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ABSTRACT
The formation of acid mine drainage (AMD) and release of toxic contaminants, such as arsenic (As), is a serious environmental problem 
encountered worldwide. In this study, we investigate the crucial role the Klip River wetland system plays in attenuating As arising from 
gold mining activities within the Witwatersrand Basin in Johannesburg, South Africa. Mining operations in the region commenced over 
130 years ago and have been associated with the widespread pollution of water resources by AMD. We investigated As concentrations, 
bioavailability and speciation in a peat core from the Klip River wetland as well as in samples from the main tributaries and tailing storage 
facilities (TSFs) in the upper catchment. Total As concentrations in tributary and TSFs samples ranged between 10.1–89.9 mg kg−1 and 
77.4–106 mg kg−1, respectively, with concentrations in the wetland varying between 1.91–73.8 mg kg−1. In general, As bioavailability was 
low in both catchment (19%) and wetland (4%) samples, with elemental associations suggesting the majority is bound in an immobile form 
to organic matter and sulfide. As(v) was the predominant species detected in all samples (0.0901–16.6 mg kg−1), with As(iii), MMA and 
DMA present in lower concentrations. Strong correlations between As and S suggest that speciation and methylation are dependent on both 
chemical and microbial activity. The study highlights the vital role that wetlands can play in sequestering As in the environment.
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INTRODUCTION

Arsenic (As) is one of the most significant contributors to 
environmental pollution worldwide.1–3 A common by-product of 
many industrial processes, the entry of As into the environment often 
has severe consequences on both ecosystem and human health due to 
its extreme toxicity. Arsenic is also commonly associated with gold-
bearing ores and co-exists with heavy metals because of its affinity for 
sulfides and iron hydroxides.4 Mining activities accelerate the natural 
weathering process of these minerals and can lead to the formation of 
acid mine drainage (AMD), which releases As bound to sulfide and 
oxide bearing minerals.5 The mobility of As is controlled by a variety of 
processes, including redox, adsorption and desorption, ion exchange, 
precipitation and dissolution, and biological activity.6 These processes 
are often inter-linked and several may occur simultaneously dictating 
the speciation and/or dissolution of As minerals.7,8 

The behaviour of As can be particularly complicated in dynamic 
ecosystems, such as wetlands, where there may be rapid changes in 
sediment and water chemistry, resulting from seasonal variations 
and the interaction between different biological communities.6,7 Such 
factors influence the migration and attenuation of As in soil and 
groundwater. In natural wetland systems, As is often found adsorbed to 
Fe-Mn oxy-hydroxides,9,10 where speciation is microbially driven.11,12 
The speciation of As has a significant influence on fate and toxicity in 
the environment. There are a range of oxidation states in which As 
exists, with arsenite (+3) and arsenate (+5) being the predominant 
forms.6 The trivalent oxidation state is generally considered to be 
more toxic than the pentavalent, and inorganic forms significantly 
more toxic than the organic forms (e.g., monomethyl arsenic (MMA), 
dimethyl arsenic (DMA).5,13 In wetlands affected by anthropogenic 
activities, pH and organic matter can play a more significant role in 
As behaviour. Wetlands impacted by upstream mining activities are 
often subjected to increased acidic conditions,14 which promotes the 
dissolution of As and other metals from minerals.15,16 The dissolution 

of As increases its concentration in waterways, the consequent change 
in water chemistry affecting speciation dynamics. Initially, As(iii), 
the more reactive, toxic species would be more mobile under these 
conditions and reacts to form organoarsenicals. Over time conversion 
to As(v) occurs forming more stable, less mobile complexes.17

In wetlands, As(v) tends to be the predominant species, co-
precipitating to ferric hydroxides or undergoing biotransformation to 
render it immobile. However, atypical behaviour is commonly observed 
for As speciation and mobility in wetlands contaminated by AMD. The 
objective of this study was to better understand the behaviour, fate and 
mobility of As in a wetland heavily impacted by gold-mining activities 
in the Witwatersrand Basin of South Africa. We examine the influx, 
bioavailability and transformation of As in a wetland system that 
has been influenced by intensive gold mining activities over the last 
100 years. The wetland occupies a strategic position in the landscape 
and plays a vital role in attenuating pollutants14,18–22 and maintaining 
downstream water quality in one of Africa’s most industrialised cities. 

METHODS

Study Area

The Witwatersrand Basin, located in central South Africa, is the largest 
gold reserve in the world with an estimated reserve of 30 000 tonnes.23 
Gold mining has had a significant impact on water resources and 
wetlands in the region, largely as a result of AMD.24 The Klip River 
catchment is a sub-basin of the Vaal-Orange River system and 
represents the most significant drainage system for the southern 
Witwatersrand region (Figure 1A).21 

The Klip River and Klipspruit are the primary tributaries draining 
the Central Witwatersrand mining-industrial complex and discharge 
into the extensive wetland area downstream. Mining and industrial 
activities, located predominantly to the north of the wetland, are in 
close proximity to river tributaries.20 In the Klip River wetland, AMD 
arising from tailings storage facilities (TSFs) result in leaching of 
metals into both surface and groundwater. The primary mechanism of 
entry in this system is via groundwater discharge.18,19 The wetland also 
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receives runoff from several large informal settlements and industrial 
regions, as well as discharge from three sewerage treatment plants. 
Elevated concentrations of metals (Cu, Co, Ni, Pb, U and Zn) and 
organic pesticides (polyaromatic hydrocarbons and polychlorinated 
biphenyls) have been reported.22

Sampling

Surface sediment samples (n = 7) were collected from the two main 
tributaries, the Klip River (KR1, KR2, KR3, KR4) and Klipspruit 
(KS1, KS2, KS3), as well as from three TSFs (T1, T2, T3) located in 
the upper catchment of the Klip River wetland (Figure 1B). A 3.5 m 
sediment core (C1; 26.309608° S, 27.859830° E) was collected in the 
upper section of the Klip River wetland (Figure 1B) using a Russian 
peat corer. Sub-samples for analysis were taken at 10 cm intervals and 
subsequently stored in bags at 4 °C. Field work took place at the end of 
the rainy season in March 2017 and the wetland inundated at the time 
of sampling. The pH and redox potential of sediment samples were 
measured using a portable combination meter (Thermo Scientific 
Orion Star) calibrated against appropriate standard solutions.

Chemical analysis

Total concentrations

Sediment samples (n = 42) collected from the wetland and its 
tributaries were air-dried, milled to a fine powder and combusted 
in a furnace at 500 °C for 4 hours to measure loss on ignition (LOI). 
Combusted sample powders (~25 mg, n = 3) were microwave digested 
in 9 mL HF:HNO3:HCl (6:3:1) using an Anton Paar Multiwave Go 
system.25 Solutions were evaporated to dryness following the addition 
of perchloric acid (0.5 mL), before finally being diluted with 1% HNO3 
and spiked with Rh as internal standard for final analysis. 

Total As concentrations in sediment was measured against external 

matrix-matched standards with an Agilent 7700x ICP-MS at the University 
of the Witwatersrand. Procedural blanks (n = 12) were analysed with 
each digestion batch and used to correct final sample concentrations. The 
sediment reference material CGL-111 (Central Geological Laboratory) 
was used to assess the accuracy and reproducibility of the method, 
with recoveries of As ranging between 84% and 102% (n = 42). Internal 
precision was typically <3% for all As analyses. Major elements (Fe2O3 
and MnO) were analysed by powder X-ray fluorescence (XRF) using 
a Bruker Ranger S2, following calibration against a range of local and 
USGS rock standards. Sulfur was measured using a Thermo Scientific 
Flash 2000 Organic Elemental CHNS Analyser. 

Arsenic speciation

Sediment samples (n = 34) for speciation analysis were selected based 
on measured total As concentrations. Air-dried sediment  (100 ± 
50 mg, n = 3) was extracted using a mixture of 5 mL 50 mM KH2PO4 
and 5 mL 50 mM K2HPO4. The phosphate-based extraction solution 
was prepared by dissolving appropriate amounts of K2HPO4 and 
KH2PO4 in distilled water resulting in a solution of 50 mM K2HPO4 
and 50 mM KH2PO4. Samples were vortexed before being placed in 
an ice-cooled ultra-sonic bath for 30 minutes. Samples were then 
centrifuged at 1500 rpm and the supernatant extracted and stored at 
4 °C before analysis. Prior to analysis, sample extracts were diluted 
(1:5) with 0.1 M HCl26,27 and quantified by HPLC-ICP-MS. The 
bioavailable fraction was considered to be the sum of the extracted 
species. 

Chromatographic separation was performed by elution with a 
0.5 mL min−1 flow rate through an anion-exchange Dionex Ion Pac 
AS7 analytical column (2 × 250 mm) and a ThermoScientific Dionex 
ICS-5000+ IC system with a ThermoFischer iCAP TQ detector. A 
gradient elution consisting of 200 mM (NH4)2CO3 (eluent A) and 
20 mM NH4HCO3 (eluent B) was used with the following conditions: 
0–2 min 100% eluent B, 2–10 min 50% eluent B, and 10 min 100% 
eluent B. Reagent blanks (n = 3) were included in sample sequences 
and quantification was done against the As(v) species. To exclude 
possible interference from 40Ar35Cl+, the determination of 75As (dwell 
time = 100 ms) was carried out in the SQ-KED mode using He as the 
collision gas.

Standard solutions of As species (As(iii), As(v), MMA and DMA) 
were made using sodium salts (>98%, Sigma-Aldrich). Appropriate 
dilutions of stock solutions were made from working standards to 
prepare calibration standards. Calibration of each As species was 
performed on six points over a range of 0.05 to 5.0 µg L−1. 

RESULTS

Chromatographic separation

Ion-exchange chromatography hyphenated to ICP-MS was used 
to separate and identify the four different As species in a 0.5 µg L−1 
combined species standard (Figure 2A). All targeted As species were 
adequately baseline separated. The formation of a shoulder was evident 
at low concentrations for DMA but did not affect the analysis and 
subsequent quantification. Calibration curves with good correlation 
coefficients (R2 > 0.999) were obtained. The QC standards analysed 
during the course of each analysis batch indicated stability (80–90% 
recovery) for DMA, MMA and As(v), while the phosphate buffer 
mobile phase/standard matrix introduced some variability in the 
As(iii) quantification. A correction factor (1.3–1.4) was applied to the 
data accordingly. Limits of detection (0.04 ng L−1) and quantification 
(0.12 ng L−1) were calculated based on repeated measures of blank 
phosphate buffer injections. 

Physical characteristics and total As concentrations

The pH of surface sediment from the tributaries varied within 
a narrow range of 5.79–7.86 and were predominantly anoxic 

Figure 1: (A) Map of the Witwatersrand Basin showing surrounding residential 
and industrial areas, tailing storage facilities (TSFs) and major roads in relation 
to the Klip River wetland. (B) The study area showing the drainage network 
associated with the upper Klip River catchment and location (Table S1) of 
major mining operations in the Johannesburg area. The location of sediment 
sampling sites along the Klip River (KR1–KR4) and Klipspruit (KS1–KS3) are 
also indicated
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(7.20–53.9 mV). Surface samples collected from TSFs and the two 
tributaries, Klip River (KR) and Klipspruit (KS), show highly variable 
As concentrations (Table 1). Material from TSFs (77.4–106 mg kg−1) 
was characterised by considerably higher As concentrations compared 
to sediments from both the Klip River (10.01–32.6 mg kg−1) and 
Klipspruit (17.4–9.9 mg kg−1). Arsenic was relatively bioavailable in 
the Klip River (28.4 ± 30.7%), with KR1 having 73.6% of total As in 
bioavailable form. Sites closer to the wetland (KS3 and KR4) tended 
to have higher total and bioavailable As (32.6–89.5 mg kg−1 and 
9.18–15.0%, respectively). 

For the sediment core, pH ranged between 6.54 and 7.41, while 
Eh varied between −317 and 124 mV and showed no obvious 
downcore trend (Figure 3). The upper part of the sediment profile was 
characterised by high %LOI (65–90%), but values decreased sharply 
at ~250 cm with material from the bottom of the core containing little 
organic matter (LOI = 5%). Concentrations of S (0.05–6%) showed a 

gradual decrease downcore and have some similarity to LOI. Arsenic 
concentrations varied between 15 and 75 mg kg−1 with the highest 
concentration recorded at a depth of 220 cm. Arsenic is relatively 
unavailable, ranging between 1.13–10.0%, limiting its mobility in the 
wetland. 

Possible As-complexes were investigated using correlation plots 
(Figure 4). Strong positive correlations between total As and S 
(R2 = 0.55), Fe+Mn oxides (R2 = 0.44) and LOI (R2 = 0.56) suggest 
that these complexes are likely to have the strongest influence on As 
mobility and speciation.  

Arsenic speciation

The predominant species detected in extracted sediment samples 
was As(v), followed by As(iii), MMA and an unidentified As species 
(Table S1, Figure 5).  Material from TSFs was characterised by a very 
different speciation distribution pattern compared to the river and 
wetland samples, with As(v) the only species present in concentrations 
ranging between 3.49 and 16.5 mg kg−1 (Figure 5). River tributaries 
had low levels of MMA (<0.11 mg kg−1) and As(iii) contributing ~30% 
of the total As present, with As(v) the predominant species present 
(0.288–6.17 mg kg−1). 

Arsenic concentrations in the sediment core reveal a high degree 
of variability in speciation (Figure 6A,Table S2). In the upper 
100 cm As(v) concentrations were elevated  (0.0789–0.333 mg kg−1 
and 0.831–3.19 mg kg−1, respectively), followed by a general decline in 
concentration with depth. Conversely, As(iii) increases below 100 cm 
(0.0343–0.141 mg kg−1). MMA and DMA were more prevalent in the 

 

Figure 5: Arsenic speciation (n = 3) in the Klip River (KR1–KR4), Klipspruit 
(KS1–KS3) and tailing storage facilities (T1–T3)

Table 1: Physical parameters (pH and Eh), LOI, total and extracted As (mg kg−1) 
in the surface sediment samples (n = 3) from tailings storage facilities (T1–T3), 
Klip River (KR1–KR4) and Klipspruit (KS1–KS3) 

Sample pH Eh
(mV)

LOI
(%)

Total As 
(mg kg−1)

Extracted As 
(mg kg−1)

Available As* 
(%)

KS1 6.60 53.9 9.51 70.3 2.91 4.14

KS2 7.18 7.20 3.61 17.5 0.453 2.59

KS3 6.90 38.9 20.9 89.5 8.22 9.18

KR1 7.12 ND 55.2 10.1 7.40 73.6

KR2 6.86 ND 35.1 30.1 1.60 5.32

KR3 7.64 ND 3.40 20.5 4.01 19.6

KR4 6.73 ND 26.8 32.6 4.89 15.0

T1 ND ND 5.39 77.4 4.32 5.58

T2 ND ND 4.41 99.6 16.7 16.8

T3 ND ND 5.98 106 3.49 3.31

* Percent available As was calculated as the fraction of the extracted As from the total
ND – not determined

Figure 2: Anion-exchange HPLC-ICP-MS chromatogram (n = 3) of  
(A) A 0.5 µg L−1 mixed As standard on a Dionex Ion Pac AS7 column, elution 
with (NH4)2CO3 buffers. (B) Representative chromatogram obtained from an 
extracted sediment sample (C1, 280 cm). (C) Chromatogram of 0.5 µg L−1 S 
standard

Figure 3: Downcore trends in pH, Eh, LOI,% S and As concentration (n = 3) 
in the Klip River wetland

Figure 4: Relationship between As and (A) S content, (B) Fe2O3 + MnO content, 
and (C) LOI content in wetland core samples
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wetland core compared to the surface river samples. Concentrations of 
MMA generally increased with depth (0.0123–0.126 mg kg−1). There 
appears to be an inverse relationship between MMA and S with depth 
(Figure 6B). 

Most wetland and tributary samples were characterised by 
an unknown As peak (Figure 2B) at approximately 500 s. The 
concentration of this unknown As species ranged between 0.0296 and 
0.253 mg kg−1. 

DISCUSSION

Transport and accumulation of As in the wetland

Arsenic concentrations in the Klip River wetland system reflect the 
long-term impacts associated with mining activities and industrial 
development around Johannesburg over the last century. It is likely 
that As entry into the wetland follows the pattern observed for 
other metals associated with mining waste in this system18,19  i.e. via 
groundwater and to a lesser extent surface inflow. The two likely 
sources of As are from the leaching of residual waste stored in TSFs 
and seepage from flooded mine voids, which contain highly acidic 
and sulfidic water, with high concentrations of dissolved metals 
including As. Dry TSFs, the most common type of facility in South 
Africa, are typically characterised by an outer oxidation zone and 
an inner reducing region.28 In the outer oxidation zone, As is likely 
to be stable and precipitated to Fe, Al or Mn oxides. However, As is 
likely to be mobile in the inner reducing region of TSFs, providing 
a source of As contamination into the tributaries and wetland. The 
leaching of As from TSFs may also be promoted through the microbial 
oxidation of sulphur-containing ores.29,30 Flooded voids associated 
with abandoned mines in the Witwatersrand Basin are characterised 
by highly acidic (pH < 3) water containing elevated concentrations of 
sulfur (>3000 mg L−1) and various heavy metals. In the Central Basin, 
mine water is characterised by As concentrations ranging between 22 
and 116 µg L−1.31 

Arsenic associations in the sediment influence its availability and 
movement. In wetlands affected by mining, the presence of iron-based 
sulfur minerals, such as FeS2, results in As either incorporating into the 
structure of Fe-pyrites or adsorbing to or co-precipitating with other 
minerals (including sulfur) rendering it unavailable.8,32,33 Correlation 
plots (Figure 4) indicate that the most likely As-associations; Fe-
Mn oxides and organic matter (e.g., peat) and S. The TSFs are 
characterised by high concentrations of Fe-Mn oxides and As and 

low concentrations of organic material. Bioavailability data (Table 1) 
indicates that the majority of As is not mobile with only 8.54% of the 
total As measured bioavailable. 

The wetland core samples indicate stronger associations with 
organic and sulfur content, with a lower bioavailability of 3.54%. 
Given the nature of As speciation in wetlands affected by AMD, and 
significant correlation between As and S (Figure 4), it is plausible that 
the unidentified species (Figure 2) is an As-sulfur species. Degradation 
or reaction of the sulfur species may have resulted in the slight shift in 
the retention times of samples containing the unknown peak.34,35 The 
physico-chemical parameters (particularly Eh) of the wetland suggest 
that the As may be complexed to a sulfate or sulfide species.36 This 
postulated As-S species was only present in samples where elemental S 
concentrations were >0.07% (Figure 6) and it is therefore likely that As 
and S are related. Arsenic adsorbed to both organic and sulfur based 
substrates are generally considered not bioavailable.37,38 

Speciation 

Arsenate is the predominant species in both the tributaries (surface 
runoff) and the wetland system. Sediment composition plays an 
important role in the speciation and sequestration of arsenic in 
wetlands. Inorganic As tends to adsorb to metal oxides in sediments 
removing As from solution.6 Iron and Mn oxides/hydroxides may 
facilitate the oxidation of As(iii) and adsorption onto mineral surfaces. 
Under highly anoxic conditions in wetlands, As tends to become more 
mobile due to the reductive dissolution of Fe-Mn oxyhydroxides.39 
Additionally, arsenate tends to reduce to the more mobile and toxic 
As(iii). The trend noted in the Klip River wetland appears to be typical 
for wetlands impacted by AMD40–44 and in systems with high S and 
organic matter.41 Although wetland sediments are anoxic, arsenate 
remains the predominant species over arsenite, which may be due 
to various attenuation processes occurring within the wetland. In 
this instance, it is likely primarily oxidation (through chemical or 
microbial changes) followed by surface sorption organic matter or 
other sulfide bearing minerals.39 Such a mechanism is supported by 
the observed relationships between As and S, and organic matter 
(Figure 2, 3, and 4).

Additionally, high concentrations of organic matter and sulfur 
often provide a rich environment for microbial activity45 which 
may result in the biotransformation of As species.11 Bacteria which 
thrive in acid-rich environments may reduce or oxidise Fe, S, and 
As changing the speciation and in some instances producing volatile 
methylated compounds such as DMA(v), MMA, and volatile TMAO, 
TMA(iii).12,46–48 More specifically, Fe- or S-reducing bacteria (e.g., 
Desulfurella and Desulfuromonas), and arsenate respiring bacteria 
(e.g., Chrysiogenes arsenatis) result in arsenate dissociation from 
mineral phases.49,50 Conversely, the microbial oxidation of minerals 
containing As leads to attenuation of the by-products (e.g., As-
Schwertmannite).51

Bacteria from the species Aeromonas hydrophila Bacillus sp., 
Pseudomonas sp., Bacillus licheniformis and genera Pseudomonas, 
Aeromonas sp., and Arthrobacter have previously been identified in 
the Klip River.52 These species are typically As resistant and act as 
oxidants.53–55 Arsenic biotransformation may result in a change of 
oxidation state As(iii) to As(v),11,30 indirectly by bacterial oxidation 
of Fe(ii), increasing adsorption sites for As,56 facilitating precipitation. 
Further, sulfur is often utilised as the electron donor in the methylation 
processes of As within bacteria.57,58 The decrease of S and increase in 
MMA content (Figure 6B) infers a methylation mechanism, most 
likely through microbes. Monomethyl arsenate may be further 
transformed by the presence of sulfur to thiolated As species, sulfide 
containing As(v) metabolites e.g., monomethyl monothioarsonic acid 
and dimethyl monothioarsinic acid which are then sequestered by 
wetland plants.59 Furthermore, microbial reduction of sulfate to form 
sulfides may also have contributed to the formation of thiolated species 
with As.36 Alternatively, MMA may be retained in the wetland through 

Figure 6: Downcore profile (n = 3) showing distribution of (A) As species and 
(B) MMA and S concentrations in the wetland
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adsorption to organic matter or may undergo further methylation 
forming DMA and TMA, all of which are volatile and bioavailable 
leaving a limited signature in the wetland.60,61 

The Klip River wetland is an effective trap for As, sequestering 
it in relatively immobile forms. However, the dynamic nature of 
a wetland, due to the constant changing of processes (flooding, 
sorption, climatic), and the on-going anthropogenic activity in this 
area puts the As(v) stability at risk. Disrupting the microbial balance 
and sequestration mechanisms currently utilised to oxidize As, could 
result in dissolution of Fe-oxyhydroxide minerals releasing As(v) into 
the environment. One of the major influences on the biogeochemistry 
of the wetland and As speciation, is the sustained and continuous 
mining of peat for use in horticulture.62 Severe reduction in metal 
attenuation capacity has been with reported as early as 2007 with 
parts of the wetland in a state of collapse.20 The removal of peat 
adversely impacts wetland function and would result in the release of 
sequestered As. The release of As species, particularly the inorganic 
forms, into the environment poses a serious and significant threat to 
both ecosystem and human health. Contaminated drinking water 
is the most common pathway of exposure for humans.  Long-term 
exposure to elevated concentrations of As may lead to a range of 
health issues including dermal, gastrointestinal, renal, neurological 
and carcinogenic effects.63–65 The implications of As present in 
drinking water as a result of the collapse of the Klip River wetland 
are significant considering that the wetland feeds into the Vaal dam, 
which supplies approximately 23% of the South African population 
with potable drinking water.66 In addition to the impact on water 
quality and the associated health effects, the economic impact 
from the cost of improving water purification systems would be 
considerable. 

CONCLUSION

Total metal analysis indicates that AMD is likely responsible for the 
release and transport of As from TSFs and mine voids via groundwater 
plumes to the Klip River wetland. Attenuation of As occurs primarily 
through two mechanisms; oxidation of As(iii) to As(v) with 
subsequent surface sorption to organic matter and/or sulfide minerals, 
and microbial biotransformation of As(iii) to As(v) or methylated 
arsenic species. These processes result in As being sequestered in a 
relatively immobile form within the wetland. However, deterioration 
in wetland function could result in large volumes of previously 
sequestered pollutants releasing into the environment severely 
affecting water quality and the surrounding environment. Preserving 
wetland integrity is thus critical for water resource management and 
human health. 
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