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Abstract 

Sediment source fingerprinting using environmental magnetism has successfully 

differentiated between sediment sources in several studies in the Eastern Cape Province of 

South Africa. The method was applied in this study to the near-natural landscape of southern 

Kruger National Park (Mpumalanga Province) to trace sediment and determine sediment 

yields by lithology in four reservoir catchments that were underlain by igneous, metamorphic, 

and sedimentary rocks. The Park area has no history of cultivation and is a conservation area, 

so catchment sources were dominated by underlying lithologies. One sediment core was 

collected in the assumed deepest area of the reservoir. Source discrimination and 

apportionment were estimated using a common statistical protocol that includes a Mann-

Whitney U or Kruskal-Wallis H test, mass conservation test, discriminant function analysis, 

and an (un)mixing model. A contribution from each lithology-defined source was estimated. 

Sediment yield by lithology was estimated by using published catchment area-specific 

sediment yields in combination with the (un)mixing model. Underlying lithology determined 

vegetation type and density, and vegetation appeared to play a crucial role in protecting soils 

and reducing erosion. Proximity to reservoir, i.e., travel distance for eroded sediment, and 

connectivity were also important factors controlling the relative contribution from each 

potential source. The contributing area for sediment was found to be dynamic through time 

and was probably dependent on runoff and temporal variations in vegetation cover. 
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1. INTRODUCTION

Southern Africa has a poor database of sediment yields and what data there are come largely 

from river monitoring and reservoir surveys conducted before the start of the current 

millennium (Vanmaercke et al., 2014). Available data suggest sediment yields are some of 

the highest on the African continent (Walling and Webb 1996, Vanmaercke et al. 2014, 

Foster and Boardman, 2018). Most studies have focused on sediment yields from erosion-

prone catchments and areas dominated by agricultural land (especially grazing) and high 

population densities, and few have focused on areas of the continent unaffected by human 

impacts. Overgrazing has often led to land degradation and yields exceeding 1000 t km-2 yr-1. 

It is estimated that 70 % of South Africa is affected by water erosion, and the most 

destructive forms of soil degradation are sheet and gully erosion (Garland et al., 2000; Le 

Roux et al., 2008) as well as soil crusting and compaction (Snyman and Du Preez, 2005). 

Manjoro (2011) implies that semi-arid areas are particularly prone to, and impacted by, soil 

erosion. There is minimal available information on soil erosion in natural veld landscapes 

(Snyman and Van Rensburg, 1986; Garland, 1995; Garland et al., 2000). Average soil loss on 

erosion plots in near-natural veld in the Gauteng province between the 1930s and 1950s was 

25 - 50 t km-2 yr-1 (Haylett, 1960). Venter (1988) estimated soil loss from experimental plots 

of 25 t km-2 yr-1 in a South African game reserve with a normal game population, but this 

increased to 75 t km-2 yr-1 for a high game population. Hoffman and Ashwell (2001) reviewed 

South African literature on undisturbed veld and estimated soil loss of 2 – 75 t km-2 yr-1. 

Kruger National Park (KNP) offered a further opportunity to trace sediment sources and 

reconstruct sediment yields in a largely human-free landscape dominated by indigenous fauna 

and no history of European farming activities. Baade et al. (2012) calculated mean area-

specific sediment yield values of 10 – 60 t km-2 yr-1 in southern Kruger National Park (KNP) 

reservoirs. In a follow up study, Reinwarth et al. (2019) reported sediment yields for 15 

reservoir catchments of between 5 +/- 1 to 80 +/- 20 t km-2 yr-1 with a mean of 30 +/- 10 t km-

2 yr-1. Catchments are not homogenous with respect to erosion rates and sediment delivery. 

The study reported here used four of the same reservoir catchments from Reinwarth et al.’s 

(2019) study, focussing on apportioning yield by catchment lithology using environmental 

magnetic tracers and an unmixing model. The sediment yields from the Reinwarth et al. 

(2019) study were used to estimate sediment yield and were subsequently apportioned by 

lithology using data from the unmixing model. 

While environmental magnetic measurements were first used to trace sediment sources in the 

1970s (Walling and Oldfield, 1979), the application of sediment source fingerprinting is 
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fairly recent in South African geomorphological research, and mineral magnetic tracing is 

most prominent in the fingerprinting literature. There is a research concentration in the 

Eastern Cape Province, particularly the Karoo region and the Eastern Cape Drakensberg (e.g., 

Foster et al., 2007; Rowntree and Foster, 2012; van der Waal et al., 2015; Pulley et al., 

2015b; Pulley and Rowntree, 2016). The inclusion of (un)mixing models in South African 

research is also recent (Manjoro et al., 2012; van der Waal, 2014; van der Waal et al., 2015). 

Lithology formations are frequently used as potential sources when there are different and 

distinguishable geology units, and there is minimal human influence on erosion rates 

(D’Haen et al., 2012; Laceby and Olley, 2015) as is the case in the KNP. South African 

research shows mineral magnetism can successfully distinguish between igneous and 

sedimentary lithology sources (van der Waal et al., 2015; Pulley and Rowntree, 2016), but 

has poorer discrimination abilities between shale and sandstone soils (Pulley and Rowntree, 

2016). Rowntree et al. (2017) use low frequency magnetic susceptibility to discriminate 

between lithology-based sources to understand sediment source changes in South Africa. 

Park lithology is a mosaic of igneous, metamorphic, and sedimentary rocks making it a prime 

study area to assess the ability of mineral magnetism to differentiate between lithology-

defined sediment source areas in a near-natural landscape. The cost, speed, and non-

destructive method promotes the use of environmental magnetism (Maher, 1998; Dearing, 

2000). Furthermore, the success of past magnetic tracing studies in semi-arid South Africa 

supported its application in the lesser researched savannah landscape of KNP. It is widely 

acknowledged that magnetic mineralogy is affected by sorting and post-depositional 

processes and in situ production of minerals (Walden et al., 1997; Foster et al., 2008; Zhang 

et al., 2008; Wilkinson et al., 2013; Mzuza et al., 2017). Pulley and Rowntree (2016) found 

the ingrowth of secondary minerals can improve discrimination ability between top- and 

subsoils, but not between different geology-based sources. The authors also cautioned using 

magnetism in soils affected by dissolution to trace sediment. There is a lack of systematic 

research into these uncertainties. 

Savannahs are water-limited so sediment and water movement in the landscape is typically 

episodics, dependant on high magnitude rainfall events (Molles and Cahill, 1999; Hooke, 

2003). The high intensity rainfall occurs at the onset of the wet season (between October and 

April) when vegetation cover is low, leading to high erosion potential (Laker, 2004; Diop et 

al., 2011). Savannah vegetation is a mosaic of open grasslands and a scatter of woody species 

(Boughey, 1957; Mati and Veihe, 2001). Vegetation in the Park is controlled by rainfall 

inputs and influenced by underlying geology (Venter and Gertenbach, 1986, Venter et al., 
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2003). Woody vegetation cover increases on coarse-grained soils of granite and sandstone 

landscapes, and grasses dominate the fine-grained soils of basalt and shale plains (Venter et 

al., 2003; Munyati and Ratshibvumo, 2010). Savannah vegetation plays a vital role in 

reducing erosion potential, and connectivity, by trapping and storing sediment (Wilcox et al., 

1996; Reid et al., 1999; Mati and Veihe, 2001; Cammeraat, 2004; Bartley et al., 2006; Jacobs 

et al., 2007; Kakembo et al., 2012). Generally, grasses provide a denser ground cover than 

shrubs and trees and are able to interrupt overland flows and trap and store more eroded 

material, improve infiltration potential, and strengthen soil and aggregate stability (White, 

1979; Toy et al., 2002; Kotzé et al., 2013). The negative relationship between sediment yield 

and vegetation cover is frequently acknowledged in published literature (Vanmaercke et al., 

2014). It can therefore be anticipated that the relationship between vegetation cover and 

erosion will be transposed on the underlying lithology and will be reflected in sediment 

yields. Along with vegetation cover and runoff, topography also has a strong control on 

sediment yield (Vanmaercke et al., 2014). Generally, erosion is worse on steep slopes than 

gentle slopes because there is greater energy moving water and sediment downslope (Fatunbi 

and Dube, 2008). In a South African study, gullies and rills most commonly formed on the 

middle and lower hillslopes (Kakembo et al., 2012). Lower slope areas can be most prone to 

erosion when poorly vegetated (Bartley et al., 2006; Kakembo et al., 2012). Water is a 

limited resource in KNP, so the Park management built over 50 small reservoirs to provide 

additional water sources for wildlife (Pienaar, 1985). The reservoirs led to extensive and 

severe degradation of vegetation surrounding the reservoirs, creating piospheres (Lange 

1969; Brits et al., 2002; Nangula and Oba, 2004; Wessels and Dwyer, 2011). Consequently, 

many reservoirs were decommissioned. Four of these reservoirs, selected on account of their 

varied lithology, were used to determine the relative contributions of lithology-defined 

sources to reservoir sediment and their sediment yields. 

2. STUDY AREA

2.1 Background to the KNP 

The Kruger National Park lies in north-eastern South Africa, covering an area of almost 20 

000 km2 and spanning parts of the border with Mozambique (to the east) and Zimbabwe (to 

the north) (Figure 1). KNP is in the Lowveld Bioregion and is the most extensive savannah-

based wildlife reserve in southern Africa (Stewart and Samways, 1998). The topography 

ranges from flat and undulating plains to hills and low mountains (Venter and Bristow, 1986; 

Venter et al., 2003). The Lebombo Mountains increase relief along the south-eastern Park 
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border and form a physical border along the Mozambiquan border. Stream frequency 

increases with slope (Venter et al., 2003). The study reservoir catchments are in the southern 

Park and cover a variety of lithology formations (Figure 1). The southern regions are part of 

the Lowveld Bushveld Zone and receive 500 - 700 mm rainfall per annum (Gertenbach, 

1980; Venter et al., 2003). 

The unpredictable and unreliable rainfall is a driver of sediment movement in savannahs and 

determines vegetation composition and abundance. Due to episodic energy entering the 

system and changes in vegetation cover, connectivity is an important factor in understanding 

sediment dynamics in these semiarid landscapes. 
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2.1 Sample locations  

The Hartbeesfontein catchment lies within undulating plains (~2 % slope) and has an area of 

4.3 km2 (Figure 1, Table 1). The catchment is underlain by Timbavati Gabbro, Makhutswi 

Gneiss and Mesoarchaean Swazian Era Potassic Granite Gneiss (Figure 2). Vegetation cover 

reflects these soil variations and vegetation density was highest over the gabbro and lowest 

over the granite gneiss (Venter, 1986; Anhaeusser, 2006). There are wildlife pathways around 

the reservoir in the granite gneiss lithology (Figure 2). The granite gneiss vegetation was 

degraded through high utilisation and the creation of a piosphere. Hydrological connectivity 

is highest in the granite gneiss lithology. 

The Marheya catchment (Figure 1) lies within the flat plains (~2 % slope) and has an area of 

27.5 km2 (Table 1). This catchment is within a low relief landform type, where relief is 

generally around 10 m (Venter et al., 2003). Letaba River Basalt underlies the central 

catchment and Clarens Formation sandstone underlies the upper and lower catchment areas 

(Figure 3). The sandstone soils produced are fine-grained (Venter, 1986; Johnson et al. 

2006). According to Venter (1986), the basalt soils are easily eroded. Grasses are prevalent 

over the basalt plains and woody shrub species are more prevalent on the sandstone lithology 
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(Gertenbach, 1983; Mucina and Rutherford, 2006). Both lithology formations have high 

hydrological connectivity to the reservoir, which is in the sandstone lithology. 
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The Nhlanganzwani catchment (Figure 1) is a combination of low relief and mountain slopes 

(~4 % slope) and has an area of 16.5 km2 (Table 1). The catchment is underlain by Letaba 

Basalt (flat, low relief) and Jozini Rhyolite (low mountain slopes) (Figure 4). The basalt 

plains are ~100 m lower than the adjacent rhyolite Lebombo Mountains (Gertenbach, 1983). 

The basalt lithology and soils are erodible, and the rhyolite lithology is strongly weather 

resistant and medium grained soils are shallow (Venter, 1986; Duncan and Marsh, 2006). The 

vegetation is open tree savannah, with dense grass covering the basalt lithology and more 

woody species over the rhyolite (Gertenbach, 1983; Mucina and Rutherford, 2006). The 

drainage density is higher over the rhyolite formation. The reservoir is in the basalt lithology 

and is on the geological border with the rhyolite lithology.  

179 
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The Silolweni catchment (Figure 1) also lies within the flat plains (~2 % slope) and has an 

area of 13.2 km2 (Table 1). This catchment is within the same low relief landform type as the 

Marheya catchment. Permian Ecca Group Rocks of the Karoo Supergroup and Nelspruit 

Suite Granite underlie the catchment (Figure 5). The coarse-grained granite soils are infertile 

porous sands and easily erodible (Venter, 1986). The Ecca Group duplex soils are also highly 

erodible (Venter, 1986), with piping common in soils. Woodland is prevalent on the Ecca 

Formation shales and thicket vegetation is dominant on the sandy granite soils (Gertenbach, 

1983; Mucina and Rutherford, 2006). The main river crosses the length of the catchment, and 

gully systems were noted in both lithologies. Figure 6 shows the progression of gully 

formation in the Ecca Group lithology. The gully formations increase connectivity potential. 

The Nhlanganzwani and Silolweni reservoirs were decommissioned in 2008 and 2007 

respectively because of severe eutrophication (SANParks, 2008; Baade et al., 2012). 
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Table 1: Catchment information: area, slope, lithology and lithology area, number of samples collected per lithology, catchment and lithology 
potential drainage density, and catchment specific sediment yield. 

Catchment 
Area 

(km2)1 
Mean Slope 

(%)1 

Lithology and lithology area 
(%)2 

Samples collected 
per lithology 

Catchment PDD 
(km km-2) 

Catchment lithology PDD 
(km km-2) 

SSY 
(t km−2 yr−1)2 

Hartbeesfontein 4.3 2.4 ± 1.1 
Gabbro 
Gneiss 

Granite gneiss 

(35 %) 
(38 %) 
(27 %) 

4 
12 
6 

1.35 
Gabbro 
Gneiss 

Granite gneiss 

0.24 
2.61 
1.03 

55 ± 8 

Marheya 27.5 1.8 ± 0.8 
Basalt 

Sandstone 
(54 %) 
(46 %) 

33 
21 

1.31 
Basalt 

Sandstone 
1.16 
0.95 

8 ± 2 

Nhlanganzwani 16.5 3.9 ± 4.7 
Basalt 

Rhyolite 
(50 %) 
(50%) 

12 
21 

0.88 
Basalt 

Rhyolite 
0.24 
0.76 

35 ± 4 

Silolweni 13.2 1.9 ± 1.0 
Ecca Group 

Granite 
(54 %) 
(46 %) 

34 
31 

0.74 
Ecca Group 

Granite 
0.56 
0.45 

62 ± 8 

1Baade and Schmullius (2015); 2Reinwarth et al. (2018); PDD: potential drainage density; SSY: specific sediment yield 
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3. MATERIALS AND METHODS

This section describes the field sampling, laboratory, and statistical methods used to 

determine sediment yields. Catchment area (Baade and Schmullius, 2015) and lithology area 

percentages (Reinwarth et al., 2018) were established from published literature. Catchment 

lithologies were the sources identified for the fingerprinting method. Potential drainage 

density measured visible river channels (longitudinal connectivity) on colour aerial 

photographs taken in 2008-2010, sourced from the Chief Directorate: National Geo-Spatial 

Information (NGI) of South Africa, using Geographic Information Systems (GIS). 

3.1 Field Sampling 

Field campaigns took place in 2014 (all catchments) and 2015 (Marheya and Silolweni) and 

logistics included obtaining a general research permit for the Park and permission from Park 

Section Rangers to enter and sample catchments, and an appointed game guard armed with an 

elephant rifle was also present in the field. Wildlife pathways were used to move through the 

bush more easily and samples were taken approximately three metres away from the trail to 

minimise disturbance (van der Waal, 2014). Movements within the Nhlanganzwani 

catchment were restricted after the second sampling day because of anti-game-poaching 

activities. Access to Nhlanganzwani and Hartbeesfontein catchments was denied for the same 

reason in 2015, resulting in the low numbers of catchment samples collected in 

Hartbeesfontein. 

Catchment sampling was flexible, and routes were semi-structured because random sampling 

on foot was not practical in the zoologically dangerous terrain. The circular sampling routes 

were closed (beginning and ending at the vehicle) to limit time in the field and avoid risk. 

The number of samples and their distribution between lithologies is provided in Table 1. The 

samples were ascribed lithologies based on the geological map. Surface samples of 10 cm 

depth were collected in each mapped catchment lithology using a 2.5 cm diameter stainless 

steel corer, following the procedures outlined by van der Waal (2014) and Pulley et al. 

(2015b). Samples were taken halfway down the gully wall in the Silolweni catchment 

following the method of van der Waal (2014). One reservoir core was taken at a point of 

assumed deepest sediment using an Eijkelkamp percussion corer. Reservoir depth 

information was received on-site from another research team, data published in Reinwarth et 

al. (2018). The boundary between deposit and reservoir bottom was determined by colour 

and particle size changes (Baade et al. 2012; Reinwarth et al., 2017; Reinwarth et al., 2018). 
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3.2 Laboratory Analyses 

Sample material was oven dried at 40 °C to prevent alteration of mineral magnetic signatures 

at high temperatures (Dearing 1999) and gently disaggregated using a pestle and mortar. 

Reservoir cores were sectioned at 2 cm intervals and were treated in the same way as the 

source sample material. The common practice of using the <63 μm fraction (Olley and 

Caitcheon, 2000; Hatfield and Maher, 2009; Pulley et al., 2015b) in fingerprinting studies 

was not applied in this study because most of the sediment was in the 125 – 500 μm particle 

size range. The <63 μm fraction accounted for only 10 – 19 % of catchment and 7 -17 % of 

reservoir sediment. Therefore, material was mechanically dry sieved to <500 μm particle size 

fraction. Descriptions of sample material include sand, silt, clay (Friedman and Sanders, 

1978; Blott and Pye, 2001). Mineral magnetic measurements were made using 8 - 10 g of 

material sealed into 10 ml sample pots. Measurements of the mineral magnetic signatures 

followed the procedures outlined by Maher (1986), Walden (1999), Dearing (1999), Lees 

(1997), Foster et al. (2007) and Pulley et al. (2015a). The measured parameters and 

instrumentation used are given in Table 2. Organic matter content was determined using 

approximately 5 g of sample material heated in a Carbolite muffle furnace at 450 °C for 4 

hours (Grimshaw, 1989; Pulley et al., 2015a). 

3.3 Statistical Analyses 

The sediment source fingerprinting analysis followed the methods of Collins et al. (1997a), 

McKinley et al. (2013), and Pulley et al. (2015a). The Mann-Whitney U and Kruskal-Wallis 

H tests showed whether significant differences existed between the magnetic signatures of the 

potential catchment sources (p-value = 0.05). A mass conservation test identified tracers that 

showed non-conservatism, i.e., when 80 % or more reservoir samples were within the defined 

range of the source medians (Wilkinson et al., 2013, Pulley et al., 2015a, Kraushaar et al., 

2015). The tracers that showed significant differences and conservative behaviour were 

included in a Discriminant Function Analysis, which identified tracer combinations of 

optimum source discrimination ability. An accuracy percentage of 80 % was chosen for the 

tracer combination to be used in the modelling process. This threshold minimises potential 

uncertainty produced by source discrimination and has been used as a guide value by Pulley 

et al. (2015a). 
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Table 2: Parameters measured and derived during mineral magnetic analysis (Maher, 1986; Walden, 1999; Dearing, 1999; Lees, 1997; Foster et al., 2007; 

Pulley et al., 2015a). 

Parameter Unit 
Measured (M) 

or Derived (D) 
Measured minerals Instrument or equation 

Magnetic Susceptibility 

Low frequency Susceptibility 

(χlf) 
10-6 m3 kg-1 M 

Diamagnetic, paramagnetic, canted 

antiferromagnetic, ferrimagnetic 

Bartington Instruments® MS2 meter and MS2 

dual-frequency sensor (470 Hz) 

High frequency susceptibility 

(χhf) 
10-6 m3 kg-1 M 

Bartington Instruments® MS2 meter and MS2 

dual-frequency sensor (4700 Hz) 

Frequency dependent 

susceptibility (χfd) 
10-9 m3 kg-1 D 

Ultrafine super paramagnetic, semi-

quantitative measure of super 

paramagnetic grains 

((χlf - χhf)/m)*100 

(where m = sample mass) 

Magnetic Remanence 

Anhysteretic Remanent 

Magnetization (ARM(40µm)) 
10-3Am2 kg-1 M Stable single domain ferrimagnetic 

Molspin® A. F. Magnetiser with ARM att. 

Molspin® Rotating Magnetometer 

Susceptibility of ARM (χarm) 10-6 m3 kg-1 D Stable single domain ferrimagnetic ARM x 3.14 x 10 

Saturation Isothermal Remanent 

Magnetisation (SIRM) 
10-3Am2 kg-1 M Minerals carrying remanence 

Molspin® Pulse Magnetiser 

Molspin® Rotating Magnetometer 

Soft Isothermal Remanent 

Magnetisation (IRM(-1000 mT)) 
10-3Am2 kg-1 M 

Molspin® Pulse Magnetiser 

Molspin® Rotating Magnetometer 

S-ratio - D -1 x (IRM100mT / IRM 1.0T)

Hard Isothermal Remanent 

Magnetisation (HIRM) 
10-3Am2 kg-1 D Antiferromagnetic IRM1T/(1-S-ratio))/2 
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The unmixing model used was developed by Pulley et al. (2015a) which included Monte 

Carlo uncertainty analysis. Each reservoir core sample was modelled for 1000 iterations 

(Collins and Walling, 2007), based on the median deviation of source signatures. The 

inclusion of Monte Carlo uncertainty analysis also means the goodness of fit is not the only 

determinant of model robustness (Pulley, 2014). The 25th and 75th percentile model 

estimates indicate the range of uncertainty in the results (Janssen, 2013; Pulley, 2014). The 

range provides insight into the variability of estimates, where higher variability in source 

estimates down the core means a wider percentile range. 

The specific sediment yields for each lithology were estimated using the total catchment 

sediment yields (t km−2 yr−1) published by Reinwarth et al. (2019), the source (lithology) 

contribution estimates of the (un)mixing models (%), and the mapped lithology area (%). The 

estimated source contributions were used to approximate the sediment yield per lithology. 

Sediment Yield by Lithology Calculation 

 𝑙𝑖𝑡ℎ𝑜𝑙𝑜𝑔𝑦 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 (%)

𝑙𝑖𝑡ℎ𝑜𝑙𝑜𝑔𝑦 𝑎𝑟𝑒𝑎 (%)
× 𝑐𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑦𝑖𝑒𝑙𝑑 

4. RESULTS

This section presents source sample characteristics, downcore changes and modelling source 

contributions, and sediment yields by lithology estimates for each catchment. The findings 

are summarised in the discussion and conclusion. 

4.1 Hartbeesfontein Catchment 

The sample numbers were low for this catchment and access to the catchment for continued 

was denied because of anti-game-poaching activities. The gabbro soils were fine to medium 

sand, and the gneiss and granite gneiss soils were medium sand. The Kruskal-Wallis H test 

showed no statistically significant differences in particle size between the three sources (p-

value = 0.08), but the Mann Whitney U-test showed a significant difference in particle size 

between the gabbro and granite gneiss sources (p-value = 0.01). The organic matter content 

was highest in the gabbro soil (~12%) and lowest in the granite gneiss soils (+-2 %). The 

gabbro mineral magnetic signatures were highest of the sources and the granite gneiss 

signatures were the lowest (Table 3). The Kruskal-Wallis H test showed statistically 

significant differences in mineral magnetic tracers between the three sources (Table 4). The 

only statistical comparison using the Mann Whitney U-test that showed no significant 
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differences was between the gneiss and granite gneiss χfdmin tracer signatures (p-value = 0.6) 

(Table 4). 

Downcore plots showed notable changes in the median particle size (coarsening of particle 

sizes) and mineral magnetic signatures (decreasing signatures in χlfmin and χarm) at ~40 cm 

depth (Figure 4). These changes are indicative of potential dissolution of very-fine grained 

magnetic minerals below ~40 cm depth (Figure 7). Organic matter content varied down the 

core, with a range of 2 – 5 %. The median χarm / SIRM ratio value of ~10 was greater than 2 

suggesting the likely presence of bacterial magnetite. Bacterial magnetite was also indicated 

in all source material.  

The χlfmin and HIRM tracers passed the mass conservation test in the analysis of the full core. 

Conversely, the χlfmin, χfdmin, SIRM and HIRM tracers passed the test only in the upper 40 

cm of the core. These results indicated non-conservatism of signatures in the core below 40 

cm depth. Consequently, only the upper 40 cm was analysed. The χlfmin, χfdmin, SIRM and 

HIRM tracer combination had a 100 % source discrimination accuracy and were used in the 

modelling process. The (un)mixing model estimated 100+-0 % contribution from the granite 

gneiss source, despite this lithology covering the smallest catchment area. 

Table 3: The median and median absolute deviations (MAD) of tracer signatures for the 

Hartbeesfontein catchment sources. 

Sources 

Tracers 

χlfmin 

(10-6m3kg-1) 
χfdmin 

(10-6m3kg-1) 
χarm 

(10-6m3kg-1) 
SIRM 

(10-3Am2kg-1) 
HIRM 

(10-3Am2kg-1) 

Gabbro 
Median 2.25 150.10 20.30 2.37 2.12 

MAD 0.15 7.67 0.22 0.17 0.17 

Gneiss 
Median 0.83 48.83 9.81 1.22 0.96 

MAD 0.10 20.37 1.98 0.16 0.23 

Granite 

gneiss 

Median 0.28 17.45 5.08 0.54 0.40 

MAD 0.08 6.75 1.23 0.18 0.09 
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Table 4: The Mann-Whitney U (two sources) and the Kruskal-Wallis H (three sources) test results 

comparing source tracer signatures in the Hartbeesfontein catchment (alpha = 0.05). 

Gabbro vs Gneiss 
Gabbro vs 

Granite gneiss 
Gneiss vs 

Granite gneiss 

Gabbro vs Gneiss vs 

Granite gneiss 

χlfmin (10-6 m3 kg-1) 

p-value <0.01 0.01 <0.01 <0.01 

Significant Yes Yes Yes Yes 

χfdmin (10-6 m3 kg-1) 

p-value <0.01 0.01 0.6 <0.01 

Significant Yes Yes No Yes 

χarm (10-6 m3 kg-1) 

p-value 0.01 0.01 0.03 <0.01 

Significant Yes Yes Yes Yes 

SIRM (10-3 Am2 kg-1) 

p-value <0.01 0.01 0.01 <0.01 

Significant Yes Yes Yes Yes 

HIRM (10-3 Am2 kg-1) 

p-value <0.01 <0.01 <0.01 <0.01 

Significant Yes Yes Yes Yes 

‘Yes’ indicates significant differences; ‘No’ indicates no significant differences 
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Reinwarth et al. (2019) estimated a sediment yield of 55 t km−2 yr−1 for the entire catchment. 

Adjusting for the smaller area of the granite gneiss that contributed an estimated 100% of the 

sediment, the estimated sediment yield of the granite gneiss source was 204 t km−2 yr−1. The 

reservoir is in the granite gneiss lithology and there were large areas of sparse vegetation and 

exposed soils surrounding the reservoir, as well as game tracks leading to the reservoir 

(Figure 2). Therefore, the distance for and energy required to transport eroded material to 

reach the reservoir was low and the game tracks provided a high degree of connectivity. 

4.2 Marheya Catchment 

The basalt soils were fine sand and the sandstone soils were very fine sand. The median 

particle sizes of the two sources were compared using the Mann-Whitney U test and 

statistically significant differences were found (p-value = 0.001). The basalt soils contained 

double the amount of organic matter (~6 %) than the sandstone soils (~3 %). Mineral 

magnetic signatures were higher for the basalt soils than the sandstone soils. Statistical 

comparison of the signatures showed significant differences in the χlfmin, χarm, SIRM and 

HIRM tracers but not between the χfdmin signatures (p-value = 0.11) (Table 5). 

Table 5: The median and median absolute deviations (MAD) of tracer signatures for the Marheya 

catchment sources, and the Mann-Whitney U test comparisons. 

Sources 
Tracers 

χlfmin 
(10-6 m3 kg-1) 

χfdmin 
(10-6 m3 kg-1) 

χarm 
(10-6 m3 kg-1) 

SIRM 
(10-3Am2kg-1) 

HIRM 
(10-3Am2kg-1) 

Basalt 
Median 3.90 137.74 58.29 0.96 0.76 

MAD 1.15 21.43 13.50 0.14 0.09 

SS 
Median 2.92 116.28 40.92 0.53 0.47 

MAD 1.19 43.51 17.50 0.07 0.11 

MWU 
p-value <0.01 0.11 <0.01 <0.01 <0.01 

Sig. Yes No Yes Yes Yes 

SS: sandstone; MWU: Mann-Whitney U test; sig: significant 

‘Yes’ indicates significant differences; ‘No’ indicates no significant differences 

There was a fining of sediment in the upper ~26 cm of the core and changes in particle size at 

~50 cm (Figure 5). Organic matter content increased up the core, with content peaking in the 

upper ~20 cm of the core. Downcore plots showed the least variation in mineral magnetic 

signatures in the upper ~20 cm (Figure 8). Bacterial magnetite ingrowth was suggested in 

both the source material and the reservoir core (median χarm / SIRM ratio: ~35).  
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The χlfmin, χarm, and SIRM tracers passed the Mass Conservation Test, and the tracer 

combination had an 89 % source discriminant accuracy. The (un)mixing model estimated a 

66+-30 % contribution from the sandstone and a 34+-30 % contribution from the basalt 

lithology (Table 5). Downcore estimates suggested cyclical changes in the dominant source, 

with basalt contributing as much as 75 % of sediment to the reservoir sediment at times 

(Figure 9). The variation in source estimates accounted for the wide sample median range and 

high uncertainty range indicated by percentiles (Table 6).   

The Marheya catchment has an estimated sediment yield of 8 t km−2 yr−1 (Reinwarth et al., 

2019). The sandstone lithology covered 46 % of the catchment area and the estimated 

sediment yield was 11 t km−2 yr−1. The estimated sediment yield of the basalt lithology to the 

reservoir was 5 t km−2 yr−1. The reservoir was in the sandstone lithology and the basalt 

lithology covered the central catchment area, further from the reservoir so eroded sediment 

had a greater travel distance. 
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 Figure 9: Median estimated contributions of the Marheya sources to reservoir sediment. 
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4.3 Nhlanganzwani Catchment 

The rhyolite soils were medium sand, and the basalt soils were fine sand. The Mann-Whitney 

U test, however, showed no statistically significant differences in median particle size 

between these potential sources (p-value = 0.3). The organic matter content was relatively 

high for this study in both the basalt (~13 %) and rhyolite (~11 %) soils. In general, the basalt 

magnetic signatures were higher than the rhyolite. Statistical comparison of the signatures 

showed significant differences in the χfdmin, χarm, SIRM and HIRM tracers but not between 

the χlfmin signatures (p-value = 0.11) (Table 7). 

Table 7: The median and median absolute deviations (MAD) of tracer signatures for the 

Nhlanganzwani catchment sources. 

Sources 

Tracers 

χlfmin 

(10-6 m3 kg-1) 

χfdmin 

(10-6 m3 kg-1) 

χarm 

(10-6 m3 kg-1) 

SIRM 

(10-3Am2kg-1) 

HIRM 

(10-3Am2kg-1) 

Bas 
Median 4.80 421.34 70.14 0.87 0.52 

MAD 0.91 225.72 13.19 0.07 0.04 

Rhy 
Median 4.22 143.66 22.09 0.54 0.31 

MAD 1.19 109.27 8.61 0.15 0.07 

MWU 
p-value 0.11 0.00 0.00 0.00 0.00 

Sig. No Yes Yes Yes Yes 

Rhy: rhyolite; MWU: Mann-Whitney U test; sig: significant 

‘Yes’ indicates significant differences; ‘No’ indicates no significant differences 

Downcore plots showed three major peaks in particle size in the upper ~20 cm of the core 

(Figure 10), likely indicating flood events that transported coarse sediment to the reservoir. 

The uppermost 30 cm of the core had higher organic matter content than the rest of the core. 

This is likely due to the blue/green algal bloom that led to the reservoir decommissioning in 

2007. After the decommissioning, vegetation was able to colonise the reservoir area. There 

Table 6: The (un)mixing model source contribution estimates (%) to the Marheya reservoir 

sediment. 

Summary values for the core Downcore variability 

Source Median 

Percentile 
range 
(25% - 
75%) 

Uncertainty 
(75% - 
25%) 

Median 
goodness 
of fit (%) 
[range] 

Sample 
median 
range 

Sample 
percentile 

range 
(25% - 
75%) 

Median 
sample 

uncertainty 
[range] 

Basalt 34 16 – 46 
30 

85 
[49 -55] 

0 – 92 4 – 93 74 
[49 -95] Sandstone 66 54 – 84 8 – 100 7 – 96 
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was bacterial magnetite ingrowth in both source material and the reservoir core (median χarm 

/ SIRM ratio: ~86). 

Figure 10: Nhlanganzwani reservoir downcore plots of median particle size (A), magnetic signatures of

χlfmin (B), χfd (C), χarm (D), SIRM and HIRM (E) parameters and χarm/SIRM ratio. 
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The χfdmin, χarm, SIRM tracers passed the Mass Conservation Test and had a 98 % source 

discriminant accuracy. The (un)mixing model estimated a 70+-26 % contribution from the 

rhyolite lithology (Table 8). The downcore estimates show downcore variability in source 

contributions, with peaks in basalt contributions in the central core section (Figure 11). The 

uncertainty range per sample derived from model iterations was high, which indicates multi-

source contributions (Table 8). 

Reinwarth et al. (2019) estimated a sediment yield of 35 t km−2 yr−1 for the entire catchment. 

Each source covered 50 % of the catchment area. The estimated sediment yield to the 

reservoir of the rhyolite was 50 t km−2 yr−1 and 20 t km−2 yr−1 for the basalt lithology. The 

reservoir was in the basalt lithology, on the geological border of the rhyolite lithology. The 

slope and drainage network density were higher for the rhyolite source. 

Table 8: The (un)mixing model source contribution estimates (%) to the Nhlanganzwani reservoir 

sediment. 

Summary values for the core Downcore variability 

Source Median 

Percentile 
range 
(25% - 
75%) 

Uncertainty 
(75% - 
25%) 

Median 
goodness 
of fit (%) 
[range] 

Sample 
median 
range 

Sample 
percentile 

range (25% 
- 75%)

Median 
sample 

uncertainty 
[range] 

Basalt 30 19 - 45 
26 

84 
[42 - 97] 

0 – 54 0 – 97 54 
[5 - 92] Rhyolite 70 55 - 81 46 – 100 3 - 100  
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4.4 Silolweni Catchment 

The Ecca Group and granite soils were medium sand. The Mann-Whitney U test showed no 

statistically significant differences between the source particle sizes (p-value = 0.11). The 

organic matter content was similar in the Ecca Group (~3 %) and granite (~2 %) soils. The 

Mann-Whitney test showed statistically significant differences between source signatures of 
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the χlfmin, χfdmin, χarm tracers, but not for the SIRM (p-value = 0.76) and HIRM (p-value = 

0.99) tracers (Table 9). 

Table 9: The median and median absolute deviations (MAD) of tracer signatures for the Silolweni 

catchment sources. 

Sources 

Tracers 

χlfmin 

(10-6 m3 kg-1) 

χfdmin 

(10-6 m3 kg-1) 

χarm 

(10-6 m3 kg-1) 

SIRM 

(10-3Am2kg-1) 

HIRM 

(10-3Am2kg-1) 

Ecca 

Group 

Median 0.36 26.61 29.43 0.54 0.42 

MAD 0.09 8.72 9.01 0.10 0.07 

Granite 
Median 0.22 10.82 20.28 0.50 0.39 

MAD 0.07 4.40 3.69 0.07 0.06 

MWU 
p-value 0.00 0.00 0.00 0.76 0.99 

Sig. Yes Yes Yes No No 

MWU: Mann-Whitney U test; sig: significant 
‘Yes’ indicates significant differences; ‘No’ indicates no significant differences 

The median particle size down the Silolweni reservoir core was quite homogeneous, except 

for two major peaks in particle size (Figure 9). The Silolweni reservoir was also 

decommissioned because of high eutrophication. Organic matter content was highest in the 

upper ~10 cm of the core, which could be attributed to vegetation colonisation and growth 

since decommissioning. The χlfmin and χarm signature patterns down the core showed low 

variation, apart from the increase in χlfmin values in the upper ~10 cm of the core (Figure 12). 

Bacterial magnetite ingrowth was shown in the reservoir core (median χarm / SIRM ratio: 

~46). 

The χlfmin, χfdmin, χarm tracers passed the Mass Conservation Test and had a 74 % source 

discriminant accuracy. The (un)mixing model estimated a 77+-19 % contribution from the 

granite lithology (Table 10), but downcore estimates showed close to 100 % contribution 

from the Ecca Group source in the upper ~10 cm of the core (Figure 13). This Ecca Group 

contribution was reflected in the change of χlfmin signatures in this core section.  

The Silolweni catchment had an estimated sediment yield of 62 t km−2 yr−1 (Reinwarth et al., 

2019). The granite lithology covers 46 % of the catchment, and the estimated sediment yield 

was 123 t km−2 yr−1. In comparison, the estimated sediment yield of the Ecca Group lithology 

was 10 t km−2 yr−1. Although the granite lithology is furthest from the reservoir, the estimated 

sediment yield of this source to the reservoir was 10 times greater than that estimated for the 

Ecca Group lithology. 
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Figure 12: Silolweni reservoir downcore plots of median particle size (A), magnetic signatures of χlfmin 

(B), χfd (C), χarm (D), SIRM and HIRM (E) parameters and χarm/SIRM ratio. 
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Table 10: The (un)mixing model source contribution estimates (%) to the Silolweni reservoir 

sediment. 

Summary values for the core Downcore variability 

Source Median 

Percentile 
range 
(25% - 
75%) 

Uncertainty 
(75% - 
25%) 

Median 
goodness 
of fit (%) 
[range] 

Sample 
median 
range 

Sample 
percentile 

range (25% 
- 75%)

Median 
sample 

uncertainty 
[range] 

Ecca 
Group 

23 13 – 32 
19 

70 
[3 - 90] 

0 - 100 0 - 95 66 
[6 - 100] 

Granite 77 68 - 87 0 - 100 5 - 100 

Figure 13: Median estimated contributions of the Silolweni sources. 
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5. DISCUSSION AND CONCLUSIONS

In a departure from normal practice, the <500 µm fraction was analysed because of the coarse 

nature of both the catchment and reservoir sediment. The <63 µm fraction made up a small 

proportion of all soils and sediments and most reservoir sediment samples fell within the 125 

– 500 μm median particle size range. Peaks in down -core particle size were likely a result of

coarser sediment transported during high energy storm events. In the Hartbeesfontein and 

Silolweni reservoir cores, changes in particle size were reflected in the mineral magnetic 

signatures. There was an increase in particle size and χlfmin and χarm signatures in the upper 

10 cm of the Silolweni core (Figure 9), which corresponded to an increase in Ecca Group 

contribution estimates (Figure 10). In the Hartbeesfontein core, there was a coarsening of 

particle sizes when a decrease in mineral magnetic signatures was observed (Figure 4).   

Conservation of sediment properties between source and sink is an important assumption 

underlying sediment tracing. Potential dissolution was indicated in the lower sections 

Hartbeesfontein core. The values of χlfmin and χarm decreased markedly below 40 cm depth 

as this post-depositional process changes mineral magnetic assemblages by reducing the 

concentration of magnetic minerals (Anderson and Rippey, 1998). Statistical analyses of the 

full core and upper core section suggested the conservation of magnetic signatures could only 

be assumed in the upper core section. Tracer modelling was therefore restricted to this upper 

section. The presence of bacterial magnetite can also be indicative of post depositional 

changes. Although bacterial magnetite was indicated in all the reservoir sediments it was also 

found in the catchment soils so was not thought to be indicative of post-depositional changes 

in any of the reservoirs. No further confirmation tests for bacterial magnetite were undertaken 

as facilities were unavailable for further analysis.  

Mineral magnetism effectively discriminated between signatures from distinctly different 

lithologies (e.g., between gabbro and granite gneiss in the Hartbeesfontein catchment and 

between sandstone and basalt in the Marheya catchment) and also between similar 

lithological formations (e.g., between gneiss and granite gneiss in the Hartbeesfontein 

catchment). These findings strengthen arguments made by D’Haen et al. (2012) and Laceby 

and Olley (2015), who show the efficacy of geology as a key discriminator for source 

modelling in areas minimally affected by human actions. In the semi-arid KNP environment 

where soil moisture becomes a key ecological driver, the underlying lithology has a direct 

impact on the overlying soil and vegetation cover. Granite, gneiss and rhyolite tend to 

produce coarse textured soils with a low water holding capacity and favour long rooted 

woody vegetation whereas basalt produces finer textured soils that support grassland. This 
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relationship between lithology, soil and vegetation increases the effectiveness of geology as a 

source provenance in this geographic location.  

The ability of mineral magnetism to discriminate between lithologies allowed the application 

of an (un)mixing model to apportion sediment sources in each of the four catchments as 

highlighted in the contribution Walling and Oldfield (1979) made in their seminal paper 

suggesting that environmental magnetism could be used to help discriminate fluvial sediment 

sources. Over subsequent decades, environmental magnetism research has expanded and 

improved, and this research builds on the original contributions of authors like Walling to 

fluvial geomorphology. 

The (un)mixing model estimated a total contribution from the granite gneiss lithology in the 

Hartbeesfontein catchment. The estimated sediment yield from this lithology (204 t km-2 yr-1) 

was the highest calculated in this study. This estimated sediment yield was considerably 

higher than previous estimates for natural veld areas (Hoffman and Ashwell, 2001; Baade et 

al., 2012). It is more similar to sediment yields from Australia and Europe. In small, gullied 

basins in the southern uplands of Australia, Wasson (1994) calculated sediment yields of 161 

+- 68 t km-2 yr-1 under native pasture lands. Vanmaercke et al. (2011) present a median 

sediment yield for Mediterranean catchments of ~200 t km-2 yr-1. It is again noted that there 

were low sample numbers for this catchment. Although there is no direct erosion data for this 

lithology in KNP, this high yield suggests more factors were at play than just soil type. The 

potential drainage density was highest in this lithology (Table 1). Additionally, the wildlife 

tracks to the reservoir would have compacted soils, and there were large areas of exposed soil 

with no vegetation cover, increasing connectivity and erosion potential, supporting the 

findings of other erosion studies in South Africa by Meadows and Hoffman (2002), Poesen et 

al. (2003), Venter et al. (2003) Snyman and Du Preez (2005) Arthur et al. (2011). The 

reservoir was in the granite gneiss lithology so eroded sediment also had a short travel 

distance. 

The sandstone lithology was estimated as the primary source of reservoir sediment in the 

Marheya catchment. The estimated sediment yield of the sandstone (11 t km-2 yr-1) was 

double that of the basalt (5 t km-2 yr-1). These estimated yields are within the natural-veld 

estimates of Hoffman and Ashwell (2001) (2 – 75 t km-2 yr-1) and Baade et al. (2012) (10 – 

60 t km-2 yr-1), but below the estimates of Venter (1988) (25 t km-2 yr-1). Droux et al. (2003) 

estimate a 20.5 t km-2 yr-1 sediment yield for a catchment on sandstone in Mali. The reservoir 

is in the sandstone lithology and this proximity, coupled with the shrubby vegetation, likely 
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increased the potential for sediment delivery compared to the grassier and more distant basalt 

source.  

The weathering resistant rhyolite lithology was estimated as the primary source of reservoir 

sediment in the Nhlanganzwani catchment and had a higher sediment yield (50 t km-2 yr-1) 

than the basalt lithology (20 t km-2 yr-1). These estimated yields are within the range of 

estimates provided by Haylett (1960), Hoffman and Ashwell (2001) and Baade et al. (2012). 

The estimates are much lower than sediment yield estimates in Zimbabwean catchments with 

areas of 7 km2 (410 t km-2 yr-1), 7.1 km2 (157 t km-2 yr-1) and 8.6 km2 (469 t km-2 yr-1), 

respectively (Van den Wall Blake, 1986). Schmengler (2011) estimated sediment yields of 

29.5 and 81.9 t km-2 yr-1 in two catchments in semi-arid southwestern Burkino Faso.  

Rhyolite has a similar mineralogy to granite and the coarse textured soils support a sparse 

ground cover under woody bush. Furthermore, the steep rhyolite slopes and higher drainage 

density of the Lebombo Mountains would have favoured erosion, giving rise to increased 

sediment delivery and account for the higher contribution compared to the flatter basalt areas 

which also had a lower drainage density. This was the only catchment where relief was 

thought to be an important driver of sediment processes due to the generally low relief of the 

other catchments.   

The (un)mixing model estimated the granite lithology as the primary source in the Silolweni 

catchment. This lithology also had a high sediment yield (123 t km-2 yr-1) despite outcropping 

in the upper catchment at some distance from the reservoir. The sediment yield was higher 

than estimates by Haylett (1960), Hoffman and Ashwell (2001) and Baade et al. (2012) from 

similar lithology. The Ecca group lithology had a moderate sediment yield (10 t km-2 yr-1). 

Soils were observed to be fine textured, with a good water holding capacity, but subject to 

capping when exposed. The gully system observed in the Ecca Group was near the reservoir 

and the increased contribution of this source to the upper reservoir core indicates that the 

gullying is recent. 

The catchment sediment yields provided by Reinwarth et al. (2019) were refined in this study 

by attributing sediment yields to lithological sources. Reinwarth et al. (2019) extended their 

yield estimates to estimate erosion rates using a sediment delivery ratio based on catchment 

area, with the idea that sediment delivery ratio (SDR) decreases with increasing catchment 

size. Our research highlighted the fact that a partial area concept should be applied to 

sediment yield (Rowntree and Foster 2012), with some areas of a catchment contributing 

more sediment than others. Sediment yield, as recognised by Reinwarth et al. (2019), 

depends on both the in-situ erosion rate and the sediment delivery (connectivity). While 
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erosion is a function of lithology related factors such as soil type and vegetation, sediment 

delivery is a function not only of contributing area but also proximity to the sink and 

connectivity within the catchment, determined by drainage networks and slope gradient. The 

contributing area for sediment is also dynamic, depending on the interaction of runoff and 

temporal variations in vegetation cover.  In the present study it was difficult to assign a 

sediment delivery ratio to individual lithologies, so no attempt was made to determine erosion 

rates. 

The sediment source fingerprinting method using mineral magnetic tracers successfully 

discriminated between lithology catchment sources and estimated source contributions to 

reservoir sediment in a near-natural landscape. Sediment yields by lithology were calculated 

using source contribution estimates. Connectivity, travel distance, topography, and vegetation 

cover are key factors in influencing erosion potential of the catchments. The underlying 

lithology determines the magnetic signatures of the soils (discriminating sources), and the 

vegetation determines potential erosion rates, by acting as natural erosion mitigation 

measures in disrupting fluxes of water and sediment.  

Lithology-based sources are recommended for future research in the KNP, with a minimum 

of 20 samples per source set. Analysing more than one reservoir core is also suggested. 

Potential future research from this study includes dating sediments and identifying flood 

events. A research focus could be placed on the affects of topography in sediment movement 

and yields. This study was the first mineral magnetic study in the KNP so the scope of future 

mineral magnetic research is wide. Following the research by Hanesch and Schloger (2015), 

potential changes in mineral magnetics with depth could be determined. Extensive sampling 

can compare similar lithology formations to understand spatial variability in mineral 

magnetic signatures (Pulley and Rowntree, 2016). If budget allows, additional tracers like 

geochemistry and fallout radionuclides could be used in the fingerprint. Bacterial magnetite 

presence could be confirmed using powder diffraction.  
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