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ABSTRACT ARTICLE HISTORY
The morphodynamics of rivers in semiarid environments tend to be Received 23 June 2023
controlled by episodic flood events, but the precise nature of Accepted 26 March 2024
sedimentary processes and sediment source areas within catch-

s T . KEYWORDS
ments affected by episodic ﬂoods. remains not well undgrstood. Fluvial geomorphology; river
This study presents geomorphological, sedimentary and mineralo- floods; sediment
gical data from different river reaches along the semiarid Letaba geochemistry; sediment
River within Kruger National Park, northeast South Africa. source areas; semiarid rivers

Geomorphological and sedimentary data were used to evaluate
river morphodynamic behaviour and identify the major controls
on landform development. Mineralogical data (heavy minerals
and trace elements) were examined from surface sediment samples
from different river reaches to determine the potential source areas
for sediment reworking within the catchment (channel bank, chan-
nel bed, tributaries) for flood-transported sediments. Results of this
analysis on downstream reaches show catchment-averaged sedi-
ment contributions from the channel bed of 42.5%, tributaries of
35%, and channel bank of 22.5%. These sediment contributions
likely arise as a result of the different flow conditions experienced
in different locations of the river system during floods. However,
there is significant variability between samples from individual
reaches, likely related to valley width and bedrock vs sediment
availability. The contributions of river sediments from different
sources are conceptually developed through a model of sediment
source variability at different hydrodynamic stages. This highlights
the role of floods in reactivating non-perennial tributaries and
adding new sediment into the main channel. Measurements of
perennial channel storage, therefore, do not give the whole picture
of total sediment availability or activation during floods.

1. Introduction

Semiarid areas commonly have highly seasonal rainfall patterns and these result in
significant seasonal differences in river discharge and, thus, river morphodynamic
behaviour (Grenfell & Ellery, 2009; Heritage et al., 2001¢; Jury & Lucio, 2004; Rountree
etal., 2001). The presence of low-density vegetation within the catchment often amplifies
river response, leading to high sediment yield during flood events (Kotschy et al., 2000;

CONTACT Jasper Knight @ jasper.knight@wits.ac.za @ School of Geography, Archaeology and Environmental
Studies, University of the Witwatersrand, Johannesburg 2050, South Africa
Supplemental data for this article can be accessed online at https://doi.org/10.1080/03736245.2024.2341656

© 2024 The Society of South African Geographers


https://doi.org/10.1080/03736245.2024.2341656
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/03736245.2024.2341656&domain=pdf&date_stamp=2024-09-20

SOUTH AFRICAN GEOGRAPHICAL JOURNAL e 369

Pollard et al., 2011). Several studies have examined the morphodynamics of flood events
on the semiarid rivers of eastern South Africa (e.g. Heritage et al.,, 2001a, 2019, 2015;
Knight & Evans, 2017, 2022; Milan et al., 2018, 2020; Smith & Zawada, 1990; Zawada,
1997). These studies show that flooding can not only result in sediment erosion and
transport through the river system but that these geomorphic signatures vary spatially
along different river reaches depending on valley width, the proximity of bedrock to the
river channel, potential sediment availability, and river system morphometry including
the number and size of feeder tributaries (Heritage et al., 2015). Flood signatures are,
therefore, spatially variable, and their morphological and sedimentary signatures are
influenced by past events, such as where a previous flood has removed much sediment
from the system, leading to reduced sediment load in any subsequent flood event (Knight
& Evans, 2018). These properties of semiarid rivers can be explained partly with respect
to the differences between alluvial (mainly sand) and bedrock reaches, which respond in
different ways to flood events by erosional stripping down to the underlying bedrock
surface, and bedrock incision, respectively (Broadhurst & Heritage, 1998; Entwistle et al.,
2014; Heritage et al., 2003; Rountree et al., 2000). The geomorphology of such ‘mixed’
river systems has been mapped across semiarid South Africa (e.g. Eze & Knight, 2018;
Grenfell et al., 2014; Knight & Evans, 2024; Moon & Heritage, 2001; Rountree et al., 2000;
van Niekerk et al., 1995). However, it is still uncertain how these patterns change over
time as a result of flooding (Heritage et al., 2001c; Knight & Evans, 2024; Rountree et al.,
2000, 2001) or by other mechanisms of catchment disturbance, including the spread of
woody vegetation (Scholtz et al., 2014), drought conditions (Rountree et al., 2000), and
longer-term climate variability (Heritage et al., 2001c). During flood events, sediment in
transit through the river system can be derived from several potential source areas,
including (1) the existing river channel bed, (2) areas outside of the existing river channel
but located on the adjacent floodplain, (3) river terrace margins at the sides of the
available floodplain, and (4) input from feeder tributaries (Baade et al., 2012; Collins et
al., 1997; Hughes et al.,, 2022; Pulley et al., 2017). The relative contribution of sediments
from these different source areas is not easily established because sediment’s physical
(e.g. grain size) and geochemical properties (e.g. heavy minerals, trace elements) are often
quite uniform across a river catchment, especially where there is a single basement rock
type or where chemical weathering has taken place over a long time (e.g. Chadwick et al,,
2013; Silva et al., 2016). Sediment mixing models that are based on spatial variations in
sediment properties have been used in many rivers worldwide (e.g. Collins et al., 1997,
1998, 2010; Cooper et al., 2015), including in South Africa (e.g. Manjoro et al., 2017;
Pulley et al., 2017). In these studies, different modelling approaches have been used,
including Monte Carlo, discriminant function analysis, and Bayesian analysis (e.g. Davies
et al., 2018; Patault et al., 2019; Pulley et al., 2020; Vale et al., 2020) as well as different
numerical mixing models (see discussion in Dai et al., 2022). As input variables, these
studies have used different mineral and trace elements, radionuclides, and stable isotopes
(e.g. Vale et al.,, 2022). However, these approaches need systematic and consistent
sediment sampling through a river system, which is often difficult to achieve, and
works less well in semiarid areas such as in South Africa where seasonal flood events
characterize the river regime. For this reason, a mixing model approach is not applied in
the strictest sense in this study. Instead, sediment tracing of the main channel and
tributaries is used to support evidence from river reach geomorphology, sedimentology
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and geochemistry. This means that the specific methodologies developed in previous
mixing studies cannot be always easily applied to all contexts.

The major aim of this study is to evaluate the morphodynamic behaviour and major
controls on landform development within the semiarid and perennial Letaba River
(northeast South Africa). This is achieved through grain size and geochemical analysis
of sediment samples collected through the river system (Mugwabana, 2018), including
evaluating the contribution of sediments from its ephemeral tributaries. The data on
mineral composition and trace element concentrations within individual samples are
then used to identify spatial variations in sediment source areas. This is achieved through
a modified mixing model procedure. The degree and style of sediment reworking down
the river system are then evaluated based on reach geomorphology and sediment
properties.

2, Study area

The east-flowing Letaba River is situated in the northeastern part of South Africa
(Figure 1) and has a total catchment area of 13 670 km” (State of the Rivers Report,
2001). Of this, 3300 km? is located within the protected nature reserve of Kruger
National Park (KNP) (Kotschy et al., 2000). Headwater areas of the Eastern
Escarpment mountains are underlain by granite, quartzites and sedimentary rocks
of the Karoo Supergroup (Schutte, 1986; Viljoen, 2015). This part of the catchment
(the Groot Letaba) is dominated by commercial forestry, and river geomorphology
comprises pool-and-riffle bedrock reaches with disconnected sediment bars and
floodplain elements at footslope locations (Moon & Heritage, 2001). Middle reaches
of the Letaba on the South African Lowveld (mainly 600-1300 m asl) are developed in
granite and gneiss bedrock with dolerite dikes and basalt beds (State of the Rivers
Report, 2001) and have mixed braided to anastomosing river channels. Commercial
forestry, subsistence agriculture and irrigated commercial farming are practised
within this part of the catchment. Dams are common along this river stretch. The
Klein Letaba and Groot Letaba tributaries join at the western border of KNP
(Figure 2) to form the Letaba River proper. Within KNP (mainly at 200-400 m asl),
the underlying bedrock is mainly basalt (Bristow et al., 1986). Bedrock outcrops of
different geologies are found throughout the Letaba River system, thus it can be
classified as alluvial to mixed bedrock/sediment type (Moon & Heritage, 2001) where
bedrock surfaces are covered with loose alluvial sediments that can be rapidly moved
by floodwaters. In detail, the area upstream of sampling site 7 (Table 1) is mainly
dominated by Archaean-age Makhutswi gneiss whereas the area downstream of this
site is mainly underlain by olivine-rich basalts of the Letaba Formation. The varied
rock types throughout the catchment have different properties with respect to their
mineralogy and trace element geochemistry (Bristow et al., 1986; Erlank, 1984). Close
relationships also exist between bedrock geology and overlying soils (Venter, 1986)
and ecosystems (Munyati et al., 2013). This variability means that one would antici-
pate that different tributaries, sourcing different bedrock types, should have different
geochemical compositions.

Average annual precipitation and potential evapotranspiration across the catchment is
612 mm and 1669 mm, respectively, meaning that there is a significant overall water
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Figure 1. Location of the lower Letaba River (boxed) within the Kruger National Park and South Africa.
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Figure 2. Topographic context of the Letaba River catchment and its major tributaries. The eastern
half of the catchment flows through the Kruger National Park.

deficit (State of the Rivers Report, 2001). However, annual precipitation across the
catchment is highly variable, with headwater areas receiving >1800 mm of precipitation
per year but lowland areas within KNP falling within a semiarid zone and receiving <450
mm of precipitation per year. This results in a significant west - east precipitation
gradient (Moon & Heritage, 2001). This also means that 6% of the total catchment area
produces more than 60% of the river’s mean annual runoff (State of the Rivers Report,
2001). This spatial variability suggests that different sub-catchments within the Letaba
watershed may experience significantly different rainfall amounts and waterflow condi-
tions, with implications for sediment transport processes and patterns within different
tributaries. Precipitation in the region occurs mainly during the austral summer months
(October to March) (Jury & Lucio, 2004), and such seasonal floods have a major impact
on river morphodynamics in the region (Heritage & Moon, 2000; Rountree et al., 2000;
Heritage et al., 2001b, c, Pettit et al., 2005; Cunningham et al., 2015; Saraiva Okello et al.,
2015; Knight & Evans, 2017). This is confirmed by hydrograph data from the Letaba
River that show peak flows in January/February of the years 2006, 2011, 2013 and 2014
(which includes the sampling period of this study, of Sept/Oct 2015) (Figure 3). More
recent events include high rainfall and river floods associated with cyclones Dineo
(February 2017), Idai (March 2019) and Freddy (February 2023). The highest peak
discharge volumes in the 2006-15 record were experienced at the Engelhardt Dam
gauge station (station BSH018) in 2013, with monthly total discharge reaching 563 m>.
Downstream reaches also experienced higher discharge volumes. The mixed bed of the
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Figure 3. Graph of historical river discharge recorded at the Engelhardt Dam gauging station (B8H018)
on the lower Letaba River (location is marked in Figure 2), for the period 2006-15, including the
sediment sampling period in this study (indicated with the black arrow). Values represent total
monthly water volumes in millions of m®.

Letaba River means that bedrock and sandy reaches respond to flood events in different
ways (e.g. Milan et al.,, 2020; Moon & Heritage, 2001).

3. Methods
3.1. River geomorphology mapping

The Letaba River within KNP (~95 km distance) was mapped for river geomorphology
based on (1) analysis of Landsat 8 imagery (pixel resolution: 30 m, date of acquisition:
30 September 2015); and (2) field mapping and validation in the field (30 Sept-
2 Oct 2015), during the driest part of the year and after the last geomorphologically-
significant floods in the catchment in January 2014 (see Figure 3). Landsat images were
pre-processed using ENVI v5.2 with steps including atmospheric correction (using
Gram-Schmidt pan-sharpening), mosaicking and colour balancing using ENVI, and
then on-screen digitizing of different channel types using ArcGIS v10.3.

Five main channel types were identified and mapped through the Letaba River, based on
classifications used in a previous study on Letaba River geomorphology by Moon and
Heritage (2001) (see also Knight & Evans, 2024). These channel types are bedrock
anastomosing, alluvial braided, mixed pool-rapid, alluvial single thread, and mixed bed-
rock-alluvial anabranching. These channel types are distinguished by the presence/absence
of different geomorphological features such as braid bars, rock pools, boulder beds,
terraces, or river channel patterns. These channel types have also been identified by
mapping different reaches of the Sabie and Limpopo rivers in this semiarid region (Eze
& Knight, 2018; Knight, 2022).

Field validation of remote sensing mapping was achieved at 15 sites representing
different river reaches along the Letaba River within KNP (sites 1-15 marked in
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Figure 4. Map of the lower Letaba River within Kruger National Park, showing the geomorphic
classification of river reaches (based on Moon & Heritage, 2001, and updated with mapping in this
study), and the locations of sites 1-15 (see Table 1).

Figure 4). The sites were chosen to reflect the range of different channel types
present. Site locations were logged using a differential GPS (positional accuracy +3
cm). Geomorphological features such as in-channel and flood bars, terraces, flood-
plains, levees, reworked aeolian sand dunes and crevasse splay deposits, characteristic
of each channel type, were mapped along the area of interest.

3.2. Field sampling

Bulk surface sediment samples (~500 g) in the sand size fraction (which is almost
exclusively the size fraction present here) were collected at each field site to analyse
grain size differences and changes in heavy mineral proportions across and along the
river. In total, 49 sediment samples were collected across the 15 sites from locations
immediately adjacent to the active channel. The number of samples taken at each site
ranged from two to four. Sediment samples were also collected from previously active
(but now dry) channels within adjacent ephemeral tributaries. This sampling strategy was
consistently applied through the entire river system. The geomorphic context of each
sample was noted, including the presence of bedrock outcrops or sediment landforms
within and around the active channel and across the floodplain. Sample locations were
logged using a differential GPS. Bedrock geology was noted where exposed.
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3.3. Sediment properties

Bulk sediment samples collected in the field from the active or previously active channels
were examined in the laboratory for grain size distributions using the sieve technique at
0.25 phi intervals from 2 mm to 63 pm. Results were analysed using the Gradistat software
(Blott & Pye, 2001) which calculates statistical parameters such as the mean, mode, sorting,
skewness and kurtosis for each sample using the Folk and Ward (1957) method. Sediment
samples were also evaluated for their combustible organic content using the loss on ignition
method, in which a subsample was burnt in a muffle furnace at 420°C for 8 h.

3.4. Sediment mineralogy

Following sieving, grains in the size range 63 um to 2 mm from each sample (n = 47, two
samples did not yield enough fines) were placed on a glass slide (46 x 26 mm) containing
oil for mounting, covered by a cover slip, and heated before analysis. Between 300 and
500 grains were present on each glass slide. One thin section was prepared for each
sample by polishing, and the slide was examined using a petrographic microscope.
Minerals were identified and counted based on mineral properties including colour,
pleochroism, habit, cleavage, twinning, relief, Becke line and birefringence (Lynn et al.,
2008). Images of the samples were taken using an Olympus DP2 Twain camera together
with the AnalySIS getIT v5.2 software. Minerals such as magnetite, ilmenite and haema-
tite were identified under reflected light at a magnification of 40x, and other minerals
(olivine, clinopyroxene, orthopyroxene, biotite, muscovite, hornblende, rutile, zircon,
tourmaline, zoisite, plagioclase and orthoclase) were identified under transmitted light at
a magnification of 4x and 10x. Between 200 and 300 mineral grains were counted on
each slide.

3.5. Elemental analysis

For each sample where enough fine sediment was present (n=46), the <63 um size
fraction was analysed using X-ray fluorescence (XRF) spectroscopy, which is
a standard methodological approach (e.g. Smith et al., 2018; Vale et al., 2022).
A standard pellet of 5 g was used. Major elements within each sample were obtained by
the fusion method with a tetra-borate flux using the SuperQ® program, while trace
elements were analysed by the pressed pellet method with an organic binder
(MOWIOL), using the ProTrace® program. Data are reported as % (for major elemental
concentrations) and ppm (for trace element concentrations) (see supplementary data
files A and B).

3.6. Sediment source samples

Three potential sediment source areas for river sediments are considered in this
study: tributaries, the channel bank (including any eroded floodplain margin), and
the channel bed. This was a deduction based on field observations of river geomor-
phology. In addition to the samples collected from the active/inactive channels,
control samples (n=8) from the three proposed source areas were also collected.
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Tributary samples were collected from sites 1, 2, 6 and 8 (locations shown in
Figure 4), channel bank samples from sites 1 and 9, and channel bed samples from
sites 4 and 8. Pulley et al. (2017) and Smith et al. (2018) discussed the importance of
choosing the most appropriate source areas and proxy indicators for any given study;
here, we are confident that we have done so because our choice of source areas was
based on an understanding of the local river geomorphology as well as on the
seasonal variations in river discharge experienced by the main river channel and by
its ephemeral tributaries (cf., Heritage et al., 2001b; Moon & Heritage, 2001). As with
surface samples from the contemporary river system, sediment from potential source
areas was analysed using XRF for bulk and trace element concentrations. The mean
and standard deviation of trace element concentrations were analysed in order to
evaluate elemental variability between samples, with high variability implying that the
sediment can be distinguished according to its different sources (e.g. D’Haen et al.,
2012; Walling et al., 2008). Only those trace elements that display statistical signifi-
cance with respect to different source areas were chosen for further analysis (see
supplementary data file B) because these represent the diagnostic indicators to use to
geochemically fingerprint river samples back to their source areas (e.g. Collins &
Walling, 2002; D’Haen et al., 2012). This methodology is the same as has been used in
other studies on fluvial sediment sources (e.g. Manjoro et al., 2017; Nosrati et al.,
2018; Patault et al., 2019) and more recently in a study on sediment source contribu-
tions into KNP dams (Miller et al., 2022).

3.7. Distinguishing sediment source areas

Sediment provenance studies involve identifying potential sediment sources,
selecting properties which can discriminate between these sources, and comparing
these properties to those of the river sediment samples (Walling et al., 2008).
A sediment mixing model approach can identify the relative contribution from
potential sediment sources. The mixing model used in this study is the modified
Collins model (Haddadchi et al., 2013), chosen because it has been successfully
used to identify river sediment sources in previous studies (e.g. Collins et al,,
2010; Haddadchi et al., 2013, 2014). Two statistical tests of the tracers were
conducted in order to determine which to use in the mixing model. These were
the Kruskal Wallis H-test and stepwise multivariate discriminant function analy-
sis. The Kruskal Wallis test identifies tracers that can discriminate between
different sediment sources. Discriminant function analysis then tests the trace
elements that pass the Kruskal Wallis test, and the number of tracers which are
correctly classified into the potential source category (Manjoro et al., 2017). The
results of the discriminant function analysis are based on the Wilk’s lambda
algorithm which indicates the tracers which are correctly classified into the
potential source groups.

Collins et al. (2010) proposed a modified mixing model (Eq. 1) which was used
in this study to identify potential sediment sources along the Letaba River. Within
this model, the source type contributions must all be positive and the total of the
source type contributions must be equal to 1 (Collins et al., 1997).
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S {(a- (320 psizosvy)) c,}zwi (1)

where C; = concentration of fingerprint property (e.g. concentration of trace elements);
(i) is the floodplain sediment collected from the sub-catchment outlet; Ps = the optimized
percentage contribution from source category (s); Ss;=mean concentration of fingerprint
property (i) in source category(s); Z = particle size correction factor for source category
(s); O = organic matter content correction factor for source category (s); SV; = weighting
representing the within-source variability of fingerprint property (i) in source category
(s); W;=tracer discriminatory weighting; n = number of fingerprint properties compris-
ing the optimum composite fingerprint; m = number of sediment source categories.

The model was run in Python v2.7.8 with iterations repeated for each trace element
at each source category so as to calculate the source contributions. In order to
understand sediment sources in a downstream direction, the model needs to be
applied using source samples that lie upstream of each site, thus the model was
only run for sites that are located downstream of the sampled source sites. These
upstream sediment source samples provided a suitable number of samples in order to
calculate the parameters that were needed to run the model. The relative source
apportionments from each source were estimated by calculating the overall mean
estimated contribution from each source and dividing it by the estimated mean
obtained from each source for all the sediment samples collected from the different
sites. The accuracy of the model was assessed using the Mean Absolute Error (MAE)
(Haddadchi et al,, 2014; Hughes et al., 2009) for individual and group sediments
according to (eq. 2):

MAE (2)

. ijzl |XJ*YJ'|
- m
where X; is actual percentage of sources in mixture sediments, Y; is calculated contribu-
tion of each source (j) and m is the number of sources (m = 3). Walling and Collins
(2000) indicated that, in order for the model results to be considered as reliable, the
errors must be < 15%.

4, Results
4.1. River geomorphology

Reach-scale geomorphology of the Letaba River is presented in Figure 4, based on
Landsat data and field mapping. Alluvial and mixed bed types are most common in
terms of the river length occupied by these types. Meandering channels and vegetated
sandbars characterize alluvial channels. Diorite and basalt outcrops are found in bed-
rock-influenced reaches. A summary of the geomorphic context and properties of surface
sediments and landforms found at the 15 sampled sites is shown in Table 1 where
examples of all five geomorphic categories recognized by Moon and Heritage (2001)
are identified. Individual river reaches vary in geomorphic properties; representative
photos of channel types from the Letaba system are presented in Figure 5.
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Figure 5. Field photos from the Letaba River. (a) The Groot Letaba River (site 1) with a vegetated
sandbar alongside the active channel; (b) vegetated sandbars separating multiple channels (site 4); (c)
a single, straight deep channel with a wide, flat, vegetated floodplain (site 10); (d) bedrock outcrops
and isolated sediment patches (site 15). Arrows show water flow direction.

4.2. Grain size properties and patterns

Grain size properties show high spatial variability through the Letaba River system.
Overall, sediments are moderately sorted to moderately well sorted, representing 45%
and 33% of all samples, respectively. This variability is also reflected in values of kurtosis,
skewness and sorting (Figure 6). Median grain size generally increases in a downstream
direction from site 1 at the Klein Letaba/Groot Letaba confluence (Figure 7), which is
largely the result of the input of coarser sediment from incoming tributaries and which is
also reflected in other sediment properties (Table 2).

4.3. Mineral analysis

The abundance of different minerals observed by petrographic microscope, from different
sites in the Letaba River system, is shown in Table 3. The most abundant mineral is quartz,
followed by biotite and muscovite. Opaque minerals make up between 11.6% to less than
1%, with magnetite being the most dominant. Grain sizes of individual minerals vary at
different river reaches; examples of different sizes of olivine grains can be seen in Figure 8(i,
n). Minerals such as zircon also exist as inclusions in quartz grains (Figure 8(a-d)). Site 1 at
the confluence of the Groot Letaba and Klein Letaba is underlain by migmatised biotite
gneiss and, thus, there is an abundance of locally derived orthopyroxene and muscovite at
this site, with orthopyroxene making up 33.2% of the mineral grains counted. Site 4 is
underlain by granodiorite and contains high values of magnetite (7.4%), biotite (17.8%) and
muscovite (12%). Site 7 is underlain by fine-grained sandstone and siltstone and the sample
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Figure 6. Scatterplots of (a) kurtosis, (b) skewness and (c) sorting of sediment samples from the Letaba
River, arranged in a downstream direction from site 1. The vertical blue lines indicate the major
tributaries as locations of sediment input (named in Table 1).

from this site is abundant in clinopyroxene (4.9%) and micas (31.2%) derived from these
rocks. The sediment at site 9, which is underlain by basalt, is abundant in olivine (2.7%),
biotite (6.3%) and magnetite (3.4%). Sites 1 and 14 appear to be enriched from a similar
source because of the presence of abundant orthopyroxene. The highest proportions of
magnetite, ilmenite and haematite are found at sites 4, 5 and 13.

The tributaries pass through areas of similar bedrock geologies to the main
Letaba River catchment. Site 2 is a non-perennial tributary (Table 1). The
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Figure 7. Scatterplot of median grain size (um) of sediment samples from the Letaba River, arranged in
a downstream direction from site 1. Error bars indicated one standard deviation. The vertical blue lines
indicate the major tributaries as locations of sediment input (named in Table 1).

Table 2. Comparison of sediment properties from surface sediment samples taken immediately before
(upstream) and after (downstream) the major tributaries along the Letaba River.

Site 1 Site 6 Sites 10 and 11 Sites 12 and 13
Grain size properties Before After Before After Before After Before After
Median grain size (pm) 709 292 1221 834 434 980 387 767
Sorting 1.647 1.576 1.594 1.396 1.590 1.667 1.484 1.719
Skewness —0.041 —0.298 —0.342 —0.103 —0.229 -0.154 —0.058 0.157
Kurtosis 1.097 0.959 1.056 1.057 1.080 0.899 0.929 1.446
n 1 1 3 6 2 1 5 6

sediment in this dry river bed is abundant in olivine (7.5%), clinopyroxene (6.4%)
and muscovite (8.4%) (Table 3). Site 3 is the non-perennial Shambali River
tributary which is underlain by coarse-grained gabbro. The sediment in this
tributary is abundant in large subhedral clinopyroxene grains (7%), and columnar
zircon grains (3.5%) that are present as inclusions within quartz grains. Subhedral
zoisite grains around 2 pm in size make up less than 1% of the minerals present
(Figure 8(f)). Site 8 is the Nwanedzi River which is one of the largest tributaries
entering the Letaba River and is underlain by basalt. The river sediment here is
abundant in olivine (5.2%), biotite (9.9%), muscovite (7.2%) and rutile (6.7%)
(Table 3). The large olivine grains have a fine-grained groundmass of euhedral
plagioclase (Figure 8(n)). The Makoforo River enters the Letaba River at site 6
and is underlain by tonalitic biotite gneiss. Sediment from this tributary is
abundant in rutile (4.1%) and biotite (4.8%). Zircon is present as parallel-
aligned inclusions within quartz grains. The non-perennial Shambali and
Makoforo rivers contain very low percentages of magnetite, ilmenite and
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Table 3. Table indicating the number of individual mineral grains recorded in samples from different
river reaches (qtz = quartz, plag = plagioclase, ortho = orthoclase, cpx = clinopyroxene, olv = olivine,
hbld = hornblend, bt = biotite, mg = magnetite, il = ilmenite, hm=hematite, opx = orthopyroxene,
msc = muscovite, epd = epidote, zirc = zircon, rt = rutile, tour = tourmaline, zoi = zoisite, gt = garnet).
The rows shaded grey indicate samples collected from tributaries. Blank cells indicate that these
minerals were not observed in the sample slide. n = total number of grains counted on that slide.

Site qtz plag orth cpx olv hbld bt mg il hm opx msc epd zirc rt tour zoi gt n

1 150 10 13 4 7 22 23 8 10 138 13 5 4 9 416
2 201 24 28 7 7 12 3 3 10 30 3 10 30 3 1 1 373
3 171 15 6 20 2 20 8 2 4 10 15 10 283
4 31 5 17 3 111 46 14 33 75 7 13 8 623
5 263 13 68 70 25 35 40 20 11 51 6 602
6-4 282 9 5 5 18 8 4 3 2 8 7 4 15 370
6 388 4 23 5 7 70 9 3 4 11 32 8 4 39 2 2 611
7 273 2 31 2 9 102 27 13 15 9 95 22 1 20 7 4 1 632
8 174 9 21 12 40 18 16 16 15 29 9 13 27 2 401
9 342 10 11 15 8 35 19 7 10 6 36 25 8 16 6 4 1 559
10 221 5 12 5 3 18 17 8 11 1 29 10 6 9 2 367
1 239 6 28 15 9 122 9 5 10 10 9% 43 73 19 1 4 689
12 235 24 5 10 58 20 10 10 7 36 14 12 34 10 485
13 266 15 5 28 14 5 12 42 11 19 19 28 7 6 13 2 3 49
14 212 3 5 9 8 18 9 4 5 38 15 10 15 14 2 367
15 219 6 35 13 177 21 7 9 33 4 517

haematite (0.8 to 3.2%). The Nwanedzi River (site 8) contains high values of
magnetite (4.4%), ilmenite (3.9%) and haematite (3.9%) when compared to other
tributaries.

Following analysis of the <63 um fraction, the concentration of trace elements
present in the sediment samples is indicated in Figure 9 (see supplementary data
file A). The most abundant trace elements are Zr, Ba, Cr and Sr, but these are present
in different quantities at different sites. It is notable that some trace elements show
very little variability through the river system, in particular Sr, Ba, and those at very
low concentrations. The greatest variability exists in Zr and Cr, and some isolated
peaks in Ni and Ga. Peaks in the abundance of Zr correspond in particular to
sediment contributions from tributaries at sites 2 and 6. At site 6, high concentrations
of V, Cr, Co, Ni, Sr, Y, Zr, Nb, Mo, Ba, Th and U reflect sediment input from the
Makoforo River tributary, and the concentrations of these trace elements decrease
with distance as their sediments mix with Letaba river sediments. High concentra-
tions of Cr (466 and 623 ppm) and Ni (237 and 198 ppm) were sampled from the
Nwanedzi River (site 8), which enriches the Letaba River with these elements.
Correlation coefficients between different trace elements show that a positive relation-
ship exists between Sc, V, Co, Cu, Zn, Y, Ga and Nb (supplementary data file A).
A strong correlation coefficient of 0.91 exists between Sc and V. A positive relation-
ship also exists between Th, Cr, Zr, Y, Ni, Pb, U and Ga (0.52 to 0.71). Correlation
coefficient analysis was then used to examine the relationships between trace elements
and heavy minerals composition (supplementary data file B). There are statistically-
significant (p > 0.5) positive relationships between garnet and Sr, zircon and Mo, Sr
and Zr, and magnetite and Nb. There are statistically significant (p > 0.5) negative
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Figure 8. Images from polished slides indicating minerals present in the sediment. (a, b) Columnar
zircon inclusion in a quartz grain from site 10, in plain light (a) and crossed polar (b), (c) zircon
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relationships between zoisite and V, Cu, Zn and Ga, garnet and Ga, and plagioclase
and Mo.

It is important to note elements with the highest overall concentrations are not always
the most useful indicators for discriminating between sources, but rather those with the
greatest variability (Pulley et al., 2017). Results from sites 10 and 12-15 are presented
because these sites lie immediately downstream of the source samples analysed.
Contributions from tributaries are highest at sites 10 and 15, channel banks are highest
at site 13, and channel beds are highest at sites 12 and 14 (Table 4 and Figure 10). Values
for the Letaba River as a whole, when all analysed samples are averaged, show a clear mix
of sediment sources (Table 4). Mean Absolute Errors were calculated for each of the
potential source areas (Figure 11). The model indicates high accuracy values with the
median error values for channel bank, channel bed and tributary of 43%, 33% and 36%,
respectively. A few of the samples had accuracies of less than 10%, but most samples had
high accuracy values (40-50%), indicating that the model estimated the percentage
source contributions reasonable well. Note that these accuracy values lie commonly
above Walling and Collins’ (2000) recommended threshold of 15%.

5. Discussion

Several studies have examined the geomorphology and dynamics of South Africa’s
semiarid rivers (e.g. Entwistle et al., 2014; Grenfell & Ellery, 2009; Heritage et al.,
2001a, 2015; Heritage & Moon, 2000; Heritage & van Niekerk, 1995; Moon & Heritage,
2001; Tooth et al., 2004). Heavy rainfall events and associated flooding are major controls
on river dynamics in semiarid regions, including in KNP (Heritage et al., 2021b, 2021c,
2015; Knight & Evans, 2017, 2018, 2022, 2024; Milan et al., 2018; 2020; Spaliviero et al.,
2014). This control is discussed in several previous papers (e.g. Heritage et al., 2001b,
2001c, 2003, 2004, 2015; Jury, 2016; Jury & Lucio, 2004; Odiyo et al., 2015) and is
confirmed in this study by the significant role of sediment contribution to the Letaba
River system by ephemeral tributaries (Table 4) that are activated (i.e. contribute sedi-
ment into the main perennial channel) by flood events.

5.1. The role of river floods in sediment source switching

Low-flow regimes on KNP rivers (1-2m sl Heritage & van Niekerk, 1995) are char-
acterized by dry tributaries and a concentration of river flow in single perennial channels

inclusion in a quartz grain at site 15, (d) columnar zircon inclusion in a quartz grain at site 14, (e)
zoisite, olivine and clinopyroxene from site 3, (f) subhedral zoisite included in a quartz grain at site 9,
with muscovite and biotite grains in the groundmass and present as inclusions within quartz grains,
(g) tourmaline and quartz grains from site 10, (h) rutile inclusion in a quartz grain from site 5, (i) large
rounded olivine grain and subrounded quartz grains from site 14, (j) orthopyroxene and clinopyroxene
grains from site 3, (k) large orthopyroxene and clinopyroxene grains from site 1, (I) subhedral epidote
grain from site 7, (m) subrounded olivine grain with plagioclase inclusions from site 15, (n) subhedral
olivine grain which is slightly altered from site 9. Abbreviations are: bt = biotite, cpx = clinopyroxene,
epd = epidote, msc = muscovite, olv = olivine, opx = orthopyroxene, plg = plagioclase, qtz = quartz, rt
= rutile, tour = tourmaline, zirc = zircon, zoi = zoisite.
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Figure 8. (Continued).

within the lowest part of the floodplain (Heritage & van Niekerk, 1995). Areas outside of
the main channel are geomorphically inactive during low-flow conditions, except for
small wind-formed dunes developed on the dry floodplains. Low-flow regimes are
therefore characterized by very limited sediment movement except in association with
channel bed sources (Knight & Evans, 2022). Flood regimes by contrast often activate the
entire floodplain, as well as incoming tributaries, thereby drawing sediments from
a wider range of source environments and from a wider geographical region. During
floods, the very wide and relatively flat river channels and floodplain occupied by the
Letaba River, such as at site 10 (Figure 5c), mean that sediments are derived by enhanced
bank erosion, as well as from channel bed and tributary sources.
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Figure 9. Graph indicating the trace elements and their abundance in different sediment samples in
a downstream direction from site 1 from left to right. The arrows indicate the locations of major
tributaries (Table 1). Precise values of trace elements are given in supplementary data file A.

Table 4. Summary of the contribution of different sediment sources (%) to surface river
sediments found at sites 10-15. Note that no samples were analysed from site 11.

Site Channel bank (%) Channel bed (%) Tributary (%)
10 27 51 22
12 13 77 10
13 62 21 17
14 12 77 11
15 28 48 24
Letaba River as a whole 22.5 425 35

The relative timing of river discharge response by non-perennial tributaries compared
to the main channel depends on the spatial and temporal patterns of rainfall across the
sub-catchments as well as any antecedent conditions. This means that tributaries can add
new sediment into the main river channel with this sediment being incorporated into the
main channel if this material is added during the main flood event (Figure 13).
Alternatively, sediment accumulates adjacent to the tributary mouth within the main
channel if this material is added at the end of the flood event or during waning flow
conditions (e.g. Heritage & van Niekerk, 1995; Knight & Evans, 2022) (Figures 12 and
13). Thus, the sediment source-area contribution to river sediments depends not only on
river system geometry (sediment availability versus bedrock control, floodplain width,
valley margin/terrace height and degree of erosion), but also the interplay between main
channel and tributary sources.
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A model describing how sediment can be mobilized from different source areas under
non-flood and flood situations in tributary and main channels is presented in Figure 12.
This shows that under non-flood (or dry season) situations, sediments in active transit in
the main river channel are reworked from the channel bed and sides. As river discharge
increases, abandoned channels in the main river system become reactivated and sedi-
ments in transport are then derived from across the floodplain. When non-perennial
tributaries are reactivated, a mix of sediments from across the (relatively narrow) valley,
as well as the valley sides, are quickly added to the main river system (Figure 12c). In
theory, this should mean that, at different periods of the flood wave, different sediment
sources may become more dominant. In practice, however, previously deposited (and
well-mixed) sediments are reactivated, and then mixed again with ‘new’ sediments,
especially by floodwaters that tend to be highly energetic and turbulent. More organized
patterns of sediment sorting tend not to occur until waning flow stages (Knight & Evans

a: Environmental setting
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T river channel
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sediment input
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Figure 12. Model illustrating how sediments can be sourced from different parts of the river system in
(b) non-flood and (c) flood situations.
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, 2017). Based on an example of sediment source fingerprinting within a New Zealand
river, Vale et al. (2020) showed that sediment source areas are quite different between the
rising and falling limbs of the flood hydrography, depending on catchment topography
and floodwater travel time.

Evidence for the interplay between tributary and main river channel sources can be
seen in several locations. At the junction of the Groot Letaba and Klein Letaba
(site 1), sediment deposition from the Klein Letaba branch has pushed the low-flow
river channel to the far bank of the Groot Letaba (Figure 5(a)). This indicates
a different timing and recession of the flood wave in different parts of the catchment,
leading to smaller tributaries working out of phase with one another. Figure 13
provides some examples of the interplay between tributaries and main river channels.
Evidence for later activity of the Klein Letaba compared to the Groot Letaba comes
from the presence of sand bars at the river confluence, corresponding to prograda-
tional sheetflows from the Klein Letaba, and separated by a broad low-flow channel
(which was dry at the time of sampling) (Figure 13(a)). This flood response can be
compared with a similar situation on the Klaserie River, located north of the Letaba
catchment in northeast South Africa. At the confluence of the Klaserie and the larger
Olifants River, a subaqueous delta (100 m long, 220 m wide) shows that the Klaserie
sediment system prograded into the Olifants during waning flow stages, pushing its
own channel to the far bank and that the Klaserie tributary was active later than water
flows in the main Olifants channel (Figure 13(b)). At the Klaserie mouth and
preserved in an eroded bank is evidence for bidirectional ripple sets developed on
a sand sheet reactivation surface and overlain by planar laminated sand
(Figure 13(c)). This evidence reflects (i) individual flood waves within a single flood
event, and (ii) the interplay between tributary-derived and main channel-derived
flood waters, in which backing-up of water into the Klaserie tributary leads to
upstream-migrating ripples overlain by a slackwater drape.

Variations in river discharge, therefore, have implications for the degree to which
sediments may be reworked and the location from which reworked sediments are derived
(Figure 12). River reaches with high sediment contributions from tributaries indicate the
influence of high rainfall events on sediment delivery. The role of tributaries as the
dominant source contributor diminishes in downstream reaches as sediments from
channel sources are diluted over time (Figure 10). At downstream sites 12, 13 and 14,
tributary sources contribute lower sediment percentages of 10%, 17% and 11%, respec-
tively. Channel bed contributions are highest at sites 10, 12 and 14, with values of 51%,
77% and 77%, respectively (Table 4). The main control on sediment source contributions
is reach-scale geomorphology, in particular the distribution of bedrock versus sediment
across the floodplain (Knight & Evans, 2022; Milan et al., 2018). Although different river
reach types are identified in the Letaba River (Figure 5), these cannot be uncritically
matched to any particular patterns of sediment sources, since sediment found down-
stream has been reworked from upstream along sometimes unknown transport distances
(cf., Pulley et al., 2020; Silva et al., 2016).

In terms of spatial patterns, site 10 has a 51% contribution from the channel bed, 27%
from the channel bank and 22% from tributary sources (Table 4). The single straight
channel of this river reach (Figure 5c¢) is favourable for channel bed erosion as the energy
of the water is concentrated in a single place (Seidl & Dietrich, 1992). High water
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Figure 13. Examples of tributary—main channel interactions, discussed in the text. (a) Klein Letaba and
Groot Letaba confluence, Letaba River (site 1 of this study). Sand bars (red dotted line) separate a low-
flow thalweg (black arrow). (b) Junction between the Klaserie River (right) and the larger Olifants River
(left, flow of the Olifants is towards the top right, location is at 24°04'51.3"S, 31°14'57.8"E). Waning
floodwater from the Klaserie (black arrows) pushed out into the Olifants River (flow direction shown by
white arrow). (c) Bidirectional ripples preserved at the Klaserie River mouth.
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velocities can cause lateral erosion of the channel bank, resulting in a wider and deeper
channel (Surian et al., 2016). The high contribution from channel bed sources (77%) at
site 12 can be attributed to the influence of bedrock outcrops, which promote vertical
incision by plucking during high flows (e.g. Allen et al., 2013; Seidl & Dietrich, 1992).

Only one site has a dominant contribution from the channel bank. At site 13, this
contribution is 62%, and the lowest contribution of 17% from tributary sources (Table 4).
This is a bedrock-influenced channel with very little sediment between the outcrops
(Table 1). The river bank is also exposed at this reach, with no riparian vegetation
present, facilitating erosion of the river bank. Site 14 has a high contribution (77%)
from the channel bed. The channel bank contributes 12% and tributary sources 11% of
the sediment. This river reach has a narrow channel and high sediment deposition on the
floodplain upstream of the low-water bridge. This large mass of sediment suggests
reworking and deposition from the channel bed. Channel bed sources also dominate at
site 15, contributing 48% of the sediment (Figure 4(d)). There is also an increased
contribution from the channel bank and tributary sources, at 28% and 24%, respectively.
An increased contribution from tributaries can be explained by sediment storage on the
floodplain of this river reach, eroded from upstream reaches.

5.2. Sediment sources and river dynamics

Landforms and heavy/trace elements recorded along the Letaba River are the signatures
of sediment transport during flood events. Field mapping identified common geo-
morphic features within and alongside the low-water Letaba River channel, including
flat-topped sand bars, 3D subaqueous dunes, overbank sand sheets and splays, inactive
channels, gravel bars and lags, and in-channel sand bars (Figures 4 and 5). The presence
of 3D subaqueous dunes is indicative of migrating bedload developed under high-energy
conditions (Bartholdy et al., 2005; Knight & Evans, 2017) and sediment samples from
these bedforms at site 1 show 25.8% and 58.8% very coarse and coarse sand, respectively,
suggesting higher water velocities. Overbank sand sheets and splays are dominated by
fine sediment, e.g. site 4 sample 2 is composed of fine (56.6%) and very fine (22.2%) sand,
and site 9 sample 1 is composed of 94% fine sand.

Sediment properties (median grain size, sorting, skewness, kurtosis) do not
change systematically downriver but median grain size decreases with distance
from incoming tributaries (Figure 7 and Table 2), which likely reflects sorting
during transport. There is also a slight trend towards negative skewness (coarser
sediment) towards the end of the river (Figure 6). This may be an artefact of field
sampling, but also that flood-transported sediment may be mixed by turbulence
and then affected by hydraulic sorting during waning flow stages when sediment
is deposited and landforms develop both within and outside of the active channel
(Knight & Evans, 2017, 2018), leading to compartmentalization of different land-
forms and sediment sizes across the flood-affected valley (Figure 13). Some
samples show indications of mixing of different sediment size populations: two
samples from sites 5 and 15 are bimodally distributed which may reflect the
mixing of saltating/bedload and suspended load during deposition. A change in
underlying lithology may also influence skewness. For example, site 4 marks the
local contact between diorite and granitic gneiss and marks a change from
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positively to negatively skewed distributions due to the input of grains from the
coarser granitic gneiss. This is also reflected in heavy mineral assemblages, which
are related to the underlying geology and hydraulic processes during transport.
Stable heavy minerals such as rutile, zircon, garnet and tourmaline are present in
low quantities throughout, with concentrations ranging from less than 1% to 8.5%
(Table 3). Derkachev and Nikolaevia (1995), Tsikouras et al. (2011) and Khalil
et al. (2016) also identified these minerals in fluvial systems underlain by similar
geologies as the Letaba River. Other common rock-forming minerals such as
quartz, plagioclase and orthoclase are also present, with quartz being the most
abundant, making up 36-55% of the samples. Differences in the sizes of minerals
in different reaches are likely due to hydraulic sorting (Tsikouras et al., 2011),
different transport distances, and sediment influx from different source areas
(Garzanti et al., 2005). River bed microtopography (and thus bedform develop-
ment) has been previously noted to affect the distribution of heavy minerals in
South African rivers (Hattingh & Rust, 1992).

Trace element concentrations vary widely throughout the Letaba River (Figure 9).
Background concentrations of trace elements in sediments are determined by the phy-
sical and chemical weathering of parent rock (Kabata-Pendias, 2011). Zirconium (Zr) is
the most abundant element and is derived from weathering of zircon from igneous and
metamorphic rocks (Thomas, 2011). This is supported by the strong positive relationship
between zircon and Zr (0.61) (Supplementary data file B). The high specific gravity of
zircon (4.0-4.7; Dud’a and Rejl, 1986) may give rise to selective deposition along with
low-density minerals such as quartz due to high flow velocities and turbulent flow
(Rubey, 1933). High Zr concentrations of 2262 ppm and 1080 ppm were recorded at
tributaries at sites 2 and 16, respectively. At site 6 (Makoforo River tributary), high
concentrations of other trace elements decrease in a downstream direction.

A geomorphically informed analysis of sediment source areas reflects the
processes and patterns of sediment erosion and transport taking place during
floods, which are the most significant geomorphic agents along the Letaba and
other semiarid rivers in northeast South Africa (Heritage et al.,, 2001b, 2001c,
2019; Milan et al., 2018; 2020). The three source areas identified and discussed in
this study are reasonable given the geomorphic context, but it might be that
a greater range of sources may inform on more complex spatial and temporal
patterns of sediment transport by floods. It is unclear whether the results obtained
from this study (Figure 13 and Table 4) are merely snapshots in time or whether
the composition of different sediment sources reveals more fundamental insight
into river sediment dynamics in particular in response to floods. For example, if
certain reaches are dominated by sediments from certain erosional locations
(banks, bed), then this may suggest that a genetic relationship exists between
river reach geomorphology and their morphodynamic response during floods (Eze
& Knight, 2018; Moon & Heritage, 2001). Several studies have shown genetic links
between the geomorphology and morphodynamic behaviour of the adjacent Sabie
River during flood events (e.g. Broadhurst & Heritage, 1998; Entwistle et al., 2014;
Knight & Evans, 2022). This suggests that further sediment - landform analysis
can inform on the detailed responses of semiarid rivers to variations in floodwater
dynamics.
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6. Conclusions

This study investigated sediment distributions and geomorphology within reaches along
the Letaba River, South Africa, and the relative contributions to river sediment samples
from different source areas within the catchment. Sediment patterns and sources are
important because they influence the functioning of river systems. The increased sedi-
ment influx to the Letaba River associated with floods has given rise to an increased need
to understand sediment patterns for the better management of river systems. The main
findings of this research are:

¢ Relationships between sediments and landforms along different river reaches were
examined to identify the main processes driving sediment distributions. Bedforms
include sand bars on the floodplain, gravel bars, 3D subaqueous dunes and in-
channel bars. The relationship of these landforms to high-energy flood events is
supported by grain size, skewness, kurtosis and sorting values of the sediment
samples which indicate the role of high-energy flow events in the transport and
distribution of sediment within the river.

o The heavy minerals identified are characteristic of underlying rock types within the
catchment. Hydraulic processes and selective deposition affect heavy mineral
assemblages. Tributaries as potential sediment sources are seen in the high con-
centrations of trace elements of Cr, Ni, Zr, Ba and Cr. Correlation coefficients
enabled relationships between trace elements from different source areas to be
identified. Based on a simple mixing model, the overall greatest potential source
of sediment within the Letaba River is from the channel bed (42%; Table 4), followed
by tributaries (35%) and the channel bank (22%); however, this is highly variable
between different sample sites along the main river. Sediments may be very rapidly
reworked and mixed from these different areas during floods.

¢ Flood events are critical in reactivating non-perennial tributaries and adding new
sediments into the main river channel. Measurements of in-channel sediment
storage, therefore, do not give the whole picture of total sediment availability
during floods (Heritage & Moon, 2000; Moon & Heritage, 2001) but highlight the
critical role of flood events in the morphodynamic behaviour of semiarid rivers.

Future research directions may include a more detailed analysis of sediment geochemical
properties and their downstream changes through the river system, with more closely
spaced samples, or across the floodplain and in different landforms/elevations that may
represent different flood events (e.g. Knight & Evans, 2018). Different tributaries/sub-
catchments could also be geochemically characterized, as has been done elsewhere (e.g.
Patault et al., 2019; Vale et al., 2022), to then be able to identify which sub-catchments are
more dominant as sediment source areas under certain conditions.
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