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Abstract 17 

Southwestern Africa’s coastal marine mudbelt, a prominent Holocene sediment 18 

package, provides a valuable archive for reconstructing terrestrial palaeoclimates on the 19 

adjacent continent. While the origin of terrestrial inorganic material has been intensively 20 

studied, the sources of terrigenous organic material deposited in the mudbelt are yet 21 

unclear. In this study, plant wax derived n-alkanes and their compound-specific δ13C in 22 

andyp
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soils, flood deposits and suspension loads from regional fluvial systems and marine 23 

sediments are analysed to characterize the origin of terrestrial organic material in the 24 

southwest African mudbelt. Soils from different biomes in the catchments of the Orange 25 

River and small west coast rivers show on average distinct n-alkane distributions and 26 

compound-specific δ13C values reflecting biome-specific vegetation types, most notably 27 

the winter rainfall associated Fynbos Biome of the southwestern Cape. In the fluvial 28 

sediment samples from the Orange River, changes in the n-alkane distributions and 29 

compound-specific δ13C compositions reveal an overprint by local vegetation along the 30 

river’s course. The smaller west coast rivers show distinct signals, reflecting their small 31 

catchment areas and particular vegetation communities. Marine surface sediments 32 

spanning a transect from the northern mudbelt (29°S) to St. Helena Bay (33°S) reveal 33 

subtle, but spatially coherent, changes in n-alkane distributions and compound-specific 34 

δ
13C, indicating the influence of Orange River sediments in the northern mudbelt, the 35 

increasing importance of terrigenous input from the adjacent western coastal biomes in 36 

the central mudbelt, and contributions from the Fynbos Biome to the southern mudbelt. 37 

These findings indicate the different sources of terrestrial organic material deposited in 38 

the mudbelt, and highlight the potential the mudbelt has to preserve evidence of 39 

environmental change from the adjacent continent. 40 
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1 Introduction 46 

Coastal marine sediments serve as important archives for palaeoenvironmental 47 

investigations (e.g. Just et al., 2014; Rommerskirchen et al., 2006a). However, 48 

provenance, transport and sedimentation processes of the investigated tracers must be 49 

considered to reconstruct palaeoclimatic changes on the adjacent continent. In 50 

numerous studies of modern river systems the origin and transport processes of the 51 

source signals are shown to be complex. Overprinting of the transported source signals 52 

in river sediments on their way to the sedimentary archives (e.g. Bouchez et al., 2014; 53 

Galy et al., 2011; Garzanti et al., 2015; Hemingway et al., 2016) and in some contexts, a 54 

decoupling of inorganic and organic material provenance (e.g. Just et al., 2014; Schefuß 55 

et al., 2011) complicate interpretations. Additionally, changes in sedimentary 56 

provenance through time should not be neglected (e.g. Bentley et al., 2016; Leithold et 57 

al., 2016; Woodward et al., 2015). Thus, determining the provenance of signal carriers in 58 

coastal marine sediments is a key to understand palaeoenvironmental changes. For 59 

such an archive, the southwestern Africa’s mudbelt, a terrigenous mud deposit of 60 

Holocene age, is a good example (Herbert and Compton, 2007; Mabote et al., 1997; 61 

Meadows et al., 2002). While the origin and transport of inorganic material has been 62 

intensively studied (Birch, 1977; Compton et al., 2010; Hahn et al., 2015; Mabote et al., 63 

1997; Rogers and Rau, 2006; Weldeab et al., 2013), this study is aiming to refine our 64 

understanding of organic matter delivery to this archive. 65 

Fluvial and aeolian transport deposits large amounts of terrestrial organic matter 66 

(~ 430 Tg organic carbon (OC) year-1 and 60 Tg OC year-1, respectively) to the ocean 67 

sediments (e.g. Jurado et al., 2008; Schlünz and Schneider, 2000; Simoneit, 1986). The 68 

type, amount and isotopic composition of terrestrial organic matter carries information 69 



about continental environmental conditions making it a potential means of reconstructing 70 

past climates (e.g. Meyers, 1997). In particular, stable carbon isotope compositions 71 

(δ13C) of terrestrial organic carbon have been used to identify vegetation sources and 72 

changes thereof (e.g. Meyers, 1994; Prahl et al., 1994). However, as the total organic 73 

matter in sedimentary archives is derived from both terrestrial and aquatic sources, the 74 

significance of measurements from bulk samples is difficult to interpret (e.g. Meyers, 75 

1994). This can be addressed though the isolation and measurement of specific lipids, 76 

such as plant epicuticular waxes, which are solely produced by terrestrial higher plants 77 

in continental environments and are preserved over geological timescales (e.g. Aichner 78 

et al., 2010; Collins et al., 2013; Kuechler et al., 2013; Meyers and Ishiwatari, 1993; 79 

Rommerskirchen et al., 2006a, 2003; Schefuß et al., 2011).  80 

A significant component of epicuticular waxes are long-chain n-alkanes with chain 81 

lengths between 21 and 37 carbon atoms and an odd-over-even carbon number 82 

predominance (Eglinton and Hamilton, 1967; Kolattukudy, 1970). Many studies suggest 83 

that vegetation type and/or climate determine the production and chain length 84 

distribution of leaf wax n-alkanes (Bush and McInerney, 2015, 2013; Carr et al., 2014; 85 

Meyers and Ishiwatari, 1993; Rao et al., 2011; Vogts et al., 2009). For example, 86 

angiosperms and plants adapted to arid conditions generally produce higher amounts of 87 

waxes than gymnosperms (Diefendorf et al., 2011) while plants from African savannas 88 

were shown, on average, to produce longer chain n-alkanes than rainforest plants 89 

(Rommerskirchen et al., 2006b; Vogts et al., 2009).  90 

The δ13C composition of plant tissue differs with plant photosynthetic pathways. 91 

Leaf wax n-alkanes from plants using the C3 cycle (i.e. trees, shrubs and cool season 92 

grasses) are more 13C-depleted (-29‰ to -39‰ VPDB) than those from plants using the 93 



C4 cycle (i.e. warm season grasses; -14‰ to -26‰ VPDB) (e.g. Bi et al., 2005; Collister 94 

et al., 1994; Rommerskirchen et al., 2006b). Plants using the crassulacean acid 95 

metabolism photosynthesis (CAM; many succulent plants) are common in tropical and 96 

arid regions, and can show highly variable leaf wax δ13C composition, often falling 97 

between that of C3 and C4 plants (e.g. Boom et al., 2014; Chikaraishi and Naraoka, 98 

2003; Collister et al., 1994). Apart from the plant’s photosynthetic pathway, the δ13C of n-99 

alkanes is also influenced by a variety of other factors, such as the initial δ13C of the 100 

fixed CO2 (e.g. Farquhar et al., 1989; van der Merwe and Medina, 1991) or  variations in 101 

plant water-use efficiency (e.g. Ehleringer et al., 1992; Farquhar et al., 1989; Gao et al., 102 

2015; Hou et al., 2007) with the latter most common in arid and semi-arid areas.  103 

2 Background of the study area 104 

2.1 Vegetation in South Africa 105 

In the modern South African vegetation, C3, C4 and CAM plants are abundantly 106 

represented (Werger and Ellis, 1981). The distribution of modern biomes in South Africa 107 

generally follows the climate gradients extending eastward from the arid Desert and 108 

Succulent Karoo through the Nama Karoo, Savanna, Grassland, Thicket and Coastal 109 

Forest (Indian Coastal Belt) in the humid east and southward to the mediterranean 110 

Fynbos Biome in the Cape and the Afromontane Forest Biome of the south coast (Fig. 111 

1) (Cowling et al., 1997; Mucina and Rutherford, 2006). The Fynbos Biome and the cool, 112 

high altitude grasslands of the Drakensberg Mountains are dominated by woody C3 113 

plants and C3 grasses. The abundance of C4 grasses increases with aridity and growing 114 

season temperature (Scott and Vogel, 2000; Vogel et al., 1978) and is highest in the 115 

interior of South Africa (Werger and Ellis, 1981). CAM plants occur throughout southern 116 



Africa, and may become dominant in arid regions with high rainfall seasonality, such as 117 

the Succulent Karoo and western Nama Karoo biomes (Mooney et al., 1977; Werger 118 

and Ellis, 1981). 119 



Figure 1: Overview of the main atmospheric (red arrows) and oceanic currents (blue arrows) as well as the 120 

topography and bathymetry of the study area in southern Africa (a). The shaded grey area indicates the 121 

mudbelt, grey lines on the continent indicate state borders. The lower map (b) shows the three main rainfall 122 

zones: winter rainfall zone, summer rainfall zone and year-round rainfall zone. Colours indicate modern 123 

vegetation of southern Africa (after Mucina & Rutherford, 2006; Scott et al., 2012). Dots denote the locations 124 

of soil samples (black), river samples (flood deposits and suspension, red) and marine surface samples 125 

(blue). 126 



2.2 Hydrology in South Africa 127 

The vegetation distribution in South Africa (Fig. 1) is largely controlled by topography 128 

and climatic conditions. The climatic conditions are driven by seasonal changes in large-129 

scale dynamic atmospheric and oceanic circulation systems inducing a pronounced 130 

seasonality of rainfall and temperature (e.g. Tyson & Preston-Whyte, 2000). The 131 

southwestern margin of southern Africa receives most of its precipitation during the 132 

austral winter, brought by westerly winds from the Atlantic Ocean (Tyson, 1986). The 133 

southwestern part of South Africa is therefore referred to as the winter rainfall zone 134 

(WRZ), where >66% of the mean annual precipitation falls between April and September 135 

(Chase and Meadows, 2007). In contrast, much of central and eastern southern Africa 136 

receives >66% of its mean annual precipitation between October and March (Chase & 137 

Meadows, 2007) and is therefore referred to as the summer rainfall zone (SRZ). A 138 

dynamic transition zone between WRZ and SRZ receives broadly equal amounts of 139 

precipitation in the summer and winter months and is referred to as year-round rainfall 140 

zone (YRZ). Despite these spatial distinctions, the circulation systems that supply rainfall 141 

to these regions are known to interact, creating systems such as tropical-temperate 142 

troughs, which may result in large rainfall events in the continental interior (Nicholson, 143 

1986; Tyson, 1986).  144 

Much of the precipitation falling in South Africa drains into the Atlantic Ocean. The 145 

Orange River, the largest in South Africa, drains much of the interior, from Windhoek 146 

(22°33.57’S, 17°4.99’E), Namibia in the north to Pretoria and the Drakensberg 147 

Mountains in the east, encompassing a catchment area of almost 106 km2 and currently 148 

delivering 106 x 106  m³ of sediment annually (Birch et al., 1991; Compton et al., 2010) 149 

to the Atlantic Ocean from the SRZ. South of the Orange River mouth, several local 150 



ephemeral (e.g. Holgat, Buffels, Spoeg, Verlorenvlei) and perennial (Olifants, Berg) 151 

rivers drain into the Atlantic Ocean from the WRZ. The catchments of these ephemeral 152 

rivers are small and limited to the arid/semi-arid escarpment that borders the western 153 

South African margin (Bickerton, 1981a, 1981b; Heinecken, 1981). The Olifants and 154 

Berg rivers are located in the wetter southern parts of the WRZ and also comprise 155 

relatively small catchment areas (46 x 10³ km² & 7.7 x 10³ km², respectively), sourced in 156 

the Cape Fold Belt Mountains (CSIR, 1988; Morant, 1984). They deliver more sediment 157 

load to the mudbelt (7.7 x 106 m³) than the ephemeral rivers, but still far less than the 158 

Orange River (Birch et al., 1991; Compton and Wiltshire, 2009; Herbert and Compton, 159 

2007). 160 

2.3 Marine sediments offshore southwestern Africa 161 

Offshore, the southwestern African mudbelt represents a prominent Holocene terrestrial 162 

sediment package that reaches a thickness of about 35 m near the Orange River mouth 163 

(29°S), decreasing to about 2 m near the Berg River (33°S) (Birch, 1977; Meadows et 164 

al., 2002; Rogers and Rau, 2006; Schneider et al., 2003). The thickness, accumulation 165 

rate of the sediments and their predominant terrestrial origin make the mudbelt a high-166 

resolution archive for the investigation of Holocene environmental change (Birch, 1977; 167 

Gray, 2009; Hahn et al., 2015; Herbert and Compton, 2007; Leduc et al., 2010; Mabote 168 

et al., 1997; Weldeab et al., 2013). The Orange River is the main sediment source for 169 

the mudbelt as the mud fraction of the suspended material delivered by the Orange 170 

River is transported southwards by a poleward undercurrent (Birch et al., 1991; Mabote 171 

et al., 1997; Rogers and Bremner, 1991). Studies of the northern mudbelt have shown 172 

that the contribution of marine organic material becomes increasingly dominant further 173 

south near the Buffels River mouth (Gray et al., 2000; Mabote et al., 1997; Meadows et 174 



al., 2002; Rogers and Rau, 2006). Further south in the central mudbelt, the importance 175 

of sediment contributions by local ephemeral west coast rivers increases (Benito et al., 176 

2011b; Gray, 2009; Gray et al., 2000; Mabote et al., 1997). In the southern mudbelt the 177 

Olifants and Berg rivers are the dominant sediment source (Birch, 1977). 178 

Considered in its Quaternary context, a substantial sediment deficit exists on the 179 

southern portion of the western shelf. While the Olifants, Verlorenvlei and Berg rivers 180 

currently contribute only 6% of the annual sediment load (compared with 92.7% from the 181 

Orange River), the Quaternary sediment volume of the Olifants-Berg region is 71% of 182 

that of the Orange River delta (Birch et al., 1991), indicating significant spatio-temporal 183 

variability in sedimentation regimes along the west coast. Exploring related patterns of 184 

variability for the Holocene, Herbert & Compton (2007) found a greater input of 185 

terrigenous sediments to this area during the mid- to late Holocene and therefore 186 

inferred a southward progradation of the mudbelt from the Orange River mouth.  187 

An additional potential contribution to the mudbelt sediments is aeolian terrestrial 188 

input from the west coast by berg winds and southeast trade winds (Tyson and Preston-189 

Whyte, 2000; Weldeab et al., 2013). While the westerly and south-westerly aeolian input 190 

south of 25°S is suggested to be low (Dupont and Wyputta, 2003; Prospero et al., 2002), 191 

inconsistencies between marine (Shi et al., 2001; Urrego et al., 2015) and terrestrial 192 

pollen records (Lim et al., in press; Scott et al., 2004, 1995), and significant changes in 193 

wind strength along the western coastal margin during the late Quaternary (Farmer et 194 

al., 2005; Pichevin et al., 2005; Stuut et al., 2002) imply that aeolian input may have 195 

been more significant in the past. 196 

2.4 Sediment provenance  197 



So far, little consensus exists regarding the significance and dominant sedimentary 198 

sources of the major tributaries. Several studies suggested that the terrestrial sediment 199 

transported to the Orange River mouth is largely sourced in the Karoo sedimentary 200 

rocks (upper Beaufort and Stormberg groups) and soils of the Drakensberg Mountains 201 

attributed to higher rates of weathering and erosion caused by higher rainfall in the 202 

eastern catchment (Compton and Maake, 2007; de Villiers, 2000; Le Roux, 1990; 203 

Mabote et al., 1997). In contrast, it is thought that the Vaal River transports only low 204 

concentrations of suspended sediments due to its low gradient and, since the 20th 205 

century, the construction of large dams in its upstream portion (Compton and Maake, 206 

2007; Rooseboom and von Harmse, 1979; Schwartz, 1969). Recently Hahn et al. (2015) 207 

suggested that input to the mudbelt from other source areas, namely the catchment 208 

areas of the Molopo and the Fish River (Fig. 1), may be significant, especially during 209 

wetter phases in these sub-catchments.  210 

Together, previous studies show a contradictory picture concerning the 211 

provenance of terrestrial material deposited in the southwestern African mudbelt. So far, 212 

most studies of mudbelt sediment provenance have focused on the mineralogical 213 

fraction (and inorganic geochemical compositions) rather than the organic fraction. 214 

Presently, little is known about the origin, transport and deposition of the terrestrial 215 

organic material in the mudbelt. In this study, we focus on characterizing the organic 216 

component of the mudbelt sediments along its entire length, from the Cape to the 217 

Orange River mouth. We use a data-set of leaf wax derived long-chain n-alkanes as 218 

tracers for terrestrial organic matter. We analyse their abundance, distributions and 219 

compound-specific δ13C compositions in soils, flood deposits and contemporary 220 

suspension loads from regional fluvial systems and marine surface sediments, from 221 



South African biomes, rivers and the offshore mudbelt to obtain a source-to-sink 222 

assessment. The main aims of this study are: 223 

i) To characterize long-chain n-alkane distributions and compound-specific δ13C 224 

compositions in the biomes within the catchments of the Orange River and the 225 

west coast rivers. 226 

ii) To identify sources and potential overprinting effects during transport of leaf 227 

wax n-alkanes in suspension loads and sediments of the Orange River and 228 

the smaller west coast rivers, i.e. Buffels, Holgat and Olifants. 229 

iii) To determine sources of terrestrial organic matter across the southwest 230 

African mudbelt and to assess the relative contributions of distinct ecoregions.  231 

iv) To assess the palaeoenvironmental potential of plant biomarkers deposited in 232 

the mudbelt sediments. 233 

3 Material & Methods 234 

3.1  Sampling  235 

Soil samples were collected in 2010, 2012 and 2013 (Fig. 1). Part of the soil sampling in 236 

the Succulent Karoo and Fynbos biomes in 2010 was carried out via a series of 10 x 10 237 

m vegetation survey plots from which soils were collected from the upper 10 to 15 cm 238 

(soil A horizon) from four fixed locations within each plot (see Carr et al., 2013 for further 239 

information). For the other soil samples three samples from a 10-20 m radius were 240 

collected, but were not associated with detailed vegetation surveys.  241 

Suspensions loads and most of the flood deposits from the Olifants, Buffels, 242 

Holgat and Orange rivers were collected in combusted glass jars, while some flood 243 



deposits were stored in plastic bags. The suspension loads were retrieved by 244 

centrifuging of 100 litres of pumped river water.  245 

For the marine surface sediments, nine multi-cores from the mudbelt off the west 246 

coast of South Africa recovered during cruise M57/1 in 2003 (Schneider et al., 2003) 247 

were sampled. The top centimetre of each core was analysed. Two multi-cores in the 248 

northern mudbelt (GeoB8331-2, GeoB8332-3) were dated earlier using 210Pbex 249 

measurements (Leduc et al., 2010), demonstrating that the upper centimetre of both 250 

cores is not older than three years. Radiocarbon dating was performed on two multi-251 

cores (GeoB8319-1, GeoB8322-1) in the southern mudbelt resulting in ages of 110-40 252 

cal. yr BP between 11-14 cm (GeoB8319-1) and 630-370 cal. yr BP at 43 cm 253 

(GeoB8322-1), respectively (Taylor, 2004). Furthermore, pollen analyses of the upper 254 

three centimetres of all studied multi-cores identified neophytes (Zhao et al., 2015) 255 

introduced by the end of the 17th century in South Africa (Campbell and Moll, 1977; 256 

Richardson, 2000). The upper first centimetre of each multi-cores is thus considered to 257 

be of ‘modern’ age.  258 

3.2 Radiocarbon dating 259 

For some flood deposits and soil samples AMS 14C analyses were performed at the 260 

Poznan Radiocarbon Laboratory on total organic carbon (TOC). Age calibration was 261 

performed using OXCAL4.2 software (Bronk Ramsey, 2009) and the atmospheric 262 

SHCal13 curve (Hogg et al., 2013). 263 

3.3 Sample preparation and lipid extraction 264 

Soil samples were freeze-dried at the University of Leicester and homogenized after 265 

removing root and stem pieces. Wet flood deposits, suspension loads and marine 266 

sediments were freeze dried at MARUM. Suspension loads were homogenized with a 267 



planetary mill and flood deposits and marine sediments were homogenized by using an 268 

agate mortar and pestle. 269 

The organic compounds were extracted from all samples using an Accelerated 270 

Solvent Extractor (ASE) at 100°C, 1000 psi for 5 minutes by using a 9:1 solvent mixture 271 

of dichloromethane (DCM) and methanol (MeOH). This extraction procedure was 272 

repeated three times for each sample. Before extraction squalane was added in known 273 

amount as internal standard. The total lipid extracts (TLEs) were concentrated using 274 

rotary evaporation and desulphurised with activated copper. Afterwards, the TLEs were 275 

separated into hexane-insoluble and hexane-soluble fractions by Na2SO4 column 276 

chromatography. The hexane-soluble fractions were saponified with 0.1M potassium 277 

hydroxide (KOH) in MeOH at 85°C for two hours and neutral compounds were extracted 278 

with hexane. Hydrocarbons were separated from the neutral fractions by column 279 

chromatography with silica gel (60 mesh) using hexane. Further AgNO3-Si column 280 

chromatography was applied to separate the unsaturated and saturated hydrocarbon 281 

fractions using hexane.  282 

For some soil samples urea adduction was carried out to separate n-alkanes from 283 

cyclic and branched hydrocarbons to gain a better compound separation for compound-284 

specific δ13C analysis. 4.5 ml hexane/DCM (2:1) and 1.5 ml urea solution (40 mg/ml in 285 

MeOH) were added to the hydrocarbon fractions and cooled at 4°C for 15 minutes. The 286 

solution was dried under nitrogen. To separate branched and cyclic hydrocarbons, 287 

hexane was added to the dried sample. After vortexing for 30 seconds the hexane was 288 

removed via pipette. The procedure was conducted three times. Straight-chain n-289 

alkanes were extracted using hexane/DCM (4:1), after adding MilliQ water to dissolve 290 

the urea crystals. 291 



Leaf wax n-alkane distributions for several of the soil samples were reported by 292 

Carr et al. (2014). To ensure comparability in this study all samples were re-extracted. 293 

We note that the n-alkane distribution data from Carr et al. (2014) are highly comparable 294 

to those obtained in this study. 295 

3.4  Instrumental analyses and calculations 296 

Quantification of long-chain n-alkanes was carried out using a ThermoFischer Scientific 297 

Focus gas chromatograph equipped with a split/splitless injector operating at 340°C and 298 

a flame ionization detector (GC-FID). For quantification an external standard was used 299 

containing n-alkanes between C18 and C34 in known concentrations. Based on repeated 300 

analyses of the external standard, quantification precision is 5 %. The carbon preference 301 

index (CPI) was calculated as: 302 

𝐶𝑃𝐼27−33 = 0.5 ∗ [(
𝐶27+𝐶29+𝐶31+𝐶33

𝐶26+𝐶28+𝐶30+𝐶32
) + (

𝐶27+𝐶29+𝐶31+𝐶33

𝐶28+𝐶30+𝐶32+𝐶34
)]  303 

where Cx is the concentration of the n-alkane with x carbon atoms.  304 

The average chain length (ACL) of the homologues C27 to C33 was calculated as: 305 

𝐴𝐶𝐿27−33 =
27∗𝐶27+29∗𝐶29+31∗𝐶31+33∗𝐶33

𝐶27+𝐶29+𝐶31+𝐶33
  306 

where Cx is the concentration of the n-alkane with x carbon atoms.  307 

In several studies the ratios between individual n-alkanes are used as environmentally 308 

sensitive parameters (e.g. Carr et al., 2014; Schefuß et al., 2003). The ratio of the n-309 

alkane homologues C29 and C31 and C29 and C33 were calculated as: 310 

Norm31 = C31/(C29+ C31) 311 

and 312 

Norm33 = C33/(C29+ C33) 313 



where Cx is the concentration of the n-alkane with x carbon atoms.  314 

Compound-specific δ
13C analyses of n-alkanes were performed using a 315 

ThermoFischer Scientific Trace GC Ultra coupled to a Finnigan MAT 252 irm-MS (GC-316 

irm-MS) via a modified GC/C III interface operated at 1000°C. The GC-irm-MS was 317 

equipped with a PTV injector operating with cold injection. Carbon isotopes where 318 

measured against calibrated CO2 reference gas. δ13C values are reported in ‰ notation 319 

against the Vienna Pee Dee Belemnite (VPDB). Duplicates of each sample were 320 

measured, with a reproducibility of 0.2‰ for the n-C29 alkane and 0.1‰ for the n-C31 321 

alkane on average. The precision of the squalane internal standard for surface 322 

sediments, river samples and soils was 0.3‰, 0.4‰ and 0.4‰, respectively. Long-term 323 

precision and accuracy of the external n-alkane standard is 0.3‰ and 0‰, respectively. 324 

4 Results 325 

4.1  TOC ages in soil and river samples 326 

The results of the 14C measurements on bulk TOC for the soil and river samples are 327 

given in Table 1. Both soil samples (GTC9 and GTC24 from the Grassland and Savanna 328 

Biome, respectively) are of modern age whereas river samples span last 1000 years. 329 

The flood deposit O13 (Fig. 1) in the lower Orange River is of modern age while the two 330 

flood deposits O16 at the Orange-Vaal confluence and O17 (Fig. 1) in the Orange River 331 

valley upstream of the confluence span a time period of 430 ± 110 cal. yr BP and 515 ± 332 

20 cal. yr BP, respectively. The oldest dated flood deposits include O10 at the lower 333 

reaches of the Orange River valley and O18 (Fig.1) in the Vaal River valley with ages of 334 

1017 ± 65 and 856 ± 65 cal. yr BP respectively. 335 

 336 



 337 

Table 1: AMS radiocarbon analyses of bulk total organic carbon (TOC) of soils and river samples from the 338 

Orange River. 339 

 Location Sample 
name 

Lab. No. Material 14C age yr BP Cal age yr BP Calibration data 

      Median +1σ -1σ  

Soils          
  GTC9-1 Poz-71850 Bulk TOC 107.63 ± 0.38 pMC post 1950    
  GTC24-3 Poz-71851 Bulk TOC 105.34 ± 0.33 pMC post 1950    
River 
samples 

         
O10 ORF25 Poz-67126 Bulk TOC    1170 ± 30 1017 1089 956 SHCal13 (Hogg et al., 2013) 

 O13 ORF29T Poz-63487 Bulk TOC 105.04 ± 0.31 pMC post 1950    
 O18 ORF35 Poz-63486 Bulk TOC 1000 ± 70 856 926 797 SHCal13 (Hogg et al., 2013) 
 O17 ORF37 Poz-67127 Bulk TOC 515 ± 30 515 542 495 SHCal13 (Hogg et al., 2013) 
 O16 ORF40 Poz-63697 Bulk TOC 430 ± 70 431 529 309 SHCal13 (Hogg et al., 2013) 

340 

 341 

4.2 n-Alkane characteristics 342 

In the following section the n-alkane characteristics are described separately for soils 343 

(source), river samples (transport) and mudbelt sediments (sink). Cx refers to the n-344 

alkane with x carbon atoms. The compound-specific carbon isotope compositions are 345 

expressed as δ13Cx. 346 

4.2.1 Soil samples 347 

Long-chain n-alkanes were found in all soil samples with concentrations (sum of C25-348 

C33) between 1 and 47 µg/g soil (see supplementary material). In general, the soil 349 

samples show a strong odd-over-even carbon number predominance with CPI27-33 350 

values ranging between 2.4 and 30.2 and ACL27-33 ranging between 29.5 and 32.1. 351 

Differences in the n-alkane distributions are observed for the different biomes (Fig. 2). 352 

We found the highest relative abundance of C31 alkane in soils located in Succulent 353 

Karoo and Nama Karoo biomes, which showed a similar pattern. The n-alkane 354 

distributions for Grassland and Savanna biome soils also exhibit similarities, including 355 

the highest relative abundances of C31 and C33. Fynbos Biome soils are distinct to some 356 



extent with a dominance of the C29 and C31 alkanes. Highest Norm31 ratios are 357 

observed in soils of the Succulent Karoo followed by Nama Karoo, while the Grassland, 358 

Savanna and Fynbos soils show generally lower Norm31 ratios (Table 2). Norm33 ratios 359 

show a different pattern to Norm31, with highest values in soils of the Succulent Karoo 360 

followed by Savanna and Grassland soils (Table 2).  361 



 362 

Figure 2: Averaged relative n-alkane distribution with standard deviation of biomes (grey), river samples (red) 363 

and marine surface sediments (blue). River samples comprise of flood deposits and suspension loads. 364 

Numbers in brackets (n) indicates the number of samples. 365 



δ
13C values in soils throughout the study area cover a broad range spanning from 366 

-34.4‰ to -20.8‰ (C29) and from -34.8‰ to -21.7‰ (C31), respectively (Fig. 3). Lowest 367 

average δ13C29 are observed in Fynbos soils (-32.1‰ ± 1.4‰) followed by Succulent 368 

Karoo soils (-29.8‰ ± 2.4‰) and Nama Karoo soils (-27.4‰ ± 2.7‰), whereas the 369 

highest average values are found in Savanna (-26.3‰ ± 1.8‰) and Grassland (-25.2‰ 370 

± 3.5‰) soils (Table 2). For δ13C31 lowest average values are found in Fynbos soils (-371 

32.3‰ ± 1.0‰), whereas the highest values are found in Grassland soils (-25.8‰ ± 372 

3.3‰) (Table2). 373 

Table 2: Averaged n-alkane abundances, distribution parameters and compound-specific δ13C compositions 374 

of different biomes, rivers and the marine surface samples. 375 

n.d. = not determined 376 
a
 ACL27-33: averaged chain length of odd carbon numbered n-alkanes from carbon number 27 to 33. 377 

b
 CPI27-33: carbon preference index of n-alkanes from carbon number 27 to 33. 378 

c
 Norm31 = C31/(C31+C29) 379 

d
 Norm33 = C33/(C33+C29) 380 

 381 

 382 

 383 

  Number 
of 
samples 

n-alkane 
content25-33 

(µg/g sed) 

ACL27-33
a 

CPI27-33
b 

Norm31
c 

Norm33
d 

δ
13

C29       

(‰ VPDB) 

δ
13

C31       

(‰ VPDB) 

Biome          

 Fynbos 18      8.5 ± 11 30.5 ± 0.6 11.0 ± 3.2 0.66 ± 0.15 0.45 ± 0.22 -32.1 ± 1.4 -32.3 ± 1.0 

 Succulent Karoo 19    10 ± 8.8 31.2 ± 0.4 18.1 ± 5.8 0.89 ± 0.04 0.72 ± 0.18 -29.8 ± 2.4 -27.9 ± 2.8 

 Nama Karoo 16      3.3 ± 4.0 30.8 ± 0.3   7.5 ± 4.1 0.79 ± 0.10 0.59 ± 0.10 -27.4 ± 2.7 -28.7 ± 2.7 

 Savanna   7      2.2 ± 0.9 31.0 ± 0.4   6.2 ± 2.1 0.66 ± 0.12 0.67 ± 0.14 -26.3 ± 1.8 -28.1 ± 2.8 

 Grassland 11      3.7 ± 1.8 30.6 ± 0.4   5.5 ± 1.6 0.66 ± 0.09 0.64 ± 0.07 -25.2 ± 3.5 -25.8 ± 3.3 

Rivers          

 Olifants   2     7.4 ± 4.3 30.4 ± 0.5   7.5 ± 1.9 0.67 ± 0.12 0.49 ± 0.18 -31.0 ± 1.5 -28.2 ± 1.8 

 Buffels   2 100 ± 53 31.4 ± 0.1 21.0 ± 1.0 0.92 ± 0.02 0.83 ± 0.06 n.d. -27.1 ± 0.2 

 Holgat   3   41 ± 20 31.1 ± 0.2 22.2 ± 2.0 0.90 ± 0.02 0.70 ± 0.12 -25.7 ± 0.2 -24.3 ± 0.8 

 Orange 15     7.6 ± 7.1 30.6 ± 0.5   8.7 ± 2.7 0.72 ± 0.09 0.56 ± 0.12 -29.6 ± 1.4 -28.6 ± 1.7 

Mudbelt    9     8.6 ± 8.5 31.1 ± 0.1 12.2 ± 1.8 0.81 ± 0.02 0.67 ± 0.04 -28.0 ± 0.5 -26.3 ± 0.4 



 384 

Figure 3: Box and whisker plots for the compound-specific carbon isotopes of the C29 (left) and C31 (right) n-385 

alkanes divided into biome/soil and river samples. Boxes comprise middle 50% of samples and the horizontal 386 

black line within the box represents the median. Black dots outside the whisker plots indicate the uppermost 387 

and lowermost 10%. Note, for the Holgat River only one δ
13

C29 data point is available and the horizontal black 388 

line indicates the standard deviation of this data point. Na Karoo and Sc Karoo indicate Nama Karoo and 389 

Succulent Karoo, respectively. 390 

 391 

4.2.2  River-derived samples 392 

Long-chain n-alkane concentrations (sum of C25-C33) of the suspension loads vary 393 

between 4 and 23 µg/g sediment and show a strong odd-over-even carbon number 394 

predominance with CPI27-33 values ranging between 4.1 and 8.4 (Table 3). The ACL27-33 395 

values of the suspension loads vary between 29.8 and 31.0 and the Norm31 and 396 

Norm33 ratios range from 0.56 to 0.87 and 0.35 to 0.71, respectively (Table 3). δ13C 397 

values range from -30.9‰ to -27.2‰ (C29) and -29.9‰ to -24.5‰ (C31), respectively.  398 

Long-chain n-alkane concentrations of flood deposits show broader variations 399 

from 1 to 153 µg/g sediment (Table 3). CPI27-33 values are high for all flood deposits and 400 



range between 3.0 and 24.3 and ACL27-33 values vary from 29.8 to 31.5 (Table 3). The 401 

Buffels and Holgat River show similar n-alkane distributions with a distinctly high relative 402 

abundance of the C31 alkane (Fig. 2). The Olifants and Orange rivers also show a 403 

dominance of the C31 alkane but a more evenly distributed n-alkane pattern. The 404 

Norm31 and Norm33 ratios show a broad range across the flood deposit samples 405 

spanning 0.54 to 0.94 and 0.31 to 0.89, respectively (Fig. 2, Table 3). δ13C range from -406 

32.5‰ to -25.7‰ (C29) and -31.5‰ to -23.3‰ (C31), respectively (Fig. 3).  407 

The Orange River shows increasing compound-specific δ13C downstream from 408 

the Vaal-Orange confluence in both suspension loads and in the flood deposits. 409 

Generally, suspension loads have more positive δ13C31 than the flood deposits (Fig. 4). 410 

Flood deposits from the west coast rivers show increasing δ13C from south to north 411 

(Table 3). 412 



Table 3: n-Alkane abundance, distribution parameters and compound-specific δ
13

C compositions of the river samples. Suspension samples are shaded in 413 

grey. 414 

No. Sample 
name 

Sample 
type 

River system Latitude 
(°S) 

Longitude 
(°E) 

n-alkane 
content25-33 

(µg/g sed) 

ACL27-33
a
 CPI27-33

b
 Norm31

c
 Norm33

d
 δ

13
C29      

(‰ VPDB) 

δ
13

C31      

(‰ VPDB) 

O1 ORF 8 flood dep. Olifants 31°36.420 18°24.256 3.2 29.9 9.4 0.55 0.31 -32.5 ± 0.1 -30.0 ± 0.1 

O2 ORF 10S suspension Olifants 31°33.908 18°19.657 12 31.0 5.7 0.79 0.67 -29.5 ± 0.1 -26.5 ± 0.1 

O3 ORF 14 flood dep. Buffels 29°59.520 17°52.481 150 31.5 21.9 0.94 0.89 n.d. -26.9 ± 0.2 

O4 ORF 15 flood dep. Buffels 29°34.983 17°15.276 47 31.2 20.0 0.90 0.77 n.d. -27.3 ± 0.1 

O5 ORF 20 flood dep. Holgat 28°55.960 16°46.497 42 30.9 22.6 0.88 0.54 n.d. -25.3 ± 0.2 

O6 ORF 21 flood dep. Holgat 28°55.901 16°46.557 65 31.3 19.6 0.92 0.80 n.d. -24.4 ± 0.5 

O7 ORF 22 flood dep. Holgat 28°55.886 16°46.565 17 31.2 24.3 0.91 0.77 -25.7 ± 0.2 -23.3 ± 0.0 

O8 ORF 24S suspension Orange 28°33.987 16°30.287 23 31.0 8.4 0.87 0.71 -27.2 ± 0.2 -24.5 ± 0.1 

O9 ORF 23 flood dep. Orange 28°32.006 16°36.509 7.3 30.9 12.2 0.80 0.63 n.d. -26.9 ± 0.0 

O10 ORF 25 flood dep. Orange 28°05.569 16°52.921 1.1 30.9 10.9 0.80 0.62 n.d. -27.9 ± 0.1 

O11 ORF 26 flood dep. Orange/Fish 28°05.586 17°10.540 3.8 31.1 12.1 0.81 0.69 -28.2 ± 0.0 -27.6 ± 0.0 

O12 ORF 27S suspension Orange 28°46.224 17°38.408 17 30.3 3.0 0.69 0.49 -29.4 ± 0.1 -27.8 ± 0.3 

O13 ORF 29T flood dep. Orange 28°44.458 19°19.970 6.1 29.8 8.5 0.54 0.32 -31.6 ± 0.0 -28.9 ± 0.2 

O13 ORF 29B flood dep. Orange 28°44.458 19°19.970 1.2 30.6 9.8 0.68 0.52 n.d. -28.0 ± 0.1 

O13 ORF 29S suspension Orange 28°44.458 19°19.970 19 29.8 4.1 0.56 0.37 -30.6 ± 0.1 -28.4 ± 0.1 

O14 ORF 33 flood dep. Orange 28°38.182 21°05.437 0.7 30.8 10.4 0.75 0.62 -29.4 ± 0.3 -30.0 ± 0.1 

O15 ORF 31S suspension Orange 28°38,152 21°05.393 16 30.0 7.5 0.62 0.35 -30.9 ± 0.4 -29.4 ± 0.2 

O16 ORF 40 flood dep. Orange 29°04.296 23°38.232 6.4 31.2 10.2 0.76 0.71 -31.0 ± 0.3 -31.5 ± 0.1 

O17 ORF 37 flood dep. Orange 29°09.652 23°41.816 1.0 30.4 7.8 0.66 0.56 -27.5 ± 0.0 -27.8 ± 0.1 

O17 ORF 36S suspension Orange 29°09.669 23°41.817 4.8 30.6 5.2 0.69 0.55 -30.5 ± 0.1 -29.8 ± 0.3 

O18 ORF 35 flood dep. Vaal 29°04.202 23°44.439 3.5 31.0 11.7 0.84 0.69 n.d. -30.6 ± 0.1 

O18 ORF 34S suspension Vaal 29°04.167 23°44.448 4.0 30.7 8.1 0.69 0.55 -29.8 ± 0.3 -29.9 ± 0.2 

n.d. = not determined 415 
a
 ACL27-33: averaged chain length of odd carbon numbered n-alkanes from carbon number 27 to 33. 416 

b
 CPI27-33: carbon preference index of n-alkanes from carbon number 27 to 33. 417 

c
 Norm31 = C31/(C31+C29) 418 

d
 Norm33 = C33/(C33+C29) 419 



Figure: 4: Compound-specific carbon isotopes of n-alkanes C29 and C31, ACL27-33 and Norm31 for flood 420 

deposits (black dots) and suspension loads (grey diamonds) along the transect from the Vaal-Orange 421 

confluence (right) to the Orange River mouth (left). 422 

 423 

4.2.3  Marine surface sediments 424 

Long-chain n-alkanes were found in all surface sediment samples and concentrations 425 

(sum of C25-C33) range between 2 and 31 µg/g sediment (Table 4). In general, lowest n-426 

alkane concentrations occur in the northern (locations 1 and 2) and southern (locations 5 427 

- 9) parts of the mudbelt. CPI27-33 values for all surface sediments range from 9.1 to 14.7 428 



and the ACL27-33 varies only slightly between 30.8 and 31.2 (Table 4). In all surface 429 

sediments the n-alkane distribution is dominated by the C31 alkane (Fig. 2, Fig. 5). The 430 

Norm31 and Norm33 ratios cover a range spanning from 0.78 to 0.84 (Fig. 6) and 0.60 431 

to 0.72, respectively (Table 4).  432 

Table 4: n-Alkane abundance, distribution parameters and compound-specific δ
13

C compositions of the 433 

marine surface samples. 434 

No
. 

Core 
site 

Depth 
(cm) 

Water 
depth 
(m) 

Latitude 
(°S) 

Longitude 
(°E) 

n-alkane 
content25-33 

(µg/g sed) 

ACL27-33
a 

CPI27-33
b 

Norm31
c 

Norm33
d 

δ
13

C29   

(‰ VPDB) 

δ
13

C31   

(‰ VPDB) 

1 8332-3 0-1 117 29°07.66 16°39.56 3.2 30.8 9.5 0.78 0.60 -28.0 ± 0.1 -26.7 ± 0.1 

2 8331-2 0-1   88 29°08.13 16°42.86 3.7 31.0 9.1 0.80 0.64 -28.8 ± 0.1 -27.0 ± 0.2 

3 8327-1 0-1   88 29°42.19 17°00.42   8.3 31.2 11.8 0.83 0.70 -27.5 ± 0.1 -26.0 ± 0.1 

4 8325-1 0-1 134 30°35.70 17°16.73 31 31.2 14.7 0.84 0.72 -27.4 ± 0.1 -26.0 ± 0.0 

5 8324-1 0-1 100 31°44.83 18°05.47   6.4 31.2 14.2 0.83 0.70 -27.5 ± 0.2 -26.0 ± 0.1 

6 8321-1 0-1 104 31°51.81 18°07.01   6.1 31.1 12.9 0.81 0.67 -27.6 ± 0.2 -25.9 ± 0.0 

7 8322-1 0-1 105 31°57.22 18°07.07   5.5 31.1 12.0 0.79 0.65 -27.9 ± 0.0 -26.0 ± 0.0 

8 8323-1 0-1   90 32°01.89 18°13.29   6.0 31.1 13.7 0.82 0.67 -28.5 ± 0.0 -26.3 ± 0.0 

9 8319-1 0-1   69 32°29.74 18°04.70   2.4 31.0 11.9 0.78 0.64 -28.4 ± 0.3 -26.5 ± 0.1 
a
 ACL27-33: averaged chain length of odd carbon numbered n-alkanes from carbon number 27 to 33. 435 

b
 CPI27-33: carbon preference index of n-alkanes from carbon number 27 to 33. 436 

c
 Norm31 = C31/(C31+C29) 437 

d
 Norm33 = C33/(C33+C29) 438 

 439 



 440 

Figure 5: The relative abundances of the n-alkanes C29, C31 and C33 by different sample groups. Diamonds 441 

represent soils from the different biomes, triangles represent flood deposits and suspension loads of the 442 

different river systems and crosses represent marine surface sediments. Coloured areas indicate the range of 443 

different biomes, the outlier for the savanna soils is excluded. 444 

δ
13C values of the C29 (Fig. 6) and the C31 alkanes range from -28.8‰ to -27.4‰ and -445 

27.0‰ to -25.9‰, respectively (Table 4). Most depleted values are observed in the 446 

northern mudbelt, with increasing values towards the central mudbelt and decreasing 447 

again in the southern mudbelt (Fig. 6). 448 



449 
Figure 6: Compound-specific stable carbon isotope composition of C29 (left) and Norm31 (right) for surface 450 

sediments along the west coast of South Africa. Position of the poleward countercurrent (CC) is indicated by 451 

the grey dotted line. 452 

5 Discussion 453 

To determine the palaeoenvironmental significance of plant biomarkers preserved within 454 

southwestern African mudbelt sediments it is crucial to first characterize the source 455 

signals in the various catchment areas and their potential alteration during riverine 456 

transport.  457 

5.1 Characterization of source signals reflected in soils of the different 458 

biomes 459 



The predominance of long-chain n-alkanes and the CPI values higher than 4 of most n-460 

alkanes in soils indicate an origin from terrestrial higher plants and a relatively non-461 

degraded state (Eglinton and Hamilton, 1967). Similarly high CPI values are reported for 462 

soils in other regions, including semi-arid to humid climates (e.g. Bush and McInerney, 463 

2015; Kuhn et al., 2010; Schwab et al., 2015). In particular, succulent plants, such as 464 

Aizoaceae or Crassulaceae, tend to produce higher amounts of plant waxes than, for 465 

instance, grasses which is also found to be reflected in corresponding soils (Carr et al., 466 

2014; Garcin et al., 2014).  The n-alkane concentrations in soils of the different biomes 467 

from this study are consistent with these previously observed trends (Table 2) which can 468 

likely be attributed to differential production of plant waxes by the distinct plant types.  469 

Soils in the Succulent Karoo and Nama Karoo biomes show comparable n-alkane 470 

distributions to modern plants from these biomes (Boom et al., 2014; Carr et al., 2014). 471 

They show a tendency towards longer chain lengths and greater proportions of the C33 472 

n-alkane (Fig. 2). Additionally, the different n-alkane distribution patterns (Norm31 and 473 

Norm33 ratios) reflect the distinct plant communities in the different biomes. For 474 

instance, C4 grasses are known to generally produce C31 and C33 n-alkanes in higher 475 

abundance than C3 trees and C3 grasses (Bush and McInerney, 2013; Rommerskirchen 476 

et al., 2006b; Vogts et al., 2009). Bush and McInerney (2015), however, inferred that 477 

growing season temperature rather than the photosynthetic pathway is the main driver of 478 

chain length distribution. The typical n-alkane distribution pattern for C4 grasses with a 479 

dominance of C31 and C33 is particularly reflected in soils of the Grassland Biome (Fig. 480 

2). This biome also exhibits the most enriched average 13C values (Table 2). 481 

Nevertheless, the range of compound-specific δ13C for the Grassland Biome is large 482 

(Fig. 3) and it has to be taken into account that the Grassland Biome does not only 483 



consists of C4 grasses, but also of C3 plants (~ 40% coverage), including trees, shrubs 484 

and grasses (Cowling et al., 1999; Werger and Ellis, 1981). Therefore, soils in the 485 

Grassland Biome can show on average a mixture of photosynthetic pathways. The 486 

compound-specific δ13C composition of Succulent Karoo and Nama Karoo soils is more 487 

13C-depleted than the Grassland or Savanna soils, reflecting not only the occurrence of 488 

more C3 plants in the Succulent Karoo. However the values are still higher than those 489 

observed in a C3 biome (e.g. Fynbos) reflecting the abundance of drought-tolerant 490 

succulent CAM plants (Boom et al., 2014; Cowling et al., 1999; Feakins and Sessions, 491 

2010; Mooney et al., 1977; Werger and Ellis, 1981). A higher abundance of the C29 n-492 

alkane and more depleted δ13C values distinguish the soils in the Fynbos Biome from 493 

the other biomes (Fig. 2, Fig. 3). Although, the geochemical proxies in soils from the 494 

other biomes (Succulent Karoo, Nama Karoo, Grassland and Savanna) differ on 495 

average, they are not clearly distinguishable from each other due to the large internal 496 

variability.  497 

5.2  The overprinting of river-transported signals by local vegetation 498 

5.2.1 Olifants River: 499 

The comparison of the flood deposit (O1, Fig. 1) and the contemporary suspension load 500 

(O2, Fig. 1) of the Olifants River reveals differing n-alkane distributions and compound-501 

specific δ13C values, despite both sampling sites being located in the Succulent Karoo. 502 

The plant wax-derived signals of the suspension load, sampled in the dry season, exhibit 503 

similarities with Succulent Karoo soils and plants (Carr et al., 2014). For instance, ACL27-504 

33 (31.0) and δ13C composition of C29 (-29.5‰) and C31 (-26.5‰) lie in the range of 505 

Succulent Karoo soils (31.2 ± 0.4, -29.8 ± 2.4‰, -27.9 ± 2.8‰) rather than Fynbos soils 506 

(30.5 ± 0.6, -32.1 ± 1.4‰, -32.3 ± 1.0‰), implying local input during the dry season 507 



(Table 2, Table 3). By contrast the flood deposit, with lower ACL, Norm31, Norm33 and 508 

compound-specific δ13C than the suspension load (Table 3), is more comparable to 509 

plants (Carr et al., 2014) and soils in the Fynbos Biome (Table 2) and likely reflects 510 

greater input from this C3 dominated biome, located upstream in the Olifants catchment. 511 

Based on this observation, we surmise that flood-events sourced in the Cederberg 512 

Mountains of the Fynbos Biome may produce an identifiable signature, whereas during 513 

non-flood conditions and/or dry season the source area of the terrestrial material may lie 514 

closer to the coastal sampling location of the suspension load. However, we cannot rule 515 

out that the flood deposit may be either much older than the suspension load, reflecting 516 

a different climate/vegetation regime, and/or that the flood was characteristic of such 517 

events. Heavy rains are more common in the mountains, but large storms may also 518 

cause extensive flooding in the Succulent Karroo, and it is likely that sediments 519 

transported by these different events will show different geochemical signatures. Hence, 520 

this finding does not allow us to estimate modern Fynbos Biome contributions during the 521 

rainy season. 522 

5.2.2 Ephemeral west coast rivers: 523 

The Buffels and the Holgat River only drain the Succulent Karoo Biome (Fig. 1). The 524 

flood deposits of both rivers (O3-O7, Fig. 1) were sampled from the riverbeds, and are 525 

likely relatively recent as these rivers experience regular (every 5–10 years) floodings 526 

(Benito et al., 2011a). They show the highest ACL and Norm ratios in this study and 527 

compare well to Succulent Karoo soils (Table 2) and plants (Carr et al., 2014). 528 

Furthermore, the δ13C31 of the flood deposits from the Buffels River (-27.1 ± 0.2‰) are in 529 

the range of δ13C31 of the Succulent Karoo soils (-27.9 ± 2.8‰, Table 2) and therefore 530 

likely reflect the modern Succulent Karoo vegetation. In contrast, the δ13C31 for the 531 



Holgat River flood deposits are higher (-24.8 ± 0.8‰) than the Succulent Karoo. CAM 532 

plants are known to have very variable δ13C compositions often lying between C3 and C4 533 

plants, but also reaching values as high as -14‰ (e.g. Boom et al., 2014; Chikaraishi 534 

and Naraoka, 2003).. The catchment of the Holgat River is drier than the Buffels River 535 

(Bickerton, 1981a; Cowling et al., 1999; Heinecken, 1981), which may foster a distinct 536 

vegetation cover and/or differing usage of CAM photosynthesis (Born et al., 2006; 537 

Desmet, 1996) leading to differences in their δ13C composition. Further, the modern 538 

suspension load closest to the Orange River mouth (Fig. 4) has a similar δ13C 539 

composition (-24.5 ± 0.1‰) to the Holgat River flood deposits (Fig. 3) possibly indicating 540 

a specific vegetation signal from this area (Born et al., 2006). As before, it is also 541 

possible that differences in the n-alkane δ13C of the Holgat and Buffels rivers results 542 

from different ages of the flood deposits. Overall, the Holgat River catchment seemingly 543 

contains a more specialised vegetation adapted to drier conditions than the Buffels River 544 

catchment (Bickerton, 1981a; Born et al., 2006; Heinecken, 1981; Mucina and 545 

Rutherford, 2006) likely leading to a more enriched δ13C composition in Holgat than 546 

Buffels River flood deposits and Succulent Karoo soils.  547 

5.2.3 Orange River: 548 

An important observation is that the n-alkane distribution patterns of the suspension 549 

loads (Fig. 4) change downstream as the Orange River flows through different biomes 550 

(Fig. 1). In general, compound-specific δ13C increases downstream (Fig. 4). This implies 551 

an overprint of the transported signal by contributions from local vegetation sources 552 

along the river course from the drier Nama and Succulent Karoo biomes.. This overprint 553 

results in a similarity in n-alkane parameters between the suspension load closest to the 554 

Orange River mouth (O8, Fig. 4) and those in the flood deposits of the Holgat River (O5-555 



O7, Fig. 2). Gray (2009) also interpreted the δ13C of bulk TOC in modern sediments from 556 

the bedload of the lower Orange River to reflect organic matter contributions from 557 

surrounding areas and river bank vegetation. Inorganic geochemical data (87Sr/86Sr and 558 

εNd) of the samples analysed for this study support this finding, implying sediment 559 

contributions from along the Orange River (Hahn et al., 2015). This contrasts with earlier 560 

studies that inferred that terrestrial material transported by the Orange River is primarily 561 

sourced in the Drakensberg Mountains from Karoo sedimentary rocks (Compton and 562 

Maake, 2007; de Villiers, 2000; Mabote et al., 1997).  563 

A comparison of organic and inorganic geochemical proxies for the suspension 564 

loads upstream near the Orange-Vaal confluence, however, reveals a more complex 565 

picture. While the n-alkane compositions of suspension loads from the Vaal (O18) and 566 

Orange Rivers immediately upstream of the confluence (O17) are similar at this location 567 

(Fig. 4, Table 3), the inorganic components indicate a variety of sedimentary sources 568 

(Hahn et al., 2015). These findings imply, to a certain extent, a decoupling of source 569 

areas for organic and inorganic material transported by the Orange River. The inorganic 570 

material might comprise a more hinterland signal probably due to higher weathering 571 

rates in its source region than in the lower river course (Compton and Maake, 2007; de 572 

Villiers, 2000; Le Roux, 1990; Mabote et al., 1997). In contrast, a continuous contribution 573 

of the adjacent vegetation along the river course might overprint the organic matter 574 

signal. A similar de-coupling of organic and inorganic sedimentary signals has also been 575 

inferred for other major river systems, e.g. the Zambezi River (Just et al., 2014; Schefuß 576 

et al., 2011). 577 

The n-alkane distribution patterns and compound-specific δ13C for flood deposits 578 

show similar trends as the suspension loads downstream the Orange River (Fig. 4). 579 



However, unlike the suspension samples, the flood deposits upstream of the confluence 580 

with the Vaal River (Fig. 1) differ in their n-alkane distributions and δ13C compositions. 581 

The Orange River flood deposit (O17) shows lower ACL27-33, Norm31 and Norm33 ratios 582 

as well as higher δ13C values than the Vaal flood deposit (O18, Fig. 4, Table 3). The 583 

difference between flood deposits and suspension loads at the Orange-Vaal confluence 584 

may therefore indicate different sources for flood deposits and suspension loads within 585 

the Orange River system. For instance, soils of the Grassland Biome have on average 586 

higher δ13C values for C29 and C31 than those of the Savanna and Nama Karoo biomes 587 

(Fig. 3, Table 2). The ACL27-33 and Norm31 ratio are also lower for Grassland soils 588 

compared to Savanna and Nama Karoo soils (Fig. 2, Table 2). Thus, the flood deposit of 589 

the Orange River upstream of the confluence could have originated in the more humid 590 

eastern Nama-Karoo transition zone to the Grassland Biome. It is important to consider 591 

that flood events integrate larger, albeit perhaps heterogeneous, spatial extents, and 592 

while occurring at a discrete point in time, they may entrain much older material as they 593 

erode the landscape. Comparison between flood deposits and suspension loads is thus 594 

problematic, particularly as our suspension load samples were collected only once and 595 

solely reflect a snapshot of the total fluvially-transported material. Another complicating 596 

factor is the age of the flood deposits. The Orange River flood deposit (O17) is older 597 

(856 ± 65 cal. years BP) than the Vaal River flood deposit (515 ± 20 cal. years BP) 598 

(Table 1), and differences in n-alkane compositions for both the flood samples and the 599 

suspension load samples may be a result of changes in climate and vegetation through 600 

time (Chevalier and Chase, 2015; Holmgren et al., 2003; Scott et al., 2012). Additionally, 601 

modern commercial farming and grazing, accounting for ~ 80% of the total land area of 602 

South Africa (DAFF, 2016), has also possibly biased the signal in the modern 603 



suspension loads. At present, we have no conclusive argument whether it was a change 604 

in sediment source or climate/vegetation that was the dominant factor determining the 605 

observed variability, but nevertheless the increasing compound-specific δ13C trend 606 

downstream the Orange River is similar for both sample types. 607 

In general, this study indicates that terrestrial organic material discharged by the 608 

Orange River represents a heterogeneously integrated catchment signal, whereas all of 609 

the west coast rivers exhibit biomarker signals consistent with their locations in different 610 

vegetation zones. Flood deposits indicate that such events can carry a signal from the 611 

hinterland, while under non-flood conditions the suspension load more reflects the local 612 

vegetation. To evaluate whether flood events, especially in the ephemeral Succulent 613 

Karoo rivers, or the non-flood conditions stronger contribute more or less significantly to 614 

the mudbelt sediments, further investigations are needed.  615 

5.3 Sources of terrestrial organic matter in the southwest African mudbelt 616 

In marine surface sediments CPI values higher than 7 imply minor degradation of the 617 

long-chain n-alkanes and an origin from terrestrial higher plants (Eglinton and Hamilton, 618 

1967). The ternary diagram (Fig. 5) of relative C29, C31 and C33 n-alkane abundance 619 

indicates that the n-alkane distributions of the marine surface sediments plot in the 620 

overlapping area of all biomes. This finding suggests a mixed signal derived from 621 

different source areas in the catchments of the Orange River and the west coast rivers. 622 

In all mudbelt samples the C31 n-alkane is more abundant than the C29 and C33 n-623 

alkanes and overall there is low variability in n-alkane distribution across the mudbelt 624 

(Fig. 2). Mudbelt surface sediment δ13C31 compositions (-25.9‰ to -27.0‰) are more 625 

enriched but show a range and trend similar to δ13C29 (-27.4‰ to -28.8‰). While the C31 626 

n-alkane is dominant in all biomes (Fig. 2), it tends to be produced in higher amounts by 627 



succulent plants (Carr et al., 2014) and grasses (Vogts et al., 2009), the latter being 628 

present in all biomes. Given this observation, despite the higher abundance of the C31 n-629 

alkane in the marine surface sediments, the δ13C of C29 is likely more informative about 630 

vegetation sources and is used here to discuss changes in terrestrial organic input. 631 

Although the n-alkane parameters do not show large amplitude changes for the marine 632 

surface sediments (Fig. 6) compared to the soils, clear trends are evident along the 633 

transect, which likely are caused by sedimentary input from differential sources.  634 

The northernmost mudbelt sediments, closest to the Orange River and located 635 

near the Holgat River mouth (locations 1–2, Fig. 1, Fig. 6), show ACL27-33 values lower or 636 

equal to 31.0 and Norm31 and Norm33 ratios below or equal to 0.80 and 0.64, 637 

respectively (Table 4). These values lie in the range of the biomes drained by the 638 

Orange River and its suspension loads (Fig. 2, Fig. 4). Compound-specific δ13C 639 

compositions of the surface sediments (-28.0‰ to -28.8‰) also lie within the range of 640 

the biomes (-25.2‰ to -29.8‰) drained by the Orange River and the Orange River 641 

suspension loads (-27.3‰ to -30.9‰). In contrast, Holgat River flood deposits reach 642 

higher ACL27-33 (31.1 ± 0.2), Norm31 (0.90 ± 0.02), Norm33 (0.70 ± 0.12) as well as 643 

more enriched δ13C (-25.7 ± 0.2‰) compositions (Fig. 2, Table 2). This implies that 644 

terrestrial organic matter in the northernmost mudbelt is largely derived from the Orange 645 

River and likely reflects a variably integrated signal of biomes drained by the Orange 646 

River. Zhao et al. (2015) investigated the pollen distribution in the same mudbelt surface 647 

sediments and found increased percentages of Poaceae (a dominant component of the 648 

Nama-Karoo, Grassland and Savanna biomes) and pollen from riparian taxa 649 

(Cyperaceae, Phragmites-type and Typha) in the northern mudbelt sediments, also 650 

implying a dominant source in the Orange River catchment.  651 



Further south in the central mudbelt (locations 3-4, Fig. 6), the n-alkane proxies 652 

indicate an additional contribution from the CAM-rich Succulent Karoo Biome. This input 653 

manifests itself in increased ACL27-33 (31.2), Norm31 (0.83 to 0.84), Norm33 (0.70 to 654 

0.72) and slightly higher δ13C (-27.5 ‰ to -27.4‰) (Fig. 6, Table 4). Similar signals are 655 

detected for the flood deposits of the ephemeral Holgat and Buffels rivers (Fig. 2, Fig. 3) 656 

with higher ACL27-33 (31.1 to 31.4), Norm31 (0.90 to 0.92) and Norm33 (0.70 to 0.83) 657 

compared to the Orange River suspension loads and flood deposits. In terms of relative 658 

contributions from the various catchments, although the southward countercurrent 659 

transports Orange River derived sediments to the south, Mabote et al. (1997) argued 660 

that the countercurrent is not strong enough to transport medium to fine silt sediments 661 

as far south as the Buffels River mouth. In addition, increasing n-alkane concentrations 662 

from the northern to the central mudbelt (Table 4) indicate additional input from the 663 

adjacent continent. This is consistent with higher n-alkane concentrations in Succulent 664 

Karoo soils and in the flood deposits of the Holgat and Buffels rivers compared to other 665 

biomes and rivers (Table 2). Further, the C29 n-alkane in the Holgat River flood deposit 666 

(O7) is more 13C-enriched (-25.7 ± 0.2‰) than the Orange River suspension loads and 667 

flood deposits (-27.8 ± 0.6‰) (Fig. 4, Table 3). Pollen analyses show a slight increase of 668 

Aizoaceae and Asteraceae pollen abundances relative to grasses and riparian taxa in 669 

the central mudbelt sediments, likely reflecting higher contributions from the adjacent 670 

Nama Karoo and Succulent Karoo vegetation (Gray et al., 2000; Zhao et al., 2015). 671 

Nevertheless, the increased importance of Aizoaceae pollen in the central mudbelt 672 

sediments is less pronounced than the increase of compound-specific δ13C values, 673 

which is not very surprising as Aizoaceae tends to produce relatively high amounts of 674 

plant waxes (Carr et al., 2014) but only low amounts of pollen (Dupont and Wyputta, 675 



2003). Additionally, Mabote et al. (1997) detected diverging grain-size trends in cores off 676 

the Orange and the Buffels River pointing to an additional sedimentary input by the 677 

Buffels River. It thus seems plausible that the terrestrial organic signals derived from the 678 

Orange River are overprinted by terrigenous contributions from the Holgat and Buffels 679 

rivers. However, despite the indications for a higher Succulent Karoo influence, we 680 

cannot differentiate terrestrial input from aeolian versus fluvial transport. Nevertheless, 681 

as the west coast wind regimes are dominantly southerly (Tyson and Preston-Whyte, 682 

2000) it is likely that both aeolian and fluvial transport are dominated by material sourced 683 

from the western coastal margin.  684 

In the southern mudbelt (locations 5-9) the shift to lower δ13C29 , ACL and Norm 685 

ratios (Fig. 6) can be attributed to the proximity of the Fynbos Biome, where soils are 686 

more depleted in n-alkane 13C (Fig. 3) and have lower ACL and Norm ratios (Fig. 2) than 687 

the Succulent Karoo soils (Table 4) (Carr et al., 2014). This is consistent with the higher 688 

occurrence of Restionaceae pollen (primarily restricted to the Fynbos Biome) in the 689 

southern mudbelt sediments  (Zhao et al., 2015) as well as with findings of significant 690 

contributions from Olifants River suspension loads (Hahn et al., 2015).  691 

An interesting finding of this work is that the northernmost mudbelt surface 692 

sediments show comparable n-alkane parameters and compound-specific δ13C as the 693 

southernmost mudbelt surface sediments. Based on the pollen data (Zhao et al., 2015), 694 

and considering that the Orange River today is the by far greatest supplier of sediment 695 

to the northern mudbelt (Birch et al., 1991; Bremner et al., 1990), it is, however, unlikely 696 

that the biomarker signal in the northern mudbelt is derived from the Fynbos Biome. It 697 

can, therefore, reasonably assumed that the observed trends in terrestrial organic 698 

signals in mudbelt sediments reflect local inputs and not long-range transported signals.  699 



In order to estimate the magnitude of n-alkane input by the Orange River and the 700 

west coast rivers along the north-south transect in the mudbelt, we applied a binary 701 

mixing model using compound-specific δ13C. We assume that a change in the northern 702 

and central mudbelt is attributed to an additional input of n-alkanes derived from the 703 

west coast rivers draining the Succulent Karoo and therefore define the two end-704 

members as 1) the arithmetic mean of the weighted mean δ13C (C29 and C31) for the 705 

suspension loads of the Orange River (-28.7 ± 2.0‰) and 2) the mean for the flood 706 

deposits of the Buffels and Holgat rivers (-25.5 ± 1.6‰). This leads to an increasing n-707 

alkane contribution of about 33 ± 13% (from 30 – 57% to 64 – 90%) by the smaller west 708 

coast rivers from the northern to the central mudbelt. Towards the southern mudbelt, we 709 

proceed with the assumption that a change in δ13C in the southern mudbelt sediments is 710 

attributed to an input of Fynbos derived n-alkanes. For the Fynbos end-member we used 711 

the weighted mean δ13C of the suspension load from the Olifants River (-31.2 ± 1.3‰), 712 

which is suggested to reflect the Fynbos signal. Based on this, the Fynbos signal 713 

increases by 12 ± 11% from the Olifants River mouth (4 – 25%) to the southernmost 714 

location 30km north of the Berg River mouth (16 – 37%). We note, however, that these 715 

estimates are based on several assumptions and absolute numbers should be taken 716 

with caution. Additionally, aeolian transport from the coastal west coast biomes might 717 

contribute to the leaf wax inventory of the mudbelt. To evaluate the relative contribution 718 

of aeolian vs. fluvial transport to the mudbelt, further investigations are needed. 719 

Nevertheless, the estimation indicates that the terrestrial organic material in the mudbelt 720 

is derived not only from the Orange River, but also from the western coastal margin, 721 

including the Succulent Karoo, and, increasingly to the south, the Fynbos Biome. 722 

Considering these observations in terms of palaeoenvironmental research, they imply 723 



that a multiproxy approach in conjunction with other terrestrial proxies, such as pollen, 724 

allows to differentiate between terrestrial organic sources in the northern and southern 725 

mudbelt and more reliable palaeoenvironmental interpretations. 726 

6 Conclusions 727 

This study provides an overview of sources, effects of transport and depositional 728 

patterns of terrestrial organic material in the western South Africa coastal mudbelt. 729 

Based on terrestrial leaf wax n-alkane investigations of soils, river suspension loads and 730 

flood deposits, and marine sediments we found that: 731 

i) Biomes within the Orange River and west coast river catchments show on 732 

average differences in n-alkane distributions and compound-specific δ13C 733 

compositions, which are attributed to their different vegetation types, despite a 734 

large variability of individual samples. 735 

ii) Terrestrial organic material transported by the Orange River is overprinted by 736 

local downstream vegetation contributions during riverine transport. Therefore, 737 

the terrestrial organic material discharged by the Orange River represents a 738 

heterogeneously integrated catchment signal. 739 

iii) The influence of the Orange River on the mudbelt sediments declines further 740 

south and is overprinted by signals derived from the western coastal margin, 741 

including the Succulent Karoo and Fynbos Biome. 742 

Our study underlines the need to identify sources of inorganic and organic terrestrial 743 

material for adequate interpretation in environmental reconstructions. Our findings 744 

suggest that future studies of mudbelt sediments must consider that 1) Orange River 745 

sediments do not necessarily solely reflect changes to the SRZ as a whole, but may 746 



reflect sub-regional dynamics, with a potential bias towards signals from the lower 747 

reaches of the river course, and 2) the mudbelt contains sediments from both the 748 

Orange river, the central west coast, and the Fynbos Biome, and that the relative 749 

contribution of these regions has likely changed significantly over time (Birch et al., 750 

1991). Considering the presented data and regional oceanic and atmospheric circulation 751 

patterns, it may be inferred that sediments in the southern mudbelt are likely well-suited 752 

to reconstruct palaeoenvironmental changes in the southwestern WRZ. While more 753 

complex, we suggest that using a multiproxy approach parallel investigations of northern 754 

and southern mudbelt sediments may allow reconstructions of palaeoenvironmental 755 

changes in at least some parts of the SRZ and the dynamics between these regions and 756 

the WRZ.  757 
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