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GRAPHICAL ABSTRACT 43 

 44 

• luminescence ages for palaeochannels in the Xugana region of the Okavango Delta, Botswana, 45 

reveal significantly enhanced mid Holocene (~7-4 ka) fluvial activity 46 

• lateral migration in wide palaeochannels was driven by discharges at least nine times that of 47 

present-day channels, as controlled by southwards shift of rainfall belts 48 

• the findings contribute to emerging understanding of changing late Quaternary hydroclimates in 49 

the Kalahari, and to growing evidence for mid-late Holocene river transformations in many 50 

drylands worldwide 51 

  52 
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Significantly enhanced mid Holocene fluvial activity in a 53 

globally-important, arid-zone wetland: the Okavango Delta, 54 

Botswana 55 

 56 

Abstract 57 

Information on past dryland environments is commonly derived from geomorphological landforms 58 

and sediments (‘geoproxies’).  The Okavango Delta in the middle Kalahari, Botswana, has been 59 

subject to a long history of arid-humid transitions but its potentially rich archive of fluvial 60 

geoproxies is largely untapped.  Previous palaeoenvironmental studies in the Delta region have 61 

focused mainly on aeolian dunes, lacustrine beach ridges, and rare pollen sequences in surrounding 62 

locations, and the Delta’s channel dynamics have remained poorly constrained, both 63 

chronologically and in quantitative palaeohydrological terms.  Focusing on the Delta’s Xugana 64 

region, we present the first optically stimulated luminescence (OSL) ages for palaeochannel fills 65 

and scroll bars, revealing significantly enhanced fluvial activity in the ~7–4 ka interval.  Along 66 

120–150 m wide, sand-bed, sinuous palaeochannels, lateral migration and bend cutoffs were driven 67 

by palaeodischarges up to ~350–450 m3 s-1, at least nine times those of the present-day channels.  68 

These palaeochannels represent the last major phase of meander activity in the middle and lower 69 

Delta.  The palaeodischarges imply significantly higher rainfall over the catchment in the mid 70 

Holocene, possibly resulting from a southwards shift of the African tropical rainbelt.  Over the last 71 

few thousand years, diminished fluvial activity in the Xugana region has continued; <20 m wide 72 

channels with discharges typically <40 m3 s-1 have been more laterally stable, albeit subject to local 73 

avulsions.  These findings provide the ‘missing link’ between evidence for past intervals of 74 

enhanced rainfall in the Delta’s tributary catchments in the northwest and west and the filling of 75 

large lacustrine basins to the southeast and east.  The findings contribute to improved understanding 76 
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of changing Kalahari hydroclimates and support growing evidence indicating that the mid to late 77 

Holocene was a time of significant fluvial transformation across many of the world’s drylands. 78 

 79 

Keywords: palaeodischarge, Holocene climate, Kalahari, luminescence dating, Okavango Delta, 80 

scroll bar 81 

82 
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1. Introduction 83 

In many drylands, the paucity of organic-based proxy records (e.g. long, continuous pollen 84 

sequences) means that palaeoenvironmental data are more commonly derived from 85 

geomorphological landforms.  These landforms include aeolian dunes, lacustrine beach ridges, and 86 

fluvial sedimentary landforms such as palaeochannels, river terraces, and alluvial palaeosols 87 

(Singhvi and Derbyshire, 1999; Thomas, 2013; Williams, 2014).  These so-called dryland 88 

‘geoproxies’ can furnish information on past environments because their constituent morphologies, 89 

sediments and spatial distributions may reflect past environmental (e.g. hydroclimatic) changes 90 

(Thomas and Burrough, 2012: Thomas, 2013; Lyons et al., 2014).  While our ability to obtain 91 

robust chronological control for dryland geoproxies has advanced greatly in recent decades (Tooth, 92 

2007, 2012), many uncertainties and controversies still commonly surround the interpretation and 93 

palaeoenvironmental significance of the resulting datasets.  For instance, many dryland fluvial 94 

geoproxies are spatially and temporally discontinuous, providing challenges for determining the 95 

timing and relative importance of autogenic and allogenic (e.g. tectonic activity, climate, human 96 

activities) drivers of river channel and floodplain change (Nanson and Tooth, 1999; Tooth, 2013, 97 

2016; Duller et al., 2015).  Furthermore, even when the timing, relative importance and drivers of 98 

change can be robustly established, extracting quantitative palaeohydrological information such as 99 

palaeodischarges and palaeovelocities from dryland palaeochannel morphologies (e.g. cross section 100 

dimensions, meander wavelengths) or sediment characteristics (e.g. grain size or sedimentary 101 

structures) is rarely straightforward (Baker et al., 1987; Graf, 1988; Jansen and Brierley, 2004; 102 

Lumbroso and Gaume, 2012; Alexander and Cooker, 2016; Heritage et al., 2019). 103 

 104 

Despite such challenges, advances in the field of global continental palaeohydrology – pioneered in 105 

part by the late Ken Gregory and colleagues (e.g. Gregory, 1983; Gregory et al., 1987, 1995) – have 106 

drawn increasing attention to the profound transformations that have characterised many dryland 107 

fluvial systems on pre-Quaternary and Quaternary timescales.  The distribution of these dryland 108 
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palaeohydrological studies and wider use of dryland fluvial geoproxies remains patchy, however, 109 

with the majority of research focusing on dryland fluvial systems in the northern hemisphere 110 

(especially Europe and North America), and many southern hemisphere dryland regions remaining 111 

underrepresented (Cordier et al., 2017, 2021).  In southern Africa, for instance, despite long-112 

standing interest in palaeohydrology (e.g. see Dollar, 1998), the use of fluvial geoproxies as a 113 

source of quantitative palaeohydrological information is relatively limited.  Where preserved, 114 

studies in South Africa and Namibia of slackwater sediments, ‘river end’ deposits, and thick alluvial 115 

palaeosol successions (e.g. Zawada, 1997, 2000; Eitel et al., 2005; Heine, 2004; Benito et al., 2011; 116 

Lyons et al., 2014; Völkel et al., 2021) have furnished some key information but in regions like the 117 

Kalahari, relatively little progress has been made in extracting quantitative palaeohydrological 118 

information from spatially extensive palaeochannels and other fluvial landforms. 119 

 120 

In this paper, we focus on the quantitative palaeohydrology of the Okavango Delta, located in the 121 

middle Kalahari, Botswana (Fig. 1A).  The Okavango is one of the world’s largest and most pristine 122 

arid-zone wetlands, harbouring significant biodiversity and providing abundant natural resources 123 

for the local population (Mendelsohn et al., 2010).  In 2014, the Okavango was inscribed as the 124 

1000th World Heritage Site on the basis of its significant cultural and natural heritage, including its 125 

hydrological characteristics.  Based on remote sensing analyses of vegetation vigour, Reynolds et 126 

al. (2016) have highlighted the significance of the Delta as a regional hydro-refugium on decadal 127 

and potentially longer timescales, but the Quaternary palaeohydrological and fluvial landform 128 

history remains poorly known.  Most previous palaeoenvironmental studies have focused mainly on 129 

aeolian dunes, beach ridges marking palaeolake shorelines, and rare cave speleothems, pollen 130 

records and lacustrine sedimentary sequences in locations surrounding the Delta (e.g. Robbins et al., 131 

1994, 1996; Burney et al., 1996; Brook et al. 1998; Shaw et al., 2003; Thomas et al., 2003; Nash et 132 

al., 2006; Huntsman-Mapila et al., 2006; Ringrose et al., 2004, 2008; Burrough and Thomas, 2008; 133 

Burrough et al., 2007, 2009a; Riedel et al., 2014; Cordova et al. 2017; Wiese et al., 2020).  As a 134 
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contribution towards a more integrated reconstruction of palaeoenvironmental changes in the Delta 135 

and wider Kalahari, the aims of this paper are to: i) present the first suite of optically stimulated 136 

luminescence (OSL) ages for fluvial landforms in the Delta; ii) reconstruct palaeodischarges for 137 

past episodes of fluvial activity; iii) infer the palaeoclimatic implications of this past fluvial activity; 138 

iv) evaluate the wider potential for additional OSL dating and palaeohydrological studies to unlock 139 

the palaeoenvironmental archive provided by the Delta’s fluvial landforms; and v) compare changes 140 

in fluvial activity in the Delta with changes to other dryland fluvial systems. 141 

 142 

2. Regional setting 143 

The Okavango Delta is hosted within depressions related to a southwesterly extension of the East 144 

African Rift System (McCarthy, 2013; Pastier et al., 2017).  The <12 km wide entry corridor known 145 

as the ‘Panhandle’ and the wider area that is commonly referred to as the ‘Fan’ (Fig. 1A) 146 

incorporate extensive areas of permanent and seasonal wetlands that broadly correspond with the 147 

extent of the annual flood (maximum of ~15 500 km2 in 1963) (Gumbricht et al. 2004a; 148 

Mendelsohn et al. 2010; McCarthy, 2013).  In common with many areas of central southern Africa, 149 

the present-day hydrology of the Okavango is dominated by a strong wet-dry seasonal dynamic.  150 

Traditionally, the meteorological and geosciences literature has tended to attribute seasonal rainfall 151 

variation across tropical and sub-tropical Africa to the complex interplay between movements of 152 

two major convergence systems: the Intertropical Convergence Zone (ITCZ) and the Congo Air 153 

Boundary (CAB).  Globally, the ITCZ (Fig. 1B) marks the confluence between the northeast and 154 

southeast trade winds and is manifest as a strip of low pressure that encircles the Earth near the 155 

thermal equator.  Rising air leads to convective activities, which often generates thunderstorms over 156 

large areas.  The ITCZ moves southwards and northwards on a seasonal basis (Fig. 1B-C), but the 157 

African landmass complicates the dynamics, with air also being drawn in from the Atlantic Ocean 158 

across a large area of the west coast (monsoon air flow).  Consequently, the CAB is a zonal 159 

extension of the ITCZ that marks the confluence between Indian Ocean-derived and Atlantic 160 
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Ocean-derived air flows (Fig. 1C).  Recently, the coupling of the ITCZ and the zone of maximum 161 

rainfall has been seriously questioned (see Fig. 1C), with the detailed structure of the ITCZ and the 162 

seasonal cycle of rainfall across tropical and sub-tropical Africa being the subject of ongoing 163 

meteorological research (e.g. Nicholson, 2018).  In this paper, we follow Nicholson (2009) and 164 

Singarayer and Burrough (2013) and avoid conflating the ITCZ and the zone of maximum rainfall, 165 

and instead refer to the latter as the African tropical rainbelt. 166 

 167 

The movements of the ITCZ, CAB and tropical rainbelt bring rain to central southern Africa mainly 168 

in the austral summer months (e.g. December through January), while winter months (e.g. June 169 

through August) are much drier (Fig. 1C).  A strong north-south rainfall gradient occurs across the 170 

Okavango catchment, with mean annual rainfall declining from ~1200 mm in the headwaters in the 171 

Angolan Highlands to <500 mm over the Delta and its immediate surrounds.  In the Delta, present-172 

day annual potential evaporation is ~1800 mm, and there are strong transpiration losses from 173 

wetland vegetation.  Consequently, at present the Delta’s wetlands are sustained mainly by summer 174 

inflows from upper (northwestern) tributaries (e.g. Cubango and Cuito) while lower (western) 175 

tributaries (e.g. Omatako) do not provide any significant inflows (Fig. 1A).  In the Panhandle, river 176 

stage in the Okavango River typically rises in the summer wet season and peaks around April, 177 

before falling again during the drier winter months.  At the head of the Panhandle (Fig. 1A), the 178 

Mohembo gauging station data (available at http://www.okavangodata.ub.bw/ori) indicate a long 179 

term mean discharge (1974-2021) of ~260 m3 s-1.  Annual peak flows can be much higher; the 180 

largest peak flow on record is 1086 m3 s-1 in April 2011, but are more typically in the range of 400 181 

to 700 m3 s-1.  Peak flows are usually not sustained for longer than a few weeks, with discharge 182 

commonly falling to seasonal lows of <100 m3 s-1 (see also data compiled in Mendelsohn et al. 183 

2010). 184 

 185 

http://www.okavangodata.ub.bw/ori
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Towards the lower end of the Panhandle, the Okavango River divides into a number of distributary 186 

channels (e.g. Nqoga/Maunachira, Jao/Boro, Thaoge) that disperse flows across the Fan (Fig. 1A).  187 

The slow passage of the annual flood wave through the floodplains and wetlands results in 188 

substantial discharge losses through evapotranspiration and infiltration into the sandy sediment, 189 

with river stages in the lower Fan typically peaking during July to September (Mendelsohn et al,, 190 

2010; McCarthy, 2013). 191 

 192 

The headwaters of the Okavango catchment have a widespread cover of unconsolidated sand, which 193 

is mainly of aeolian origin (the Kalahari Sand of the Kalahari Group sediments).  As a result, 194 

bedload transport of well-sorted, fine to medium sand (D50 ~0.30 mm) is the main component of 195 

clastic sediment yield in the Delta.  Suspended sediment (<12 mg L-1) and solute (~40 mg L-1) 196 

concentrations in the Delta are very low (McCarthy, 2013).  Consequently, channel margins in the 197 

Delta contain very little alluvium and instead are formed largely by emergent sedges (e.g. Cyperus 198 

papyrus) and grasses (e.g. Phragmites spp., Miscanthus junceus, Pennisetum glaucocladum) rooted 199 

in peat, which results in many unusual channel morphological and hydrological characteristics (Fig. 200 

2).  Water tends to be lost from the channels as a result of leakage through the vegetal, permeable 201 

margins, and channels undergo overall decreases in cross-sectional area, width-depth (w/d) ratio 202 

and discharge downstream (Tooth and McCarthy, 2004; Fig. 2A-B).  Downstream decreasing w/d 203 

ratios exert a strong influence on the propensity for lateral channel migration; at present, actively 204 

meandering channels (including individual channels in locally anastomosing reaches) are found 205 

only in the Panhandle and there is a transition to a distributary network of straight or stable sinuous 206 

channels across the Fan (Tooth and McCarthy, 2004; Fig. 2A).  These distributary channels provide 207 

potential hydrological connections to channels and topographic depressions to the southwest, 208 

southeast, and east of the Delta (Fig. 1A), but at present, only the largest annual flows reach beyond 209 

the margins of the Fan, mainly to supply channels and topographic depressions to the southeast. 210 
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 211 

Figure 1. Location and characteristics of the Okavango Delta: A) the Okavango River catchment, showing the main 212 

elements of the drainage network and the location of Xugana in the Fan part of the Delta (adapted from Mendelsohn et 213 

al., 2010); B) simplified representation showing the average position of the Intertropical Convergence Zone (ITCZ) 214 

around the globe in July and January; C) seasonal rainfall variation across Africa (>100 mm mean monthly precipitation 215 

by quarter), showing the ITCZ, CAB and the African tropical rainbelt (redrawn and simplified from Burrough and 216 

Thomas, 2013; data from WorldClim, Hijmans et al. 2005).  At the present day, the austral summer position of the 217 

rainbelt (see Dec-Jan-Feb) only tends to impinge on the upper parts of the Okavango catchment.  The steep rainfall 218 

gradient across the catchment means that wetlands in the Delta are supplied mainly by inflows from upper, 219 

northwestern tributaries while lower, western tributaries remain largely inactive. 220 
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 221 

 222 

Figure 2. Characteristics of present-day channels in the Okavango Delta: A) downstream changes in cross-sectional 223 

area, width-depth ratio, and discharge through the Panhandle and Fan, including the present-day Maunachira channel in 224 

the Xugana region.  Channel distance downstream is relative to an arbitrary starting point near Shakawe, located 25-30 225 

km downstream from Mohembo (see Fig. 1A).  These changes lead to downstream adjustments in lateral activity with 226 

meandering channels in the Panhandle transitioning to straight or sinuous stable channels in the Fan (adapted from 227 

Tooth and McCarthy, 2004); B) schematic diagram showing how permeable channel margins are formed entirely by 228 

emergent vegetation rooted in peat (adapted from Tooth and McCarthy, 2004; C) downstream hydraulic geometry 229 

relationships established for the present-day channels in the Panhandle and Fan (adapted from Tooth and McCarthy, 230 
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2004).  Log-log plots of discharge against width (squares), depth (triangles) and velocity (circles) show approximately 231 

linear trends with only moderate scatter, illustrating that downstream discharge changes are accommodated mainly by 232 

width adjustments.  Palaeochannels in the Xugana region have widths larger than the present-day channels, but the well-233 

defined width-discharge relationship provides confidence in extrapolating beyond the data range (dotted line) to 234 

determine corresponding palaeodischarges (see Methods). 235 

 236 

In addition to the present-day, active channels, the floodplains and wetlands host a diverse range of 237 

relic fluvial features including sand-bed palaeochannels, oxbow lakes with scroll bars on the inner 238 

bends, and islands (Fig. 3A-B).  These features attest to a long history of channel change by 239 

meander migration, bend cutoff, and avulsion.  In the Delta setting, meander migration and sand 240 

deposition forms peat-covered scroll bars on inner meander bends (Fig. 3C).  After channel 241 

abandonment by bend cutoff or avulsion, diminished water supply leads to peat desiccation.  Peat 242 

fires consume this desiccated organic overburden, leaving a thin layer of ash atop the sandy scroll 243 

bar topography that then forms the low relief land surface (Fig. 3D).  Similarly, infilled and 244 

abandoned palaeochannels are commonly left in positive relief as the surrounding peat is burned 245 

(McCarthy et al., 1988).  In the northeast of the Delta near Xugana, many palaeochannels and 246 

cutoffs have significantly larger meander wavelengths and widths than the straighter, narrower, 247 

present-day channels that include the Khiandiandhavu, Nqoga and Maunachira distributaries (Fig. 248 

3B).  These anomalously larger, sinuous fluvial landforms have been described previously, and their 249 

formation speculatively related to higher past flows (McCarthy et al., 1993), but until now their 250 

ages, palaeodischarges, and correspondence with regional palaeoenvironmental changes have 251 

remained largely unknown. 252 

 253 
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 254 

Figure 3. Fluvial archives in the Okavango Delta: A) map of active and abandoned channels across the Delta surface 255 

(based on Coetzee, 2015), highlighting part of the area traversed by the well-preserved palaeochannel belt near Xugana 256 

(see part B); B) map based on based on aerial image interpretation of the Xugana region, showing the numerous large 257 

palaeochannels, scroll bar sequences, and oxbow lakes that flank the much smaller, straighter, present-day channels 258 

(adapted from McCarthy et al., 1993).  The boxed area highlights the main study area near Xugana; C) schematic 259 

illustration showing how meander migration and sand deposition forms peat-covered scroll bars on inner meander 260 

bends; D) photograph of the abandoned Nqoga channel (visible in the far distance, with palaeoflow direction towards 261 

the camera), showing how peat fires have consumed the original desiccated organic overburden to leave a thin layer of 262 

ash atop the low relief, sandy scroll bar topography (visible in the middle distance and foreground). 263 

 264 

Based on previous research from aeolian dunes, lacustrine beach ridges and rare cave speleothems, 265 

pollen records, and lacustrine sediment sequences in locations surrounding the Delta, significant 266 

past fluctuations in moisture and temperature are known to have influenced the Kalahari region (e.g. 267 

Robbins et al., 1994, 1996; Burney et al., 1996; Brook et al. 1998; Shaw et al., 2003; Thomas et al., 268 

2003; Nash et al., 2006; Huntsman-Mapila et al., 2006; Ringrose et al., 2008; Burrough and 269 
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Thomas, 2008; Burrough et al., 2007, 2009a; Riedel et al., 2014; Cordova et al. 2017; Wiese et al., 270 

2020).  Nevertheless, considerable controversy has surrounded the precise interpretations and 271 

associated palaeoenvironmental significance of some of the datasets (e.g. Chase, 2009; Thomas and 272 

Burrough, 2016).  In particular, to the southwest, southeast and east of the Delta, luminescence 273 

dating of beach ridges marking palaeolake shorelines in normally-dry, saline depressions (Fig. 1A) 274 

has identified numerous mid and late Quaternary intervals when the depressions were occupied by 275 

large, stable water bodies (e.g. Thomas and Shaw, 2002; Ringrose et al., 2004; Burrough et al., 276 

2009a).  Burrough et al. (2009a) report that unification of these depression lakes to form a mega-277 

lake up to ~66 000 km2 occurred seven times over the last glacial-interglacial cycle, with the last 278 

event occurring in the early Holocene (~8.5 ka).  Younger lake filling phases have also been 279 

identified in individual depressions such as the Mababe and Ngami Depressions (Shaw et al., 2003; 280 

Huntsman-Mapila et al., 2006; Burrough and Thomas, 2008; Burrough et al., 2007; Riedel et al., 281 

2014; Cordova et al., 2017).  These previous studies have concluded that expanded lake phases in 282 

part must have been a consequence of increased flows through the Delta, but palaeoenvironmental 283 

interpretations in the region have been hampered by uncertainties over the relative role of climatic 284 

forcing and tectonically-induced shifts in water volumes and distribution, and the relative role of 285 

inflows (river supply, direct precipitation) and outflows (river drainage, evapotranspiration, 286 

groundwater seepage) in influencing palaeolake water balances.  Establishing the timing of fluvial 287 

activity along the Delta’s distributary channels, including in regions such as Xugana, thus could 288 

provide the missing link between the different lines of evidence for greater past rainfall in the upper 289 

catchment and expanded lake phases around the Delta’s distal margins. 290 

 291 

3. Methods 292 

Fieldwork focused on the Xugana region where previous investigations (McCarthy et al., 1993) had 293 

identified some of the highest densities of palaeochannels, scroll bars and oxbows in the entire 294 

Delta (Fig. 3B).  In comparison to other mapped palaeochannels across the Delta (Fig. 3A), the 295 
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fluvial features in the Xugana region tend to be well preserved, with some sinuous, large 296 

palaeochannels traceable over many km, and palaeochannel margins typically remaining well 297 

defined (Fig. 3B).  Furthermore, numerous scroll bar sequences are readily distinguishable (Fig. 298 

3B), having been exhumed from beneath an initial peat overburden (Fig. 3C-D). 299 

 300 

Aerial photograph analysis and optically stimulated luminescence sample collection 301 

Aerial photographs (available for several dates from 1937 onwards) were used to identify and place 302 

fluvial landforms in relative age order, such as scroll bar sequences in cross-cutting relationships 303 

with older scroll bars or palaeochannels.  These fluvial landforms then provided targets for OSL 304 

sample collection (Fig. 3B; Table 1).  Three samples were collected from a prominent sinuous 305 

palaeochannel that now stands in positive relief (1-2 m) above the surrounding terrain (Fig. 3B), 306 

and a total of 12 additional samples was collected from three individual scroll bars (scroll bar 307 

sequences 1–3 (SB1-3), numbered from upvalley to downvalley) (Fig. 3B).   Although the 308 

continuity of the sinuous palaeochannel has been broken by the development of the cross-cutting, 309 

present-day Maunachira channel (Fig. 3B), this palaeochannel is probably closely associated with 310 

one or both of the downstream scroll bar sequences 2 and 3.  Scroll bar sequence 3 cross cuts scroll 311 

bar sequence 2, so is younger.  Scroll bar sequence 1 cross cuts the upstream end of the 312 

palaeochannel and appears to be related to a different, younger palaeochannel that flowed from the 313 

southwest (Fig. 3B).  To provide an indication of the timing of more recent channel activity, three 314 

samples for OSL dating were also collected from scroll bars on the inside bend of an abandoned 315 

section of the smaller Nqoga distributary (SBN - Fig. 3B), and aerial photographs were compiled 316 

and compared to identify any channel changes in recent decades. 317 

 318 

OSL sample collection involved digging or augering to the required sample depth (typically 1.5–2.0 319 

m; Table 1), a depth that corresponded with the local water table.  Sampling (near-)saturated 320 

sediments at depth minimised the potential for sampling of bioturbated sediment closer to the 321 



 16 

present-day ground surface, and made the estimation of water content of samples during burial 322 

more reliable.  Given that we were sampling abandoned fluvial landforms during the driest part of 323 

the dry season, our assumption is that local water tables are unlikely to have been significantly 324 

lower for any extended periods of time since deposition but almost certainly would have much 325 

wetter for extended periods of time, not only around the time of deposition but also during the 326 

passage of the annual flood in the recent past.  This reasoning allows us to assume a saturation 327 

water content for all the samples (see Table 1 footnotes).  At the required sample depth, a light-tight 328 

black plastic tube was pushed into the sand and extracted when filled to a depth of ~20 cm.  329 

Without exposure to light, the sand was then extruded from the tube into light-proof dark plastic 330 

bags, taking care to maintain coherence of the sediment core.  The filled plastic bags were then 331 

wrapped tightly to ensure no mixing during transportation to the Aberystwyth Luminescence 332 

Research Laboratory (ALRL) for processing and analysis. 333 

 334 

Luminescence sample processing and analyses 335 

Luminescence dating requires the determination of two quantities, the radiation dose to which 336 

samples have been exposed to since burial, known as the equivalent dose (De) or palaeodose, and 337 

the rate at which samples were exposed to radiation during burial, known as the dose rate.  The age 338 

of deposition of the sediment is then calculated using equation 1. 339 

Age (ka) = Equivalent Dose (Gy)/Dose Rate (Gy ka-1)   [Equation 1] 340 

 341 

1. Dosimetry. A subsample of each sediment sample was dried and milled to a fine powder to 342 

determine the radiation dose rate experienced by the sample during burial.  This dose rate originates 343 

from four principal sources: beta dose and gamma dose from K, U and Th in the sediment 344 

surrounding the sample; U and Th within the quartz grains used for luminescence measurements; 345 

and cosmic rays.  To determine the beta and gamma dose rates, thick source alpha counting (TSAC) 346 

and beta counting (GM-25-5) were undertaken.  The beta dose was obtained from beta counting, 347 
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while the gamma dose was calculated using the concentration of U, Th and K, as determined from 348 

TSAC and beta counting.  The beta doses listed in Table 1 have been attenuated to correct for the 349 

size of the grains used for luminescence measurement, and both the beta and gamma dose rates 350 

have been corrected to allow for a water content during burial of 25 ± 5% (the estimated saturated 351 

water content). 352 

  353 
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Table 1 Dosimetry data for optically stimulated luminescence samples 354 
Sample 

code 

Sample type Sample 

depth (m) 

Alpha count rate 

(cts ks-1 cm-2) 

Beta dose 

(Gy ka-1) 

Gamma dose 

(Gy ka-1) 

Cosmic dose 

(Gy ka-1) 

Total dose rate 

(Gy ka-1) 

Scroll bar sequence 1 

XU34 scroll bar (older) 1.75 ± 0.15 0.089 ± 0.002 0.08 ± 0.01 0.08 ± 0.01 0.18 ± 0.01 0.36 ± 0.02 

XU33 scroll bar 1.96 ± 0.16 0.073 ± 0.002 0.08 ± 0.01 0.08 ± 0.01 0.17 ± 0.01 0.35 ± 0.02 

XU32 scroll bar 1.65 ± 0.15 0.131 ± 0.003 0.10 ± 0.01 0.11 ± 0.01 0.18 ± 0.01 0.41 ± 0.02 

XU31 scroll bar (younger) 1.95 ± 0.15 0.093 ± 0.002 0.08 ± 0.01 0.08 ± 0.01 0.17 ± 0.01 0.36 ± 0.02 

Scroll bar sequence 2 

XU04 scroll bar (older) 1.85 ± 0.15 0.064 ± 0.002 0.06 ± 0.01 0.06 ± 0.01 0.17 ± 0.01 0.31 ± 0.02 

XU03 scroll bar 1.85 ± 0.15 0.082 ± 0.002 0.07 ± 0.01 0.07 ± 0.01 0.17 ± 0.01 0.34 ± 0.02 

XU02 scroll bar 1.45 ± 0.15 0.110 ± 0.003 0.14 ± 0.01 0.12 ± 0.01 0.18 ± 0.01 0.46 ± 0.02 

XU01 scroll bar (younger) 1.75 ± 0.15 0.077 ± 0.002 0.08 ± 0.01 0.07 ± 0.01 0.18 ± 0.01 0.35 ± 0.02 

Scroll bar sequence 3 

XU14 scroll bar (older) 1.65 ± 0.15 0.114 ± 0.003 0.14 ± 0.01 0.11 ± 0.01 0.18 ± 0.01 0.45 ± 0.02 

XU13 scroll bar 1.85 ± 0.15 0.116 ± 0.003 0.10 ± 0.01 0.10 ± 0.01 0.17 ± 0.01 0.40 ± 0.02 

XU12 scroll bar 1.75 ± 0.15 0.091 ± 0.003 0.07 ± 0.01 0.08 ± 0.01 0.18 ± 0.01 0.35 ± 0.02 

XU11 scroll bar (younger) 1.75 ± 0.15 0.145 ± 0.004 0.15 ± 0.01 0.14 ± 0.01 0.18 ± 0.01 0.48 ± 0.02 

Sinuous palaeochannel 

XU23 infill (upstream) 1.80 ± 0.15 0.062 ± 0.002 0.07 ± 0.01 0.07 ± 0.01 0.17 ± 0.01 0.33 ± 0.02 

XU22 infill (middle) 1.85 ± 0.15 0.065 ± 0.002 0.06 ± 0.01 0.06 ± 0.01 0.17 ± 0.01 0.32 ± 0.02 

XU21 infill (downstream) 2.05 ± 0.15 0.068 ± 0.002 0.08 ± 0.01 0.07 ± 0.01 0.17 ± 0.01 0.35 ± 0.02 

Nqoga scroll bar sequence 

XU53 scroll bar (older) 1.50 ± 0.15 0.071 ± 0.002 0.07 ± 0.00 0.07 ± 0.01 0.18 ± 0.01 0.34 ± 0.02 

XU52 scroll bar 1.35 ± 0.15 0.075 ± 0.002 0.07 ± 0.00 0.07 ± 0.01 0.18 ± 0.01 0.35 ± 0.02 

XU51 scroll bar (younger) 1.55 ± 0.15 0.064 ± 0.002 0.07 ± 0.00 0.06 ± 0.01 0.18 ± 0.01 0.33 ± 0.02 
Notes: The full laboratory prefix for all sample codes is Aber128 (e.g. Aber128/XU33).  For each scroll bar sequence, samples have 355 
been listed in relative age order (older to younger) based on decreasing distance from the palaeochannel bend. 356 
Alpha count rate given here is for the bulk sediment. 357 
A water content of 25 ± 5%, and grain size of 180-211 µm was used for dose rate calculations. 358 
An internal alpha dose rate of 0.026 ± 0.007 Gy ka-1 was included for all samples based on alpha counting of purified quartz from 359 
samples XU33 and XU51. 360 
 361 

The concentrations of radionuclides in these sediments are very low compared with typical 362 

Quaternary sediments, with beta doses ranging from 0.06 to 0.14 Gy ka-1 and gamma doses from 363 

0.06 to 0.14 Gy ka-1 (Table 1).  At these low dose rates, emission counting (i.e. TSAC and beta 364 

counting) methods are very effective provided that counting continues for sufficient time to 365 

accumulate a statistically significant number of counts.  TSAC for these samples typically took four 366 

to five weeks to accumulate the 3000 alpha counts required for adequate precision.  Similarly, beta 367 

counting was undertaken for extended periods of time, typically 48 hours per sample, to ensure that 368 

more than 3000 counts were obtained. 369 

 370 

In many luminescence studies, the dose rate arising from radionuclides within the quartz grains 371 

separated for luminescence measurement is considered negligible.  The low environmental dose 372 

rates in these samples, however, means that this internal dose rate may be significant.  In this study, 373 
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TSAC was undertaken on milled sub-samples of the quartz used for luminescence measurement of 374 

samples 128/XU33 and 128/XU51.  These yielded U concentrations of 0.18 ± 0.03 and 0.20 ± 0.03 375 

ppm and Th concentrations of 0.19 ± 0.08 and 0.12 ± 0.07 ppm, respectively.  For the grain sizes 376 

used in this study, and assuming an a-value of 0.04 ± 0.01 (Rees-Jones, 1995), these concentrations 377 

give an internal dose rate of 0.025 ± 0.007 and 0.026 ± 0.007 Gy ka-1.  These values are very similar 378 

to the value of 0.029 ± 0.002 Gy ka-1 given by Jacobs (2004), and a little higher than the value of 379 

0.010 ± 0.002 Gy ka-1 given by Vandenberghe et al. (2008).  Consequently, an internal alpha dose 380 

rate of 0.026 ± 0.007 Gy ka-1 was included in the dose rate for all samples in this study.  This value 381 

constitutes between 7 and 10% of the total dose rate. 382 

 383 

The dose rate arising from cosmic rays was calculated using the equations given in Prescott and 384 

Hutton (1994), with allowance made for the geomagnetic latitude and the altitude.  The low 385 

concentration of radionuclides means that the contribution from cosmic rays is a larger proportion 386 

of the total dose rate (typically 50%) than is normal (Table 1). 387 

 388 

2. Sample preparation for luminescence measurements.  Quartz grains were separated from the 389 

samples in order to undertake luminescence measurements.  Organic material and carbonates were 390 

removed using hydrogen peroxide and hydrochloric acid.  Samples were then dried and sieved to 391 

isolate grains with diameters from 180 to 211 µm. Mineral separation used solutions of sodium 392 

polytungstate to isolate grains with densities between 2.62 and 2.70 g cm-3.  This quartz-dominated 393 

material was then etched in 40% hydrofluoric acid for an hour to remove any remaining mineral 394 

contaminants, and to remove the outer alpha irradiated layer of the quartz grains.  Grains were 395 

washed in hydrochloric acid to remove any fluoride precipitates, rinsed in distilled water, and then 396 

dried, ready for luminescence measurement. 397 

 398 
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3. Luminescence measurements. Luminescence measurements were made on an automated Risø 399 

TL/OSL reader equipped with blue light emitting diodes.  Optically stimulated luminescence 400 

emitted by the sample was detected using an EMI 9635QA photomultiplier tube equipped with a set 401 

of 7.5mm thick U-340 filters to reject the blue LED stimulation.  A single aliquot regenerative dose 402 

(SAR) procedure (Wintle and Murray, 2006) was used to determine the equivalent dose (De).  To 403 

determine an appropriate set of measurement conditions, a preheat test was undertaken on 404 

Aber128/XU02.  A cutheat temperature of 160°C was used, and the preheat varied from 160 to 405 

280°C for 10 seconds.  Three replicates were measured at each preheat temperature and displayed 406 

no systematic change in De with temperature.  A dose recovery test was undertaken using a preheat 407 

of 220°C for 10 seconds and gave a ratio of the recovered to the given dose of 1.03 ± 0.03, 408 

indicating that this protocol is well suited to measuring radiation doses for this quartz. 409 

 410 

To determine the dose acquired by these samples since burial, multiple De determinations were 411 

made for each sample.  Typically, 48 aliquots were measured (with the exception of sample 412 

Aber128/XU03 for which only a limited amount of material was available, so only 24 were 413 

measured).  The De value determined from an aliquot was only accepted if it passed a number of 414 

quality control criteria (Roberts, 2008).  These included having a recycling ratio of between 0.9 and 415 

1.1, an IR-OSL depletion ratio of 0.9 to 1.1 (Duller 2003), and a monotonic increase in 416 

luminescence signal with radiation dose. 417 

 418 

Palaeodischarge estimates 419 

Palaeodischarge estimates for the sinuous palaeochannel were made using the downstream 420 

hydraulic geometry relationships established for the present-day channels (Fig. 2C).  These 421 

relationships are unusual in global terms and reflect the strong control exerted by the vegetal 422 

channel margins on flow and channel dynamics (Tooth and McCarthy, 2004).  The permeable 423 

margins (Fig. 2B) enable water to flow both out of, but also back into, the channels, effectively 424 
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imposing lower and upper limits on flow depth: if channel flow depth starts to decrease, water flows 425 

back into the channels from the surrounding wetlands, and if channel flow depth starts to increase, 426 

water flows out of the channels between the emergent stems to the surrounding wetlands.  427 

Consequently, despite a pronounced austral summer flood pulse, depth (3–4 m) remains largely 428 

constant year-round (depth exponent = 0.00 in the fitted equation; Fig 2C), and the downstream 429 

discharge changes are accommodated mainly by width adjustments (exponent = 0.78) and, to a 430 

lesser extent, velocity (exponent = 0.22) (Fig. 2C).  These unusual but well-defined hydraulic 431 

geometry relationships provide significant advantages for palaeodischarge estimations.  Under the 432 

reasonable assumption that on the Delta’s low gradients (<0.00029) larger palaeodischarges would 433 

be reflected mainly by the development of wider, vegetation-lined palaeochannels rather than by 434 

significantly deeper or faster flowing palaeochannels, then measured palaeochannel widths provide 435 

a more robust estimate of palaeodischarges than is commonly the case in fully alluvial channels, 436 

where within-channel discharge increases are accommodated by mutual but variable co-adjustments 437 

of width, depth and velocity.  In the Delta setting, therefore, extrapolation of the tightly-defined, 438 

present-day width-discharge relationship for wider palaeochannels (Fig. 2C) thus avoids the need to 439 

estimate palaeodischarges based on less well-constrained channel geometry-discharge relationships 440 

developed for fully alluvial channels, such as those based on meander wavelength or other estimates 441 

of width (e.g. Dury, 1964, 1976; Schumm, 1968; Graf, 1988; Maizels, 1990; Hesse et al., 2018a; 442 

Larkin et al., 2020a). 443 

  444 
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Results 445 

The OSL analytical data and ages for the samples from the Xugana region are illustrated in Figure 4 446 

and Table 2.  The OSL ages enable determination of the history of development and/or rates of 447 

activity for the different fluvial landforms, as shown in Figures 5 and 6. 448 

 449 

 450 

Figure 4 Examples of OSL analytical data: A) dose response curve and decay curve for sample XU02; B) radial plot for 451 

XU34 showing small scatter; and C) radial plot for XU02 showing large scatter. 452 



 23 

 453 

Table 2 Optically stimulated luminescence analytical results 454 
Sample 

code 

Sample type No. of 

aliquots 

Overdispersion 

(%) 

Equivalent 

dose (Gy)ǂ 

Total dose rate 

(Gy ka-1) 

Age 

(ka) 

Lateral migration 

rate (m a-1) 

Weighted 

mean age (ka) 

Scroll bar sequence 1 

XU34 scroll bar (older) 43 11 1.96 ± 0.04 0.36 ± 0.02 5.44 ± 0.31  

0.48 ± 0.24 

 

4.89 XU33 scroll bar 48 16 1.87 ± 0.02 0.35 ± 0.02 5.28 ± 0.29 

XU32 scroll bar 48 13 1.83 ± 0.03 0.41 ± 0.02 4.43 ± 0.24 

XU31 scroll bar (younger) 48 11 1.71 ± 0.03 0.36 ± 0.02 4.73 ± 0.26 

Scroll bar sequence 2 

XU04 scroll bar (older) 44 44 2.07 ± 0.22 0.31 ± 0.02 6.62 ± 0.79  

-1.91 ± 5.38 

 

6.84 XU03 scroll bar 23 42 2.02 ± 0.31 0.34 ± 0.02 5.97 ± 0.97 

XU02 scroll bar 42 35 3.54 ± 0.24 0.46 ± 0.02 7.67 ± 0.64 

XU01 scroll bar (younger) 42 37 2.30 ± 0.19 0.35 ± 0.02 6.52 ± 0.64 

Scroll bar sequence 3 

XU14 scroll bar (older) 48 21 2.56 ± 0.12 0.45 ± 0.02 5.68 ± 0.38  

0.37 ± 0.15 

 

5.07 XU13 scroll bar 47 9 2.30 ± 0.03 0.40 ± 0.02 5.71 ± 0.30 

XU12 scroll bar 43 19 1.97 ± 0.08 0.35 ± 0.02 5.56 ± 0.39 

XU11 scroll bar (younger) 44 15 2.04 ± 0.06 0.48 ± 0.02 4.24 ± 0.24 

Sinuous palaeochannel 

XU23 infill (upstream) 45 24 2.06 ± 0.09 0.33 ± 0.02 6.26 ± 0.44  

N/A 

 

6.15 XU22 infill (middle) 40 23 2.04 ± 0.11 0.32 ± 0.02 6.30 ± 0.48 

XU21 infill (downstream) 47 25 2.01 ± 0.16 0.35 ± 0.02 5.79 ± 0.54 

Nqoga scroll bar sequence 

XU53 scroll bar (older) 45 N/A 0.06 ± 0.01 0.34 ± 0.02 0.18 ± 0.03  

0.67 ± 0.13 

 

0.15 XU52 scroll bar 45 N/A 0.05 ± 0.01 0.35 ± 0.02 0.14 ± 0.03 

XU51 scroll bar (younger) 35 N/A 0.04 ± 0.01 0.33 ± 0.02 0.12 ± 0.03 
Notes: The full laboratory prefix for all sample codes is Aber128 (e.g. Aber128/XU32).  Ages are expressed as years (ka) before the measurement date (2009 CE). 455 
ǂ The value of equivalent dose used for age calculation was calculated as the mean and standard error of the individual values for all samples. 456 
 457 
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 458 

OSL ages 459 

Figure 4A shows a typical OSL decay curve and dose response curve for an aliquot of sample 460 

Aber128/XU02.  The OSL signal from the samples is dominated by a fast component, and the high 461 

number of aliquots accepted (Table 2) confirms that this material is well suited for OSL 462 

measurements.  With the exception of scroll bar sequence 2, data from the study sites showed little 463 

scatter around the mean value (e.g. Fig. 4B) and had overdispersion values of between 9 and 25% 464 

(Table 2).  For these samples, the average De was used for age calculation (Table 2). 465 

 466 

The De data for the four samples from scroll bar sequence 2 (Aber128/XU01, 02, 03 and 04) were 467 

more scattered than the other samples (Fig. 4C), with overdispersion values from 35 to 47%.  468 

Guérin et al. (2015) have modelled the pattern of scatter in De values and observed that the 469 

variability of the beta dose to quartz grains from potassium increases as the potassium concentration 470 

decreases.  The low potassium concentration (0.01 to 0.11 % K) possibly is the cause of this scatter, 471 

though the potassium concentration for the samples from scroll bar sequence 2 is no lower than 472 

those from other samples, which exhibit less scatter.  The cause of the scatter remains unclear, and 473 

the most parsimonious solution is to use an average of the De values.  It is noticeable, however, that 474 

the ages for this sequence of samples (Table 2) exhibit more variability than seen in the other 475 

sequences. 476 

 477 

For the small, recently abandoned Nqoga distributary (XU51-53), the mid points of the OSL ages 478 

for the scroll bars are in the expected order (i.e. younging towards the channel), indicating lateral 479 

migration (~0.67 m a-1) prior to abandonment after ~0.12 ± 0.03 ka (XU51) (Fig. 5B and 6; Table 480 

2).  These OSL ages are consistent with field evidence indicating relatively recent abandonment, 481 

particularly the previously documented observations of slow-burning fires that have reduced the 482 
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originally thick peat flanking the channel to a thin ash layer atop the bedload sand (McCarthy et al., 483 

1988; Fig. 3D). 484 

 485 

The internally consistent OSL ages for the Nqoga scroll bars provide confidence in the OSL ages 486 

derived for the older fluvial landforms.  In addition, the weighted mean ages for the sinuous 487 

palaeochannel infill and scroll bar sequences 1-3 (Table 2; Fig. 5A) support the geomorphological 488 

interpretations of the relative age relationships (see Methods).  The three OSL ages for the sinuous 489 

palaeochannel infill (samples XU21-XU23) are consistent within errors, and the weighted mean age 490 

(6.15 ka) is similar to the weighted mean age for the samples from the downvalley scroll bar 491 

sequence 2 (samples XU01-XU04) (6.84 ka) and scroll bar sequence 3 (samples XU11-XU14) 492 

(5.07 ka).  As expected, the weighted mean age for the samples from scroll bar sequence 3 is 493 

younger than the weighted mean age for the samples from scroll bar sequence 2, and the weighted 494 

mean age for the samples from the upvalley cross-cutting scroll bar 1 (samples XU31-XU34) (4.89 495 

ka) is younger than the weighted mean ages for the sinuous palaeochannel infill and scroll bar 496 

sequences 2 and 3 (Table 2; Fig. 5A). 497 

 498 

The three ages for the sinuous palaeochannel infill (Table 2) are interpreted as indicating the timing 499 

of the last phase of bedload transport prior to reach abandonment.  For individual scroll bar 500 

sequences 3 and 1, the ages largely fall in the expected order, generally ranging from older to 501 

younger in the direction of palaeochannel bend migration (Table 2; Fig. 5C-D).  Calculated lateral 502 

migration rates (Table 2; Fig. 6) are similar (<0.5 m a-1), and support an interpretation of slow bend 503 

migration prior to eventual cutoff.  For scroll bar sequence 2, the OSL ages overlap within error but 504 

for reasons unknown, the uncertainties and scatter are greater than other samples, and hence a 505 

meaningful lateral migration rate cannot be calculated. 506 

  507 
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 508 

Figure 5 Aerial images (from Google Earth) illustrating example fluvial landforms and OSL ages: A) part of the study 509 

area near Xugana (see Fig. 3B for wider context), showing the areas covered by parts B-D and the weighted mean OSL 510 

age (in ka) for the sinuous palaeochannel infill and the scroll bar sequences 1-3 (SB1-3).  In B-D, OSL ages (in ka) are 511 

shown for the palaeochannel infill and scroll bar sequences (see Tables 1 and 2 for sample codes): B) the abandoned 512 

Ngoqa channel and scroll bar sequence; C) cross-cutting scroll bar sequence 1 at the upvalley end of the sinuous 513 

palaeochannel.  Two of the OSL ages (upstream, middle sample) for the sinuous palaeochannel infill are shown; the 514 

third OSL sample (downstream) lies farther to the east beyond the image frame (see Fig. 3B); D) cross-cutting scroll bar 515 

sequences 2 and 3 at the downvalley end of the sinuous palaeochannel.  The continuity between the sinous 516 

palaeochannel and the scroll bar sequences is obscured owing to the development of the present-day, smaller 517 

Maunachira channel, which enters the image from upper left and exits the image at bottom left.  Note the different 518 

scales on the aerial images in B, C and D. 519 

 520 



 27 

 521 

Figure 6.  Distance-age plots for the scroll bar sequences 1-3 and the Nqoga scroll bar sequence.  Distance is across the 522 

scroll bar sequence from the outermost sample towards the abandoned bend.  Linear regression is used to derive the 523 

mean lateral migration rate for three of the scroll bar sequences, but the greater scatter in ages means that a meaningful 524 

mean migration rate cannot be determined for scroll bar sequence 2. 525 

 526 

Palaeodischarge estimation 527 

Collectively, the OSL dating results suggest that the older fluvial landforms in the Xugana region 528 

are all remnants of a meandering channel belt that was active in the ~7–4 ka timeframe.  This mid 529 

Holocene activity involved lateral meander migration, repeated bend cutoff, and eventual 530 

abandonment of large palaeochannels.  These palaeochannels have meander wavelengths and 531 

widths that are many times larger than the present-day channels in the Xugana region (Fig. 3B) and 532 
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are even wider than channels in the Panhandle, thereby implying significantly enhanced 533 

palaeodischarges.  Assuming a 3-4 m depth in vegetation-lined palaeochannels, and extrapolating 534 

the well-defined downstream hydraulic relationships for present-day Delta channels (Fig. 2C), the 535 

measured width of the sinuous palaeochannel (120–150 m) implies a cross-sectional area of 360-536 

600 m2 and a palaeodischarge of ~350–450 m3 s-1.  Such values are considerably in excess of the 537 

cross-sectional areas (~30-80 m2) and discharges (~10-40 m3 s-1) along the present-day Maunachira 538 

channel in the Xugana region, and even surpass the present-day cross-sectional areas (~200-300 m2) 539 

and discharges (~125-200 m3 s-1) determined for reaches located ~280-300 km upstream (channel 540 

distance) towards the upper end of the Panhandle (Tooth and McCarthy, 2004; Fig. 2C).  In 541 

comparison to the Mohembo gauging station data from the head of the Panhandle (~305-330 km 542 

upstream), the estimated palaeodischarges are higher than the long-term mean discharge (~260 m3 s-543 

1) and are of similar magnitude to the lower end of the normal range of annual peak flows. 544 

 545 

Numerous smaller abandoned palaeochannels and scroll bars in the Xugana region, including along 546 

the Nqoga River (Fig. 3B), indicate continuing fluvial activity over the last few thousand years but 547 

on a vastly reduced scale.  The OSL ages for the Nqoga scroll bars (XU51-XU53) indicate some 548 

lateral migration prior to abandonment (Figs 5B and 6), while comparison of the earliest aerial 549 

photographs with more recent imagery reveals only limited lateral migration along the Nqoga more 550 

generally over the last 70–80 years, with many bends having remained static.  Instead, the air photo 551 

and field evidence indicates that channel dynamics along the Nqoga have been dominated by 552 

vertical aggradation and repeated local avulsions that have led to progressive abandonment of 553 

channels up to tens of kilometres long (McCarthy et al., 1993; McCarthy, 2013) (Fig. 3B). 554 

 555 

Interpretation 556 

In the present-day Okavango Delta, some channels in the Panhandle undergo active, albeit slow, 557 

lateral meander migration but in the Fan, channels are either straight or stable sinuous (Fig. 2A), 558 
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displaying little to no evidence of lateral migration (Tooth and McCarthy, 2004).  Mapping of the 559 

Okavango Delta palaeochannels (Fig. 3A) reveals that the Xugana region hosts some of the largest 560 

and best preserved sinuous palaeochannels.  While (assumed) older palaeochannels in various states 561 

of preservation can be found throughout the Delta (Fig. 3A), there is no evidence for such a well-562 

preserved meandering palaeochannel belt elsewhere in the Fan.  This high degree of preservation 563 

suggests that the features in the Xugana region represent the last time that large, actively 564 

meandering palaeochannels extended beyond the Panhandle and flowed across the Fan.  During this 565 

~7-4 ka interval, the palaeochannels in the Xugana region were likely the main conduits for 566 

palaeodischarges across the Fan, but other distributaries were also likely to have been conveying 567 

some flows, just as present-day flows across the Fan are dispersed along different distributaries.  568 

Significantly, however, the fact that well-preserved meandering palaeochannel belts are not found 569 

elsewhere in the Fan implies that the coeval palaeodischarges along other distributaries were not as 570 

large.  Furthermore, this fluvial landform evidence suggest that the onset and termination of fluvial 571 

activity along the meandering palaeochannel belt in the Xugana region was most likely to have been 572 

driven by past hydroclimatic changes that resulted in regionally-significant, dramatic increases then 573 

dramatic decreases in palaeodischarge.  Termination of fluvial activity in the Xugana region was 574 

not the result of autogenic or tectonically-induced avulsions that led to shifts in the increased 575 

palaeodischarges to the other distributaries. 576 

 577 

Our interpretation of a discrete mid Holocene (~7-4 ka) phase of significantly enhanced fluvial 578 

activity in the Xugana region is broadly consistent with other local and regional 579 

palaeoenvironmental proxies in the Delta region and wider Kalahari.  In the Ncamasere valley, 580 

which connects with the Panhandle (Fig. 1A), Nash et al. (2006) have interpreted radiocarbon-dated 581 

palynological and sedimentological sequences, supported by stable carbon isotope analyses, as 582 

indicating an overall drier interval between 7 and 4 ka but have also noted that this interval was 583 

punctuated by increased channel flow at ~6 ka.  Significantly, Burrough and Thomas (2008) used 584 
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OSL dating to show that lake filling in the Mababe Depression (Fig. 1A) occurred ~6.6–5.2 ka, an 585 

interval that falls within the window of fluvial activity identified in the Xugana region.  Our 586 

findings thus suggest that enhanced palaeochannel flows in the Xugana region provided a major 587 

contribution to this lake filling phase in the Mababe Depression, supporting an argument for 588 

significant hydrological connections through the eastern part of the Delta during the mid Holocene.  589 

Furthermore, while the palaeochannels in the Xugana region were the main conduits for the 590 

enhanced palaeodischarges, dispersal of flows along other distributaries in the Fan at this time may 591 

also have contributed to the documented palaeolake shoreline, pollen and geochemical evidence for 592 

more humid conditions in the Ngami Depression in the early to mid Holocene, including lake filling 593 

phases (e.g. Huntsman-Mapila et al., 2006; Burrough et al., 2007; Cordova et al., 2017).  For 594 

instance, Cordova et al.’s (2017) Lake Ngami wet season precipitation record, which is based on 595 

pollen data, indicates several intervals of enhanced Holocene humidity, including two centred at ~7 596 

ka and ~4 ka.  These humid intervals broadly correspond with the geochemical and other botanical 597 

evidence for high lake levels (Huntsman-Mapila et al., 2006) and with some of the luminescence-598 

dated palaeolake shorelines in the Depression (Burrough et al., 2007). 599 

 600 

Our clear evidence for enhanced mid Holocene fluvial activity in the Delta has implications for 601 

regional palaeoclimatic reconstructions.  The fluvial landforms provide direct evidence for 602 

significantly enhanced palaeodischarges in the Kalahari region, evidence that arguably is easier to 603 

interpret in palaeoclimatic terms than more commonly used geoproxies such as lacustrine beach 604 

ridges and aeolian dunes (e.g. see Chase, 2009; Thomas and Burrough, 2016).  Enhanced 605 

palaeodischarges that were at least nine times those of the present-day channels in an equivalent 606 

position in the Fan implies higher rainfall over the catchment.  Higher rainfall and palaeodischarges 607 

would have resulted from enhanced flows along tributaries in the upper catchment but may have 608 

also required increased flow contributions from currently largely inactive tributaries in the middle 609 

and lower western parts of the catchment (Fig. 1A).  At present, these western tributaries lie far to 610 
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the south of the southern boundary of the typical austral summer position of the tropical rainbelt 611 

(Fig. 1C) and so supply little or no water to the Delta but a temporary (multi-centennial or multi-612 

millennial duration) southwards movement of the summer position of the tropical rainbelt could 613 

have led to a significant expansion of runoff-producing rainfall, including over the Delta region.  If 614 

so, then during past wetter intervals, small tributaries on the lower Cubango and Cuito, and larger 615 

western tributaries such as the Omatako (Fig. 1A) could have been reactivated, thereby contributing 616 

to the significantly enhanced inflows to the Delta.  In this respect, local palaeoenvironmental 617 

records from remote locations to the west of the Delta are instructive.  At the White Paintings Rock 618 

Shelter in the Tsodilo Hills, located ~45 km to the west of the Panhandle, archaeological remains 619 

and geological and faunal evidence imply the existence of a former, semi-permanent or seasonal 620 

‘Lake Tsodilo’ at intervals during the mid Holocene, including at ~7.5 ka and ~5-4 ka (Robbins et 621 

al., 1994).  Abundant freshwater fish remains in the shelter suggest that during these and other past 622 

wetter intervals, fish may have been obtained when the now largely inactive Xeidum/Ncamasere 623 

valley, located ~7 km north of Tsodilo, was supporting west-east flow (Robbins et al., 1994).  At 624 

Drotksy’s Cave (also known as Gcwihaba Cave), located ~150 km west of the Fan and ~125 km 625 

south of the Tsodilo Hills, a U-series dated pollen record derived from a core through a speleothem 626 

column has been interpreted as indicating variable climatic conditions during the Holocene but with 627 

some wetter intervals, including at ~7-6 ka (Burney et al., 1994).  Grain size analysis of sediments 628 

washed into the cave also have been interpreted as indicating variable Holocene climates but with 629 

some wetter intervals, including at ~9-6.5 ka (Robbins et al., 1996).  Correlating different local 630 

palaeoenvironmental records of varying length and resolution with regional fluvial geoproxy 631 

records is challenging.  Collectively, however, these particular local palaeoenvironmental records 632 

support an interpretation of enhanced mid Holocene inflows to the Delta resulting from higher local 633 

rainfall and/or tributary inflows, at least for periods of time. 634 

 635 
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Following termination of the wetter mid Holocene interval, fluvial activity has declined 636 

substantially in the Xugana region and across the Fan more generally.  Tooth and McCarthy’s 637 

(2004) analysis of the Delta’s river patterns demonstrated that width-depth (w/d) ratio is a critical 638 

control on the propensity for meandering (Fig. 2A).  At present, the most actively migrating 639 

Panhandle channels have w/d >20; migration rates slow substantially in channels with w/d between 640 

10-20, and channels with w/d <10 effectively cease to meander and are best termed stable sinuous 641 

or straight (Tooth and McCarthy, 2004).  The well-defined hydraulic geometry relationships (Fig. 642 

2C) suggest that meandering in the Xugana region likely would have slowed or ceased once 643 

palaeodischarge fell to <100 m3 s-1, as this would have led to narrower (<60 m) channels with w/d 644 

<20.  In these smaller, more laterally stable channels with lower discharges, late Holocene 645 

palaeoclimatic forcing of fluvial activity is less clear and avulsion dynamics appear to have been 646 

driven by autogenic processes involving downstream flow decreases, channel sedimentation, and 647 

flow diversion associated with large mammal (especially hippopotami) activity (McCarthy, 2013). 648 

 649 

Discussion 650 

Resolving the nature, spatial patterns and forcing mechanisms of Quaternary hydroclimatic changes 651 

across southern Africa and farther afield is contingent on the investigation of long, robustly dated 652 

proxy records.  In southern Africa and some other drylands, fluvial geoproxies remain underutilised 653 

as a source of palaeohydrological information, but their greater interrogation and integration with 654 

other geoproxy and organic-based proxy records can contribute to enhanced palaeoenvironmental 655 

reconstructions, as discussed below. 656 

 657 

Unlocking the fluvial archive in the Okavango Delta 658 

Our findings indicate the significant potential for unlocking the palaeoenvironmental archive 659 

offered by the Delta’s fluvial landforms.  Similar explanations involving southwards movement of 660 

the African tropical rainbelt associated with the ITCZ and/or CAB have been proposed previously 661 
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to account for some earlier phases of palaeolake formation in the region (e.g. Burrough et al., 662 

2009b; Burrough and Thomas, 2013; Riedel et al. 2014; Cordova et al., 2017) but could be 663 

enhanced by obtaining chronological control and palaeodischarge estimates from a wider range of 664 

feeder fluvial landforms.  Based on their high degree of preservation, the palaeochannels in the 665 

Xugana region represent the last major phase of meander activity in the Delta but presumed older, 666 

large palaeochannel belts and other relic fluvial landforms are present across large areas of the 667 

Panhandle and Fan (Fig. 3A).  The ages of these fluvial features are unknown but multiple 668 

generations of palaeochannels are likely present, and their variable preservation implies that many 669 

are likely to be considerably older than the Holocene, especially in the Fan.  In this setting, the very 670 

low environmental dose rates (Table 1) may be advantageous for luminescence dating of older 671 

palaeochannels because the OSL signal will not saturate as rapidly as is commonly the case in other 672 

depositional contexts.  Consequently, it may be possible to obtain ages for significantly older fluvial 673 

landforms in the Delta, some of which may correspond with the numerous earlier Quaternary 674 

phases of lacustrine basin filling that have been identified in the region back to ~300 ka (Burrough 675 

et al., 2009a).  Although pedogenic overprinting of fluvial sediment (e.g. by subsurface calcite 676 

accumulation) is common in the arid climate, and the original sinuous to linear form of many 677 

palaeochannels may be gradually disrupted over time (Gumbricht et al. 2004b; McCarthy, 2013), 678 

palaeochannel widths may still be preserved.  Where palaeochannel widths can be reliably 679 

measured to aid palaeodischarge estimations using appropriate hydraulic geometry relations (Fig. 680 

2C), wider application of our combination of approaches to the Delta’s palaeochannels may provide 681 

more ‘missing links’ to help integrate the various lines of evidence for regional hydroclimatic 682 

changes.  Importantly, by providing more direct evidence of enhanced inflows, some of the 683 

ambiguities surrounding the water balance calculations necessary to achieve palaeolake highstands 684 

might be resolved.  Such integration will thus significantly enhance palaeoenvironmental 685 

reconstructions within the Delta region and wider Kalahari, particularly if it helps to shed light on 686 

the dynamic interplay between westerly (Atlantic Ocean) and easterly (Indian Ocean) atmospheric 687 
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circulation systems in delivering moisture to the southern African interior (cf. Chase and Meadows, 688 

2007; Gasse et al., 2008; Burrough and Thomas, 2013; Lyons et al., 2014; Cordova et al., 2017; 689 

Wiese et al., 2020). 690 

 691 

Comparison with Holocene fluvial activity in other drylands 692 

Given the vast geographic extent of drylands – which cover diverse physiographic, tectonic, 693 

lithological, climatic, and vegetative conditions – a range of Holocene dryland river responses is to 694 

be expected.  While Holocene hydroclimatic fluctuations undoubtedly have been key influences on 695 

dryland fluvial activity globally, these influences may be modulated by other allogenic (e.g. 696 

tectonic, lithological) and/or autogenic drivers.  For instance, in drylands where there is a high 697 

degree of tectonic and bedrock influence on rivers (e.g. the Mediterranean, parts of the Middle East, 698 

and parts of South Africa), hydroclimatic drivers have been locally and/or temporally muted or 699 

overridden by the non-climatic factors, and channel patterns or dimensions have undergone little or 700 

no change during the Holocene.  In some of these rivers, Holocene responses have included valley 701 

floor incision and aggradation (Macklin et al., 2010; Macklin et al., in review) or autogenic 702 

avulsions along meandering channels of broadly constant dimensions (e.g. Tooth et al., 2007; 703 

Larkin et al., 2017).  Nevertheless, our evidence from the Xugana region of the Okavango Delta for 704 

significantly enhanced mid Holocene fluvial activity, and subsequent dramatic reductions in late 705 

Holocene fluvial activity, corresponds with the findings from ongoing investigations of dryland 706 

fluvial systems elsewhere across the Delta, the wider Kalahari, and farther afield.  At the head of the 707 

Panhandle, preserved large meandering palaeochannels were probably contemporaneously active 708 

with the Xugana palaeochannels, while some reaches of the present-day Panhandle channels show 709 

evidence of significantly reduced lateral activity over the late Holocene (Larkin, 2019).  Farther to 710 

the east, the numerous palaeochannels and oxbows of the Chobe and Zambezi rivers (Fig. 1A) 711 

indicate enhanced fluvial activity probably during the earlier part of the Holocene, with lateral 712 

migration more limited during the late Holocene (Tooth et al., 2021). 713 
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 714 

Beyond the Kalahari, evidence also is growing to support the idea that the mid to late Holocene was 715 

a time of significant fluvial transformation for many dryland fluvial systems.  In central eastern 716 

Australia, the Warrego River underwent mid to late Holocene transformation from a large, 717 

perennial, actively meandering river to a smaller, intermittent to ephemeral, more laterally stable 718 

river with straight, anabranching and distributary channels (Larkin et al., 2020a).  OSL ages and 719 

palaeohydrological reconstructions show that between ~8 and 5 ka, latitudinal shifts in the position 720 

of the ITCZ near the Australian continent resulted in prevailing La Niña conditions, with the 721 

Warrego River’s bankfull palaeodischarges being between 3 and 59 times those of the present-day 722 

channels (Larkin et al., 2020a).  After ~5 ka, El Niño events become stronger and more frequent, 723 

leading to greater catchment aridity and lower, more variable river discharges.  The associated 724 

reduction in fluvial activity resulted in key geomorphic thresholds being crossed, leading to the 725 

cessation of meandering and establishment of the present-day, more laterally stable, straight, 726 

anabranching and distributary channels, many of which now terminate before reaching regional 727 

baselevel (Larkin et al., 2020a). 728 

 729 

Other fluvial systems across large areas of dryland Australia and dryland South America also 730 

harbour evidence for similar mid to late Holocene declines in fluvial activity.  Fluvial 731 

transformations include the establishment of so-called ‘misfit’ or ‘underfit’ rivers (i.e. smaller rivers 732 

with greater lateral stability within the confines of larger channels), river pattern transformations, 733 

deactivation or breakdown of channels and the establishment or transformation of large wetland 734 

complexes, and/or increasing fluvial-aeolian interactions (e.g. Nanson et al., 1995, 2008; Tooth, 735 

1997; Hesse et al., 2018a, b; Isla and Espinosa, 2021; Mehl et al., in review).  Similarly, in the 736 

northern hemisphere, orbitally-controlled northwards shifts of the ITCZ during the early to mid 737 

Holocene, and/or intensification of monsoon weather systems, resulted in enhanced fluvial activity 738 

in many drylands, including north Africa, the Mediterranean and Asia, with subsequent late 739 



 36 

Holocene reductions in fluvial activity evidenced by development of smaller channels, river pattern 740 

transformations, and/or burial by aeolian deposits (e.g. Paillou et al., 2009; Goisan et al., 2012; 741 

Macklin and Lewin, 2015; Yang et al., 2015; Skonieczny et al., 2015; Armitage et al., 2015; Durcan 742 

et al., 2019). 743 

 744 

Given the varied conditions across the world’s drylands, clear spatial and temporal patterns in 745 

Holocene river response are yet to emerge.  As yet, there are insufficient numbers of 746 

chronologically-constrained fluvial records from enough locations to enable a comprehensive global 747 

assessment of dryland river response on a regional basis or for time slices through the early, mid 748 

and late Holocene.  Many more geochronological and palaeohydrological studies thus will be 749 

required to establish more precisely the timings, durations and nature of Holocene changes to 750 

dryland fluvial activity.  Nevertheless, the mid to late Holocene transformations that appear to have 751 

influenced a number of dryland rivers globally indicate a potentially more coherent picture of 752 

change than has been recognised hitherto (Larkin, 2019).  The drivers of this dryland river change 753 

have yet to be fully established in all cases, but the existing evidence and interpretations strongly 754 

suggest that hydroclimatic variations are likely to have played a significant role, thus implicating 755 

global teleconnections in key ocean-atmosphere systems such as the ITCZ, El Niño Southern 756 

Oscillation (ENSO), Pacific Decadal Oscillation (PDO), Indian Ocean Dipole (IDO), and Southern 757 

Annular Mode (SAM) (Larkin, 2019; Macklin and Lewin, 2019).  At a time of rapid contemporary 758 

environmental change, marked by increasing climatic variability and direct human impacts in many 759 

drylands globally, understanding these ocean-atmosphere systems and their links with autogenic 760 

and other allogenic drivers has significant implications for projecting future river and wider 761 

landscape response.  In globally-important, arid-zone wetlands like the Okavango, which harbour 762 

significant biodiversity and provide abundant natural resources for the local population 763 

(Mendelsohn et al., 2010; Reynolds et al., 2016), such projections are essential for ensuring robust 764 
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examinations of dryland hydrogeomorphological, ecological, and societal resilience (cf. Tooth, 765 

2018, Larkin et al., 2020b). 766 

 767 

Conclusion 768 

Developing novel approaches for extracting palaeoenvironmental information from geoproxies is 769 

crucial for enhancing the spatial coverage of palaeodatasets across the Kalahari and wider southern 770 

African region, and thus for developing a clearer picture of the nature, spatial patterns and forcing 771 

mechanisms of Quaternary landform and wider environmental changes.  Until this study, the fluvial 772 

landforms in the Okavango Delta had remained a largely untapped archive of palaeoenvironmental 773 

change.  We have presented the first suite of OSL ages and palaeodischarge reconstructions from 774 

the Delta’s fluvial landforms, thus providing baseline data on the nature, timing and rates of 775 

palaeochannel activity in this globally-important, arid-zone wetland.  Collectively, the ages 776 

demonstrate significantly enhanced fluvial activity in the mid Holocene.  Palaeodischarges were at 777 

least nine times those of the present-day channels in the same part of the Delta, implying higher 778 

rainfall over the catchment, possibly as a result of the southward migration of the African tropical 779 

rainbelt.  Our OSL ages are broadly consistent with other palaeoenvironmental proxies that indicate 780 

a mid Holocene interval of significantly enhanced moisture in locations surrounding the Delta.  The 781 

potential now exists to expand the combined OSL dating and palaeodischarge estimation approach 782 

to unlock the palaeoenvironmental archive provided by other, potentially much older, fluvial 783 

landforms in the Delta.  This will help to integrate various lines of evidence for hydroclimatic 784 

change and contribute to improved understanding of the spatial and temporal complexities of 785 

Quaternary arid-humid transitions, both within the Delta, across the Kalahari, and also farther 786 

afield.  In particular, evidence is mounting for the mid to late Holocene being a time of profound 787 

climate-driven fluvial transformation across many drylands, with significantly enhanced fluvial 788 

activity characterised by large palaeochannels and higher palaeodischarges giving way to smaller 789 

channels with lower discharges.  At a time of rapid contemporary environmental change, 790 



 38 

understanding the hydroclimatic drivers of these past river changes and their links with other 791 

allogenic and autogenic drivers is essential for informing assessments of future dryland 792 

hydrogeomorphological, ecological and societal resilience.  793 
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