied by a sharp increase in concentration. A description of the variation in 

concentrations of various elements with time, for four steps of the sequential reactions 

and graphs ofthese variations is shown in Appendix 6. 
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4.6 Confidence in Data 

4.6.1 Sampling Heterogeneity and Procedural Error 

The certified reference material SL-1 showed fairly good reproducible concentrations 

through the sequential extraction procedure for all certified trace elements of concern, 

Cr, Zn, Ni, Cu, Co, Pb, As and Cd (Table 13). Therefore the precisional error, %P can 

be attributed mainly to sample heterogeneity since the overall procedural error is most 

likely minimal in comparison. The duplicate values of the two river samples and 

duplicates of the two wetland core samples are used to estimate the error on all the 

results obtained for each set of samples. The average error was evaluated for the first 

four fractions only. There is a larger variation in the precision for lower concentration 

than higher concentration samples (Ramsey, 2000). The Precision (%P), calculated as 

(a/mean)*200, was chosen to represent the percent scatter on the total dataset, at the 

95% confidence limit. Note that this will give twice the error as is represented by the 

standard deviation, as it represents the scatter both above and below the mean, 

combined. The higher the precision, the lower the scatter on 95% of the samples, the 

lower the percentage shown in Tables 1 & 3. The precision or scatter was averaged 

for elements of concern, for various concentration ranges. The precision for each 

element, is available in Appendix 2. The sum of the five fractions, compared with the 

total concentrations of whole digested sediment, also have the problem of sample 

heterogeneity, since the wet sediment was not homogenised completely. These 

differences seen graphically in sections 3.4 and 3.6 are thus a reflection of sample 

heterogeneity and minor procedural error. The only way to estimate the procedural 

error will be to use the standard material SL-I that was sequentially reacted. 

The River Sediment Samples: 

The sampling heterogeneity was evaluated for Pb, Zn, Cu, Cr, Ca, AI, Ni, Fe and As. 

While the precision data are available for each element in Appendix 2, the mean of 

the data is discussed here to explain an overall perspective of the error. It is believed 

the sampling heterogeneity to be the dominant source of low precision, and the 

procedural error to be minimal in comparison, due to the lack of a homogenising 

process and the nature of the river bottom sediment. The scatter on values <0.1 ppm is 
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extremely low (Table 4, P=274%), and the standard deviation on duplicate samples 

not homogenised, is 137% in excess of the mean. This was taken by the author to 

imply the invalidity of the results with values <0.1 ppm, due to the high level of 

sample heterogeneity. Values in this low concentration range are not the focus in this 

study. Nor are the values in the 0.1 ppm to 2 ppm range, with the exceptions ofHg, 

As and Cd and Se, which are discussed briefly. The values in the range of 0.1 to 

2 ppm also have a very low precision, with an average standard deviation as a percent 

of the mean of 71 % (Table 4) and a scatter or precisional error of 143%. While this is 

extremely low precision due to sample heterogeneity, the values can be taken as only 

a rough indication of the actual concentration. 

Generally, river sediment values have a very large scatter, with values between 2 and 

10 ppm showing an average scatter of -131 %, values between 10 and 100 ppm an 

average scatter of -68% and values greater than 100 ppm a scatter of -62% at the 

95% confidence limit (Table 4). This translates in simple terms, to values between 2 

and 10 ppm being a rough indication of concentrations in the bottom sediments, with 

a quantifiable error. Values in the two higher ranges are taken as fair indications of 

the concentrations in the system as a whole, with acceptable standard deviations of 

-34% and -31 % of the mean respectively. This does not account for the overall 

heterogeneity in the entire Black River, but merely in the actual samples taken. The 7 

river samples taken from the river bottom sediment are probably not representative of 

the entire Black River System, which is probably much more heterogeneous on a 

larger scale. 

There is considerable variation between the precision on different elements due 

predominantly to sample heterogeneity, the reason depending to a large extent on the 

mode of deposition and particle size of the fraction with which the element is 

associated. So the precision will vary not only from element to element, but for each 

sediment type as well. For example, Pb shows a lower precision than the average for 

one sediment, as has been seen in other studies. This has been attributed to the 

relatively large (>8Jlm) lead-rich particles originating from the combustion of 

gasoline (Tessier et al., 1979). 
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The Wetland Core Samples: 

The wetland core combined sample heterogeneity and procedural error was evaluated 

for each element in two duplicates out of nine samples sectioned from the core. More 

supernatants were available (both duplicates and samples), but due to financial 

constraints, only the data presented here was analysed on the ICP-MS. However, in 

order to obtain an overall perspective of the heterogeneity and error on the wetland 

core results, the %P was averaged for Cr, Zn, Pb, Ni, Co, Cu, As, Ca, Fe, Cd, Mo and 

Se for various concentration ranges (Table 6). 

The wetland core samples have a much better precision than the river sediment, which 

is expected, due to the differences in deposition between the two environments and 

the compactness of the sediment. Firstly, heterogeneity and error estimates given in 

this study in no way approximates the heterogeneity in the wetland as a whole, and to 

estimate this, several cores will have to be analysed for trace metal concentrations. 

These are estimates for variations within the samples taken, and within one single 

core. The values < 0.1 ppm have a low precision, with a scatter of -119%. The 

standard deviation is -60% of the mean for these elements combined, which means 

that these values are only a rough indication of actual values in the samples taken. 

Values between 0.1 and 2 ppm have an overall precision of -83%. This is a very high 

scatter, with the average standard deviation -41% of the mean. While this is a high 

scatter, it may be appropriate as a rough indication of the actual value within the core. 

This would be applicable to elements such as Arsenic, Cd, Mo, Se etc., that have 

concentrations sometimes close to the SABS (1999) MPM content. The other 

categories chosen all have fairly acceptable scatter or precision at the 95% confidence 

level, ranging from -44% precision or -22% standard deviation to -25% 

scatter/precision or -13% standard deviation, scatter decreasing with increasing 

concentration (Table 6). Only above concentrations of 1000 ppm does the scatter 

increase to -57% or standard deviation 28% of the mean. The concentrations that are 

the focus of this study, are mainly in the concentration range with the lowest scatter, 

i. e. the highest confidence. This is encouraging in applying the results obtained from 

the core samples in this study, since it allows a comparison with other studies, and 

governmental guidelines with a fairly high level of confidence. 
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4.6.2 Analytical Error 

For each analytical run on the ICP-MS, 2 or 3 samples (-5%) were analysed in 

triplicate at the beginning, middle and end of the run. The analytical error was 

evaluated for the first four fractions only. The variation in the data obtained, was used 

to calculate the scatter or precision of the ICP-MS with regard to each element 

analysed. The average error was calculated for each element for the 2 or 3 triplicate 

analyses. About every 10 samples, the external sea-water standard, NIST -1640 was 

run, and the averaged value of these runs was used to calculate the percent bias of the 

ICP-MS, of the measured value from the accepted/certified value. All error includes 

possible pipetting errors, since the samples had to be diluted 100 times before 

analysis. 

River Sediment Analytical Error: 

Of the main elements discussed here, the triplicate analyses of the samples show an 

average analytical precision of <20% for Mn, Fe, Co, Cu, Zn and Pb (Table 5), which 

translates to a standard deviation <10% of the mean. Ni and Cr had lower precisions, 

at -62% and -69% respectively at the 95% confidence limit, with standard deviations 

at -31% and -36% respectively. The lower concentration elements had much lower 

precision, as expected, with Cd, Mo, As showing low, but still acceptable scatters of 

-26%, -30010 and -35% respectively, at the 95% confidence limit. These values for 

precision are for the purposes of this study, sufficient to reach conclusive statements 

about these concentrations for these elements. However, Se and Hg have precisions of 

-120% and -218% respectively, which translates to no similarity about a mean value, 

if all the data are scattered outside the 95% limits from the mean. While no 

conclusions at any acceptable confidence level may be reached with regard to Se and 

Hg, the data could possibly be used as a proxy for further testing with alternate 

analytical techniques. The percent bias of the analyses was fairly low for almost all 

elements, generally under 10% for all elements discussed. Fe and Zn were the highest 

with a positive bias of -23% and -24%, respectively. 

Wetland Core Samples Analytical Error: 

Analyses of the wetland core samples run on the ICP-MS were also much more 

precise than for the river samples. Pb, Co, Mn, Mo, Cu, Zn all had a precision (%P) in 
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the triplicate runs of s; 5% (Table 7). The high precision for these elements allows 

conclusions to be drawn with a high level of confidence. Fe and As also showed a 

good precision of 6% and 9% respectively, while Cr and Cd had acceptable precisions 

of 12% and 22% respectively. Hg still had a low precision, with 137% scatter on the 

triplicate analyses, which translates to -69% standard deviation as a percent of the 

mean. While this is poor, it may provide a rough indication of concentrations in the 

wetland, as a proxy for further study. 

The percent bias of the analyses for each element is very low for most elements 

discussed, generally < 5%. For Ni, Cu, and Pb there is a 5 - 10% positive bias on the 

analyses, while on Fe and Zn, a high positive bias of34% and 29%, respectively. Fe 

and Zn, therefore on two separate runs, for the river and core sediment, indicated high 

positively biased readings on the ICP-MS. This may have been due to samples with 

relatively high Fe and Zn concentrations contaminating the ICP-MS vacuum chamber 

with these elements, and it not being totally flushed out, before the next sample was 

analysed. 

5. Conclusion 

The River Sediment: 

The anoxic river sediment is enriched in Pb, Zn, Ni, Cu, As, Hg, Cr, Cd, for some 

of these toxic elements, far beyond the recommended (1999) SABS permitted levels. 

The main association for many metals is with the third stage of extraction, targeted for 

Fe-Mn oxides, but which has been shown to extract the AVS fraction for anoxic 

sediments (Rapin et aI., 1986). Particularly Pb and Zn, the most highly concentrated 

trace metals, and Cd are hosted by the A VS fraction. The dominant sulphide 

association implies a very low level of mobility within in situ river sediment, but an 

increase in the bioavailability on dredging due to the rapid oxidation 

(Stephens et al., 2000) of the AVS fraction on exposure to oxygen. Only the 

Liesbeeck River sample, with the highest Pb concentration, showed a large fraction of 

the Pb to be hosted by the carbonate fraction implying potential in situ availability, on 

acidification of the overlying water column. 
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Most of the Cu, some Pb and minor arsenic is hosted by the organic fraction of the 

sediment. For Cu, Pb and arsenic, this fraction represents tightly complexed metals, 

however is potentially available on oxidation of the sediment and/or through the 

natural degradation of organic matter. The release of this fraction of metals will occur 

both in in situ river sediment under anoxic conditions, where the metal released will 

most likely be sequestered by AVS minerals and eventually locked in pyrite (Cooper 

and Morse, 1998), and also in dredged sediment, where part of the metal could be 

scavenged by the oxide minerals, or possibly become soluble or shift to a more bio

available fraction. 

Cr, Hg, Ni, Co and most of the arsenic, are also enriched in the river sediment, but are 

primarily hosted by the residual fraction at most locations, which is the least bio

available fraction. This implies a low potential for bio-availability both in situ and on 

dredging of sediment. The only location that showed a strong association of Cr with 

the oxidisable, organic fraction is at the Black River Parkway area (location 4), which 

becomes potentially available on dredging. 

Second to the residual fraction, the A VS and organic fractions host a large proportion 

of the remaining pool of metals, particularly at locations 3 and 4 where overall 

concentrations were almost always the highest. Oxidation of the anoxic river sediment 

on dredging will result in the precipitation of Fe-Mn oxides (MacBride, 1994), which 

are very effective in scavenging trace metals out of proportion to their own 

concentration (Tessier et al., 1979). Elements such as As which have strong 

adsorption to Fe-Mn oxides and clays, particularly at low pH conditions that are likely 

to exist in dredged, oxidising piles of sediment will be associated with these Fe-Mn 

oxides. Further work is required to establish the main complex formation for Hg, to 

determine the availability on dredging, since the chemistry ofHg is much more 

complex than for other metals (MacBride, 1994). 

Samples are relatively heterogeneous because they were not completely homogenised. 

This produced a high degree of scatter in the data, or low precision of data for the 

duplicates at the 95% confidence limit. The analytical precision was within acceptable 

limits. The analytical bias was also within acceptable limits. Further work is required 
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for Hg concentrations in sediment and water of the Elsieskraal River, with a method 

of analysis with a higher precision for Hg, than the ICP-MS. 

The Wetland Core: 

The Wetland Core samples, also showed values higher than SABS (1999) MPM 

contents for several potentially toxic trace metals. Pb, Zn, Cr, Ni, Cu, As, Se, Mo and 

Hg significantly exceed the SABS (1999) MPM limits at their peak concentrations 

with depth, while the elevated Cd levels approach the SABS (1999) MPM limits. All 

metal concentrations are greater in the top 10 cm of the core than the lower 15 cm, 

because the shallower sediment is more recent reflecting increased industrial 

anthropogenic and urbanisation input. The more mobile elements showed peak 

concentrations at greater depth than the less mobile elements, indicating a downward 

movement of elements through the profile, and possibly eventual fixation of these 

metals as sulphides at greater depth, reducing mobility and availability. 

Zn, As and Co are hosted primarily by the Fe-Mn oxide fraction. These metals 

probably have a large seasonal fluctuation in bio-availability due to repeated flooding 

of the wetland in the rainy season, most likely producing anoxic conditions in the soil. 

This seasonal fluctuation also applies to metals which may exist as sulphides in the 

deeper part of the soil profile, which may mobilise during the dry season due to 

oxidation. This should be investigated by further sampling of the wetland. Arsenic 

availability in recent sediment is a potential hazard in this salt-richy soil, due to its 

mobility at neutral to high pH (MacBride, 1994). There is also some association of 

arsenic with the carbonate fraction at shallower depth, indicating potential for bio

availability with a decrease to pH-So This also applies to Pb and Zn which have 

substantial portions associated with the carbonate fraction (up to 48 ppm and 71 ppm, 

respectively. Pb, Cr and Cu, the more immobile elements (MacBride, 1994) in humus

rich soil, show a predominant organic fraction association, with a minor portion of the 

metal being hosted by the oxide fraction. Pb is strongly associated with both the oxide 

and organic fractions. These metals have definite potential for bio-availability as the 

organic matter in shallow sediment is progressively oxidised. 

With subsequent deposition and burial of shallow sediment and/or flooding during the 

rainy season, bringing about reducing conditions in the wetland, it is likely that metals 
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will precipitate as metal sulphides. This will both accumulate metals and reduce 

bioavailability due to the sparingly soluble nature of sulphides (Stumm and Morgan, 

1996). With drying of the wetland in the summer, the sulphides could oxidise and 

precipitate oxides once again, producing temporary seasonal availability as the metals 

transfer from one phase to the next. Changes in redox conditions probably playa 

strong role in the potential of seasonal toxicity of trace metals. Lower pH conditions, 

for example pH ::;; -5 could make bioavailable metal associated with the carbonate 

fraction. In this case, free Pb and Zn could increase to toxic levels. Severe increases in 

alkalinity in the wetland could also produce soluble organic metal complexes 

(MacBride, 1994), and have a toxic effect on plants and wildlife. It is thus important 

to monitor these basic chemical indices in this urban natural environment, to ensure 

that no major anthropogenic influences bring about such sudden changes. It is 

therefore recommended that strict monitoring of pH, alkalinity and salinity occur for 

the Black river catchment area and in the Raapenberg wetland. 

The precision on the trace metal data, as indicated by the duplicate samples is 

primarily determined by the sample heterogeneity and to a lesser extent by the 

procedural error. There is a higher precision in the wetland core samples than for the 

river sediment samples, due to much greater homogeneity in the compacted wetland 

sediment, and allows conclusions to be made with a higher level of confidence. The 

analytical precision was very high for all elements. Only Hg has a low precision (high 

scatter) and requires further work due to elevated levels, using an alternate method of 

analysis. The results for the core samples have an overall high precision and small 

bias, which lends substantial validity to the conclusions reached. 

The sequential extraction procedure performed on the sediment could be used in the 

future to establish relationships to organisms feeding on sediment as has been done in 

other studies (Langston, 1982) and those exposed to the dissolved trace metal fraction 

associated with the sediment. Much more work will be required in the future on the 

biological and water aspects, to obtain a holistic view of the impacts on all rivers and 

to determine an accurate summation of their interaction with each other. 
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Appendix 1 

TableA: Electrical Conductivity (EC), Temperature, and pH for Aquatit: 
Sed' I red' th Ii Id Iment samples measu m e Ie • 

Sample TOC pH EC J,lS/em Water Dissolved Comment 
No level oxygen 

(em) (mWil 
1 12 6.88 - -75 6.41 Dry 

sample. 
2 17 7.10 - -50 6.88 Dry 

sample. 
3 15 6.94 5. 87mSI -100 4.84 Bubbled 

em gas. 
4 15 7.14 823 -200 3.61 
5 13.5 6.93 380 -150 6.13 Bubbled 

gas. 
6 12.7 7.08 351 -20 -
7 22 6.69 - -20 -
8 18 7.17 583 -10 -

Table B: Electrical Conductivity (EC) and pH on porewater samples 
t:orresponding to the two t:ores taken at the Rupenberg Wetland. 

Unfiltered Porewater Sample pH EC at 20°C 
Porewater 1 (Core for sequential reaction) 6.56 4.20mS/em 
Porewater 2 (Core for Description) 6.45 4.33 mS/em 

2. Porosity and Density Measurements 

Each sediment sample was evaluated for porosity and density using syringes and mass 
measurements. The 'wet density' test was conducted twice due to the possible 
presence offree water. 
Porosity = Volum~ 

Table C: Porosity an d Density ata for ~quatit: d A S ediment S amples 
Sample Number Dry density (gIem3) Porosity 
1 1.42 0.38 
2 1.63 0.33 
3 0.82 0.51 
4 1.05 0.63 
5 0.71 0.76 
6 1.58 0.46 
7 0.69 0.67 
8 1.43 0.45 
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Table D: Porosity and Dens!!y data for Wetland Core 
Sample depth in core Dry density (composite) (glcm;j) Porosity 
(cm) (composite) 
0-2cm 0.21 0.79 
2-9cm 0.42 0.75 
9-22cm 1.39 0.57 
22-31cm 1.62 0.54 
31-45cm 1.45 0.53 
45-48cm 1.79 0.52 
48-60cm 1.63 0.53 

3. Grain Size Analysis 

3.1 The Grain size analysis was conducted for all 8 samples and is as fonows: 
A combination of dry and wet sieving was used to determine the grain size. 

Clay < 2J.1ID diameter 
2J.1ID < Silt < 63 J.1ID diameter 
63J.1ID < Sand < 2mm diameter 
Coarse sand > 2mm diameter 

Small dry weighed samples were dry sifted to separate the fractions of soil greater and 
less than 2mm. The finer fraction was then wet-sieved through 63J.1ID sieve, to 
separate the sand from the silt/mud fraction. The finer fraction was than diluted with 
distilled water in a beaker, and ~ 100ml of 0.16 mmolll Sodium hexametaphosphate 
(dispersant) was added to each sample, then ultra-sonicated to disperse the clay/silt 
effectively. The settling times were calculated using Stoke's Law, and solutions were 
left to settle, in order to separate the clay and silt, for the exact times calculated using 
Stoke's Law (See below). A grain-size diameter of2J.1ID was used in calculations in 
order to separate the clay from the silt. After the settling time, the supernatants were 
decanted and centrifuged at 6000rpm for 5minutes to concentrate the clay for XRD 
analysis. When dried the residual silt fraction was weighed. 

Specimen Calculation of Stoke's Law Settling Time Samples. 

=1l978.3s - 3hrs2Omins 

Key: 11 = vicosity 
h = height of water in beaker 
g = gravity 
dp - dl = difference in density between particle and liquid (taken as 19/cm3

) 

D = particle diameter; used 2J.1ID to separate silt from clay. 
Units can be seen in calculation. 
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4. Sequential Reaction 

4.1 The Tessier et aI. (1979) method of sequential reaction wa, conducted for the 
8 sediment samples, under nitrogen ga, atmo,phere for the fir,t three ,teps 
(Sec Pboto t ) 

4.2 Reagents were prepared a, the method required, and reaction times were 
adhered to, The amount of samples in the batch (12) lead, to reaction time 
errors, however. to merely obtain an idea of potentially bioavailable fractions 
of metal. the compJiarx:c was sufficient. 

Photo I: Centrifuge villis in nitrogen bag. made of plastic and duct tape. The bag 
was filled through a plastic tube inlet, attacbed to a nitrogen gas canist er. 
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5. Core Description 
base of the , 

BO· · 

6. Organic Carbon Detl'nnination: Walkley Black Md hod 

The Walkley-Black (1935) mcthod was used to determine the organic carbon content 
of all sediment samples. Reagents were used in the same concentrations as specified 
III the method. Sediment was air dried or oven dried at -40"<: and then ground with an 
agate mortar and pestle. IOcm1 of 0 167M Potassium dichromate (K,Cr, 07) solution 
was added to ground samples, Hash were swirled and then 20ml of Cone. H, SO. was 
added rapidly. The tlasks were then swirled rapidly for a time of l minute. The flasks 
were cooled for 30 minutes, then 150ml disti11ed water and 10m! Ortho-Phosphoric 
acid was added, 3 drops indicator (Barium diphenylamine sulphonate. O.4g dissolved 
in looml distilled water) was added and then the solution was titrated with -D.4998M 
Iron (U) Anunonium Sulphate till the colour changed to a distmct green. 

The reaction for the oxidation of organic matter in the sample: 

Schollenberger (i927) 

0.5 g sample was used for organic-poor samples.. and 0.2 g or 0.1 g was used for 
organic-rich samples, The blank solution titratcd was used to standardize the 
concentration (M) of the Fe(Nl-4)2(S04h using the formula: 

M = IOcm' KJ.Cr&-r * 0 167 * 6 
cm' Fe(N~):,(S04)' 

The titrated volume was used to calculate the organic carbon content using the 
formula: 
Lcm' Fe(NHil~(SO±b blank:_~mJ f~.c.'i.Q~1. s!lll).plel * M *0,3 *1.3 

soil mass (g) 
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Appendix 2 

Table A: Error (%P) at the 95% Confidence Limit for River Sediment Samples 
Means and '"I.P of Duplicate samples for River Sediment (samples 1 &. 7) 
mg/kg soli exchangeable carbonates oxides organics exchangeable carbonates oxides organics 
%P=(a/X)*200 FIb FIb Pb Pb Zn Zn Zn Zn 
mean: 1 0.04 45.66 99.46 24.55 0.53 48.06 121.57 5.26 
%P: 1 211.58 166.27 155.20 176.97 252.71 98.24 54.04 0.80 
mean: 7 0.03 10.73 27.46 15.02 2.66 18.81 53.89 9.67 
%P:7 282.84 35.73 28.05 3.73 266.96 78.32 14.56 4.82 

exchangeable carbonates oxides organics exchangeable carbonates oXides organics 
Cu ClI ClI ClI Cr Cr Cr Cr 

mean: 1 0.07 0.03 2.08 15.88 0.12 0.44 3.15 1.19 
%P: 1 282.84 282.84 106.85 11.73 186.16 262.84 67.67 147.46 
mean: 7 0.00 0.00 0.63 15.59 3.98 0.23 0.28 6.05 
%P:7 - - 91.07 43.79 282.84 282.84 282.84 30.83 

exchangeable carbonates oxides organics exchangeable carbonates oxides organics 
NI NI NI NI Fe Fe Fe Fe 

mean: 1 0.078 0.348 1.056 0.415 1.84 300.23 1040.21 134.33 
"I.P: 1 282.84 189.50 256.28 43.95 198.61 10.89 84.84 33.74 
mean: 7 0.058 0.029 0.819 0.636 7.55 166.13 2377.92 878.20 
%P:7 282.84 282.84 95.87 172.61 282.84 29.14 46.10 12.11 

exchangeable carbonates oxides organics exchangeable carbonates oxides organics 
Ca Ca Ca Ca AI AI AI AI 

mean: 1 808.58 11269.56 658.46 82.95 0.77 17.01 430.64 263.46 
%P: 1 68.62 26.20 50.82 46.06 46.55 76.12 119.29 41.80 
mean: 7 1248.33 782.52 192.69 97.35 3.64 35.75 851.51 2440.43 
%P:7 185.92 1.62 225.04 62.46 268.83 25.37 54.22 29.06 

exchangeable carbonates oxides organics 
As As As As 

mean: 1 0.022 0.209 0.868 0.342 
%P: 1 282.84 71.82 45.66 30.92 
mean: 7 0.126 0.705 1.351 1.104 
%P:7 282.84 8.26 10.75 31.68 
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Table B: Error (%P) at the 95% Confidence Limit for Wetland Core Sediment 
Samples. 

Means and %P of Duplicate Samples for Wetland Core Sediment (Samples A2 & AS) 
AS (Depth 10-12.6cm) Muddy, organic rich 
A2 (Depth 2-3cm)Sandy sample 
mglkg soil exchangeable carbonates oxides organics exchangeable 
% P=(almean)"2OO Cr Cr Cr Cr Zn 
mean: A2 0.197 0.717 17.75 182.38 3.15 
%P:A2 193.25 - 12.51 56.60 228.80 
mean: AS 0.129 0.000 2.53 3.65 3.79 
%P:AS 105.37 - 43.95 54.21 9.67 

exchangeable carbonates oxides organics exchangeable 
Ni Ni Ni Ni Co 

mean: A2 0.117 0.000 2.097 4.381 0.16 
%P:A2 282.84 - 55.18 20.70 33.10 
mean: AS 0.145 0.277 1.338 0.000 0.09 
%P:AS 15.04 33.17 13.80 - 17.62 

exchangeable carbonates oxides organics exchangeable 
Cu Cu Cu Cu Pb 

mean: A2 0.00 0.00 1.59 83.79 1.04 
%P:A2 94.82 12.77 94.91 
mean: AS 0.13 0.00 3.82 7.92 0.14 
%P:AS 48.30 9.41 9.42 13.13 

exchangeable carbonates oxides organics exchangeable 
As As As As Ca 

mean: A2 0.08 1.34 5.47 2.29 3351.61 
%P:A2 168.00 128.29 113.39 68.81 66.00 
mean: AS 0.00 0.02 1.59 2.34 1269.18 
%P:AS 282.84 21.03 10.37 26.21 

exchangeable carbonates oxides organics exchangeable 
Fe Fe Fe Fe Se 

mean: A2 97.43 347.38 4729.91 2576.07 0.05 
%P:A2 96.64 16.62 78.34 102.47 282.84 
mean: AS 3.62 35.72 5489.86 787.49 0.00 
%P:AS 8.92 39.76 9.75 10.38 

exchangeable carbonates oxides organics exchangeable 
Mo Mo Mo Mo Cd 

mean: A2 0.18 0.00 0.59 8.16 0.00 
%P:A2 142.50 144.65 16.26 232.52 
mean: AS 0.03 0.00 0.10 0.27 0.03 
%P:AS 18.62 35.77 15.41 7.76 

exchangeable carbonates oxides organics 
Hg Hg Hg Ha 

mean: A2 0.22 0.38 0.07 0.08 
%P:A2 226.52 259.73 282.84 282.84 
mean: AS 0.05 0.05 0.21 0.03 
%P:AS 131.93 268.39 210.81 282.84 

II 

carbonates oxides 
Zn Zn 

31.44 104.71 
28.44 23.08 
51.76 194.18 
11.96 1.09 

carbonates oxides 
Co Co 

0.54 1.45 
48.17 68.52 

0.53 2.05 
4.53 2.55 

carbonates oxides 
Pb Pb 

48.58 148.98 
22.61 3.36 

4.83 50.46 
7.04 3.31 

carbonates oxides 
Ca Ca 

1291.80 747.46 
50.26 1.64 

389.31 255.90 
7.99 30.38 

carbonates oxides 
Se Se 

0.24 0.40 
219.71 10.62 

0.06 0.40 
282.84 27.00 

carbonates oxides 
Cd Cd 

0.05 0.31 
17.90 28.50 
0.14 0.36 

20.81 1.28 

organics 
Zn 

28.33 
22.81 
17.89 
3.84 

organics 
Co 

1.16 
84.65 

0.23 
1.76 

organics 
Pb 

198.51 
80.70 
19.15 

7.54 

organics 
Ca 

219.46 
46.44 
97.67 
41.08 

organics 
Se 

1.45 
143.19 

0.88 
39.72 

organics 
Cd 

0.09 
57.84 

0.02 
26.20 
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Appendix 3 

Raw Data for XRD scans on clay concentrated from River sediment and Wetland 
Core sediment. 

S I I d amOle n ex: 
Scan Name Sample Name 
claysmear8 Smear of sample U/S 8 
claysmear6 Smear of sample 6 
claysmear1 Smear of sample 1 
claysuspen2 Suspension of sample 2 
claysmear3 Smear of sample 3 
claysmear4 Smear of sample DIS 4 
claysmear5 Smear of sample Liesbeeck5 
claysmear7 Smear of sample wetland7 
P2(core sample) From 2 to 9 cm depth in the wetland core 
P3(core sample) From 9 to 22 cm depth in the wetland core 
P4( core sample) From 22 to 31 em depth in the wetland core 
P5(core sample) From 31 to 45 cm depth in the wetland core 
P6( core sample) From 45 to 48 em depth in the wetland core 
P7(core sample) From 48 to 60 cm depth in the wetland core 

U/S 8 is the most upstream sample from the Blomvlei Canal, with samples in order 
from top to bottom towards the most downstream sample, DIS 4. 
Sample 1 is from the Elsieskraal convergence point with the Vygekraal River. 
Sample 2 is from the Vygekraal River, downstream of the Elsieskraal convergence 
point. 
Sample 3 is from the Raapenberg bridge area in the Vygekraal River. 
Sample DIS 4 is from the Black River next to the Raapenberg Wetland. 
Liesbeeck 5 is the river bottom sediment from the Liesbeeck River. 
Wetland 7 is the scooped sediment sample from the Raapenberg Wetland. 

All core samples are from the Raapenberg Wetland core. 
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Appo:ndix 4 

Whole sediment digestion graphs and associated analytical error tOr River sediment 
samples_ 
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Figure A: Se, AI!:, Cd,"1l. U, Mil concent .... ti""~ in totally di~,t.d whole rin'r sediment. 

S~mples are in order from tile mo.t upstre~m. r,;unple number 8 to"ard. the most dOlmstreJlIll. 

,ampl. number 4. S;unple ~ is from the Ue,beeck River, in Ii ... "ith numMr 4. The Raal"'nberg 

_Uand. oampl. number 7, is adjacent til., and betv...,n ,ample 4 and ",,",pl~ 5. SL.-l i, the 

c.rtified reference material 

Total Metal ConoenIalioo in Blaok Rver Aquatio Sedirrent 

'"' '" 
~ "" ~ "" " ." ,-B <0, c • '" • '0' ~ r= c '" • 

& '" ~[E f= '" '" ."~dli '" :at!: iJ::;:c , 
• " - N - " • 
~ ~ " i • , 

• • • • > Lrx:ation • • 

Figure B: e ... ZII. Pb and Cr conc.nlr:ation~ in tot"II~' dige,ted "hole ri,-er sediment. SJUnpl~. a..., 

in ordu from tbe most "p.t...,aDl. ",mple nlllDMr 8 tow-ard. lh~ mflSl d",,·nstream. !W1lplc 

number 4. S~mple:O; i, from the U •• b=k Rj,-er. in 6ne "ilb number 4. The Rn pcnberg 

wetland, Wimple number 7, is adjao::enttll., and behl..,.,n oample 4 and ",,",pl~ 5. SL-I i. the 

certified rercrcnce maleriaL 
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Figun c: Ni. As and Co coocentrations in totally digested whok ri • .., ... dirueot. Sampl .. arc in 

(mler from th~ most npstrum, sample number 8 !,,,,,sms the mM! d",,'ostream, sample number 

4. Sample ~ i. from 1M U .. bccck River, in Jine with Dumber 4. The RaaP"llbc'1l ,,'ctland, _pie 

number 7, i. adj,"",n110. and bctwtell """'pic 4 and .ample~. Sl.-I i. the ttrtiried n:ference 

material. 

Tablr A: Analytical Error for Whole Digested River sediment slim pies at the 

"~~f'L9:S~'~Y'~C~";'~fi~d~':';";:L~i~"':i~';(;"~P~~~~~:;;;~~;;;f;::; , ",.". 
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Table A: Sampling Heterogeneity for pOfCwater samples from (be Raapenberg 
We1land. 

17.42 
Fe 8.59 

" 65.56 
Co en 8.51 ; 0.3117 7.43 
Co 21.44 

132.5'1 
2.9845 25.35 

Zo 111.4 29.8670 45.08 

Asl 18 17 18.51 : 0.4854 5.25 
Se 1794 16 36 0,5904 6.43 
Mo 2.64 2.71 0.0933 6.69 
Ag 0.06 0.05 0.0091 3461 

C' 0.11 013: 0.0238 36.45 
~g 0.43 0.38: , 0.0695 36.44 

" 0.06 0.07' 0.0094 28.45 
PO 64.25, 66.471 3.1197 9.39 
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l"abk R; All dtl11rnts """'yml by ICP-I\I S and A""'~·ti("! Error on duplir~tt 
anal ) Sel ,l'or pOrtwiler ~am ,l lt~ from lhe Raapellhtrg \Vttl;,,,d . l\I{"an 
ronrentralion~ in ppb or ~1~11 
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Appendix 6 

Temporal variation of concentrations during four steps of the sequential extraction 

procedure_ 

1 8000 r-ca varll'lhon with React,.;)" Twre 11 Garbo"3ie Fraction -l 
"'" . / -----:::J I 
60001 . ~~ i 5000 ... I ~ --+-- S31flJ1e9 ' 

::i -~ • S31flJ1e1O' 

~ <1000 

~ 3ooo t------------------------
8 2000 

, 
" Tmo. (hrs) 

.. _-------1 

15 

Fill'-'''' 28, Tem .... ra1 variation of Ca cOMenlral",n in Ihe "'penlalant in the 8eWnd ~~tnction 

step (UtbOOllte!). Reagent - 1 M NaOAc at pH 5 (with HOAt) added at 0 b ..... Total p,",scribed 

",artion time for this e.tr'llCtion .u-p i. ~ hours. ,\11 other .. mplcs reacted for6 lin for the ri,..,r 

Sl'diment and 5 II ... for rhe wetland co ...... 

" 
Zn variation w~h Reaction Till! in carbonate Fraction 

... ------ -

" f- --+-- salflJle 9 .-

E 5<l --4-- 5a1flJ1e 10 /' 
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" I , 
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~-~ L: --" • " 
~ " ~ -

" , 
" , 5 " 15 20' 

• Trre (hrs) 

. ._.,--:-.,------:-:---
Fi!lllrc 29, Temporal variatit}JI of Zn concentr~tion in the 'wpel'1llltllDl in the """and ",,"acliod 

.tep (carbooates). Rcaj!:Cnt - 1 M NaOAc at pH ~ ("ith "OAc) ~dded ~t 0 h .... Total p""",rib<:d 

...,>lCtion time for this extractiog .tep is ~ bUll .... All other .amplc' reacted for (, h,.. for the river 

.cdirncnt .... d ~ h" for the "dlandcou. 
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Figures 28 and 29 show the variation orCa and Zn with time, in thc supernatants for 

the second extraction step Ca shows two adsorption events for theoo two river 

samplcs (samplcs 9 and 10, duplicates of ~amples I and 7)_ The Zn follows the Ca 

concentrations, implying that it i~ being released from the carbonate as it dissolves_ 

The river samples were reacted for a total of6 hours, and the wetland samples were 

reacted for 5 hours, This appear~ to be on the peak of desorption, which is desirable 

Other trace metals ~how the same trend and follow the Ca concentration_ 
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---- ----------------------- ------- -------------

-+- sa~k'! 9 

_saflll~ 10 

~ 
~ 

I-~ 

2 , , , 
TI!TIe (hrs) 

, 

/ 
I 

I 
i 
i 

,I 

Figun! 341, Temp<>ral .-ariation or Fe concentration in the ,upel'daU,nt in the third extraction step 

(i'e/MII ondesor AVS r....,.;on). ~1-211 mI orO.1I4 M NH20ILIIU in 25~. vi. 110,.", wall 

added at II h.-. and ,uckd aI %"c. Totat prescribed reartioo time ror thi. crtrtttion step is 6 

hou ..... All river and wetland COn! sediment ,,-ere re;ockd for .. hr:s. 
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Fb Variation w ~h Reaction Tillie n Oxide/Sulphide Fraction 
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~ -. -- ~--

..; 

I 

0 ----___ -_-_-_---11 
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.'igurc 31, Temporal ,-.riation of Ph concen ..... tion in tile supernatant in the third mracri<>o 

step (FclM.o oxide<or AVS fraction). Reagent = 20 mI ofO.N M NB20H.HCI in 25% v/v HOM 

wa., added at 0 h .. and reacted at 96°C. Total pre«:ribed reaction time for Ihi' extraction <lCP i. 

6 b ....... AU river and wetland core ",dimem were reacted for 6 hn. 

Figures 30 and 31 show the variation of Fe and Pb with lime for the third extraction 

step in two supernatant s_ Again, the trace element closely follows the major element 

concentration, and this is the case for all trace metals examined. All samples 

sequentially extracted were reacted for six hours, which IS close to the peak 

concentration in the 0 to 6 hour reaction time_ 
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OJ variation w ~h tiTle in Orgarlic Matter Fraction 
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Figure 32: Tempo ..... ~arilltion uf Cn cODc<:ntration in the "'pcYIIlltant in th~ f'"'rth ~rtr""lion 

' ."11 (orJ:llnic rrllction). Rn~nt - J onl 0[0.02 MHNO, and!'i 001 uf30"/. H.o. at (lH2 ..... , addoo 

at 0 hrs,l ml uf3~", 8,0, at pH 2 ..... added.t 2 h ..... Reacted till S hn lit 8S"C. 5 0013.2 M 

NlI40Ac in 2410/. ,I~ HNOl ,",""d at S b ..... TotKI prescribed ",action time for Ihi, c,tractioo step 

i. 5.5 hoors. All ri,u and ",etland co", sediment we..., ",."'cd for 5.5 hrs. 

Rl variation w!h ti'TII in OrganiC Matter Fraction 
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Fig"", 33: Temporal variation of Pb CfIIIccntralNJo in the '"pcmatant in the fourth c.tral1ion 

step (nl'jladjc fraction). Reagmt ~ 3 mI of6.02 M liND, and 5 001 0[30% H,o, at pll 2 wa.. add~d 

at Il b ..... l oot 0(30"/0 H,o, at pH 2 "a. added at 2 h .... R"'lCted tillS h., at 8S"C. 5 mlJ.l M 

NH40Ac in 21W. vlv IlNOJ add~d at ~ hro. Total pre..,ribcd ~action tim~ forthi. ",tractioo .rep 

i. 5.5 hours. All ",·cr and wetland (fir<: sediment were ~acted for 5.5 brs. 
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Zn Variation w lh Time in Organic Matter Fraction 
100 
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Tome (I'lrs) 

Figure 34: Temporal nrilllioo of Zn concentration io the "'pemftta~t in the foorm extraction 

.t"P (organic fnctinn). R""gent = 3 ml of 0.02 1\1 ONO, and S ml of 30% 11,0. at pH 2 "as added 

at 0 b ..... 3 ml of30,\,. 0,0, at pH 2 lI .... < added at 2 h ..... ~lICkd tillS b ... at 85°C. S ml 3.2 M 

NH40Ac in 20% vlv HN03 added at ~ hr .. Total prescrib~d n:artion lime ror this enrllClinn n"" 

is ~.~ hour .. All rive r lIod "dlllod con: .. dim~nt ,,"ere ",..ctod for 5.~ bn. 

Si vanation w (h Reaction Time in O"ideNolatile Sulphide Fraction 

5000 
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Fij(Un: 3~, T~mporal VlIri~tion of Si COllcentrlllitln ;n tbe "'pemawt in tile tbird cxtractinn """ 

(~e.IMn nude or AVS fraction). Reaj!;ent - 3 mlorO.Ol M DNO,.."d ~ ml of 30% D,O, at pH 2 

wa.< added at 0 b ..... 3 ml 0130% 11,0, at pH 2 .. ",." ~ddod ~t 2 h .... Re>K"ted tillS hn at 85°C. 5 ml 

3.2 M N040Ae in 20% vi\' IIN03 added at ~ hI"$. Total pn:!ICribed reliction tilOO" ror thi. 

ertr~ctiOD step i. 5.S hoon. An riler IlIld .. etland ~orc ..,dirncnt "~re rea<.1ed for 5.~ brs. 
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l'igure:s 32, 33, 34, 35 shows the e ll, Pb, Zn and Si variation for the fourth extraction 

step in two supernatants. The Si (Fig. 35) indicates that the residual silicate lattice is 

no! attacked until after the 5.5 hours. All samples that were sequentially extracted. 

both the river and core samples, were reacted till the 5.5 houp.;. This is a lengthy step 

involving several reagent additions and the reaction time does not imply one 

uninterrupted step. The last aliquot of reagent added is 3.2M NH, OAc in 20'% v/v 

HNO) at 5 hours, which then begins to attack the silicate lattice at reaCliOlltimes 

exceeding 5 5 hours. Most trace metal concentrations follow the major element 

concentration trend for all four fractions. Only Zn appears to reflect some liberation 

from the residual fraction of the sediment just hefore 5 5 hours in fraction 4 (l'ig, 34). 

It is thus probable, that this very mobile and semi-volatile metal (MacBride, 1994) has 

been liberated partially from the residual fraction, during the exlra\.,iion step intended 

to dissolve the organic matter. This may indicate that for certain metals, the residual 

fraction of metal may be as available as the organic fraction of other metals. 
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