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Sand dunes and ventifacts on the coast of South Africa 1	

 2	

Abstract 3	

The Indian Ocean coast of South Africa is characterized by strong seasonal alongshore winds 4	

and high sediment availability, resulting in formation of different types of active and 5	

vegetated sand dunes landward of sandy beaches. This study considers the dynamics of 6	

windblown sand systems along part of this coastal stretch by presenting geomorphological 7	

evidence from ventifacts and sand dunes, which can inform on integrated sand transport and 8	

depositional system dynamics, respectively. Crestline positions of supratidal translational 9	

dunes were mapped from aerial images (2003–2018); results show a range of responses over 10	

different time windows, including systematic migration in particular to the northeast, and 11	

crestline rotation. Changes in dune geometry are linked closely to changes in synoptic climate 12	

patterns, determining seasonal wind regimes. Exceptionally well developed ventifacts are 13	

present on clasts within deflation lags located between translational dune ridges. Based on 14	

morphological analysis of ventifacts (n=49), the dominant geomorphically-effective wind 15	

direction is from west or northwest, oblique to regional prevailing winds. An important 16	

conclusion of this study is that, although both ventifacts and dunes at this site reflect the same 17	

wind forcing, they show quite different morphological responses and dynamical behaviours. 18	

A reason for such differences may be the role of microtopographic effects on near-surface 19	

wind patterns. This means that neither dunes nor ventifacts alone can be used as 20	

unambiguous indicators of wind regime, and instead should be viewed as integrated elements 21	

of coastal sediment systems.   22	

 23	
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 26	

Introduction 27	

Wind processes affecting the upper intertidal and supratidal zones of sandy beaches can result 28	

in several geomorphological outcomes, including depositional forms such as obliquely-29	

migrating (translational) free dunes and erosional features such as ventifacts. Thus, supratidal 30	

dunes and ventifacts can be regarded as genetically-related elements of sandy beach systems. 31	

Although integrated dune–beach systems have been studied in terms of their sediment 32	

coupling and response to forcing by storms (Sherman and Bauer, 1993; Aagaard et al., 2004; 33	

Houser, 2009; Walker et al., 2017), other erosive forms found on sandy beaches, such as 34	

ventifacts and deflation lags, have not been considered in such systems (Knight, 2008; 35	

Cooper et al., 2013). Along the supratidal zone of sandy beaches, oblique or transverse dunes 36	

can be developed when the position of the back of the beach is constrained by the presence of 37	

steep, vegetated slopes or cliffs (Hunter et al., 1983). These dunes are particularly common 38	

on low-latitude coasts such as Brazil, Australia and South Africa where vegetation cover 39	

landward of the beach is dense and tall, inhibiting inland dune migration (Hellström, 1996; 40	

Miot da Silva and Hesp, 2013; Yizhaq et al., 2013; Jackson et al., 2014; Levin et al., 2014). 41	

These supratidal dunes should also be distinguished from foredunes, which tend to be at least 42	

partly vegetated, and are morphologically different to oblique or transverse dunes.  43	

 44	

Studies of these dunes show that they have crests aligned approximately oblique or transverse 45	

to the prevailing wind; the landward end of the dune ridges are commonly welded to fixed 46	

dunes or cliffs; dune migration rates vary along the length of the dune ridge; and the ridges 47	

oscillate in response to (often seasonal) variations in wind direction, rather than migrate 48	

uniformly in one direction. This dune type has been identified along the eastern South 49	

African coast (La Cock et al., 1992; Jackson et al., 2014), where the direction of the most 50	
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geomorphically-effective winds varies seasonally, and where wave climate and episodic 51	

storms result in steep shorefaces and narrow beaches which reduce potential sediment supply 52	

(e.g., Arens, 1996; Davidson-Arnott et al., 2008). In addition to oblique or transverse dunes, 53	

the direction of the most geomorphically-effective winds can also be evaluated from 54	

ventifacts found on deflation lags located between the dune ridges. These different datasets 55	

can be used in combination to evaluate the processes and dynamics of wind–sediment 56	

interactions on sandy coasts.  57	

 58	

Ventifacts are useful geomorphic forms in the coastal zone because they uniquely provide 59	

evidence for wind-transported sand grains that are in transit between source and sink (Knight, 60	

2008). They are developed as a result of wind abrasion by sand against boulders or bedrock 61	

protrusions. They are found within the intertidal or supratidal zones of sandy beaches and 62	

often in association with other coastal sandy landforms such as sand dunes. Ventifacts have 63	

been identified in different geomorphic and climatic settings worldwide (Knight, 2008), 64	

including in Ireland (Knight and Burningham, 2001; Knight, 2003, 2005), Great Britain 65	

(Bather, 1900; Bosworth, 1910; Braley and Wilson, 1997; Wilson et al., 2002), the USA 66	

(Knight and Burningham, 2003), New Zealand (Bishop and Mildenhall, 1994), France 67	

(Sellier, 2006), and the Falkland Islands (Wilson and Edwards, 2004). These studies have 68	

mainly focused on documenting the presence and morphology of ventifacts in these locations, 69	

and their relationships to past and present wind regimes. In most instances, the relationship of 70	

ventifacts to potential sediment sources and sinks (beaches, dunes) is not clear, and thus it is 71	

difficult to link ventifacts at these locations to other elements of sandy coastal systems.  72	

 73	

This study uses both supratidal dune and ventifact data from a sandy beach in South Africa to 74	

address this research gap and to explore relationships between these different aeolian 75	
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landforms with respect to wind forcing. The ventifacts present here are exceptional examples 76	

of this landform type. The aims of this paper are to (1) present geomorphic data on supratidal 77	

dunes and ventifacts using remote sensing and field evidence, respectively; (2) analyse dune 78	

migration patterns and ventifact morphometric properties; and (3) integrate these data 79	

together through analysis of recent (2003–2018) wind regimes in order to consider the 80	

controls on and dynamics of linked dune–ventifact systems of this sandy high-energy coast. 81	

A key conclusion is that these landforms show different responses to wind forcing, and that 82	

neither unambiguously reflects the most dominant wind direction(s).  83	

 84	

Study area 85	

The study area is located at Kayser’s Beach (33°12’58”S, 27°36’35”E), a small community 86	

35 km SW of East London, Eastern Cape Province, South Africa (Fig. 1). This coastal stretch 87	

is generally linear, aligned NE–SW, and facing the Indian Ocean. The coastline is mixed, 88	

comprising rocky shore platforms separated laterally by sandy beaches with densely 89	

vegetated sand dunes, and with rivers terminating in sand-dominated microestuaries (Cooper, 90	

2001). The wave climate of this coast (significant wave height, Hs=1.65 m from 130°; 91	

Corbella and Stretch, 2012) means that beach sand is quite coarse, shorefaces are steep and 92	

affected by episodic seasonal storms (Smith et al., 2010, 2013; Dixon et al., 2015). Tidal 93	

regime is high micro-tidal, with a mean spring range of 1.59 m at East London. Regionally, 94	

sandy beaches are commonly in general equilibrium with wave forcing (Meeuwis and van 95	

Rensburg, 1986). Coastal winds are seasonal and flow generally parallel to the coastline 96	

(Schumann and Martin, 1991). Winds during the austral summer (DJF) are dominantly from 97	

the northeast, whereas those during the winter (JJA) are from the southwest. The area is 98	

underlain by sedimentary rocks of the Beaufort Group, part of the Karoo Supergroup (Late 99	

Carboniferous–Middle Jurassic) (Johnson et al., 2006). Sandstones and mudstones formed in 100	
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fluvial and lacustrine settings (Wilson et al., 2014; Gulliford et al., 2017) are the most 101	

common lithologies; concretions are present within the sandstone units (Johnson et al., 2006). 102	

 103	

The 3 km-long coastal stretch, in a southwest direction from the settlement of Kayser’s Beach 104	

to the Tyolomnqa River mouth, comprises sandstone bedrock cropping out in the intertidal 105	

zone with the upper beach and coastal fringe comprising both free and fixed sand dunes. This 106	

coastal stretch is protected as the Chalumna Nature Reserve. Progradation of sand across the 107	

bedrock cover forms a cuspate foreland of approximately 1200 m in width and with a 108	

seaward extent of ~300 m (Fig. 1). Dunes are present in the supratidal zone of this coastal 109	

stretch (described below); ventifacts are present on both sandstone bedrock outcrops and on 110	

detached clasts as part of deflation lags located between the dunes.  111	

 112	

Methods 113	

Wind climate 114	

Wind data (speed and direction) recorded at East London (Fig. 1), were downloaded from the 115	

Met Office MIDAS Global Weather Observation Data catalogue (Met Office, 2006; station 116	

ID 18480). The 6-hourly data, covering the full-year period 1985 to 2018, were analysed to 117	

examine the frequency distribution of speed and direction, and to explore the potential for 118	

temporal variations in wind regime. These data were plotted as wind rose diagrams. A shorter 119	

time interval (2003 to 2018) was examined in detail, corresponding to the time interval of 120	

image analysis of dune behaviour.  121	

 122	

Changes in dune location and morphology over time can be accounted for using the concept 123	

of drift potential, which refers to the relationship between wind regime and potential 124	

sediment flux (Pye and Tsoar, 2009). This has been used in several previous studies of the 125	
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dynamics of sand dunes (e.g., Pearce and Walker, 2005; Tsoar, 2005; Miot da Silva and 126	

Hesp, 2010). As discussed by Fryberger and Dean (1979), calculation of drift potential 127	

enables comparison between wind regimes of different areas, and the implications for dune 128	

growth and dynamic behaviour, in particular over seasonal timescales. The drift potential can 129	

be calculated using the Lettau and Lettau (1977) equation:  130	

! ∝ !! ! − !! . ! 

where Q is the proportion of sand drift, V is average wind velocity at a standard height of 10 131	

m, Vt is the threshold wind velocity, and t is time of wind-blow activity. Calculating Vt 132	

requires calculation of threshold shear stress u*t which, following Bagnold (1941), can be 133	

calculated as: 134	

!∗!  = ! !" !! − !
!

!.!
 

where A is an empirical coefficient of 0.1, g is gravity, d is mean grain size, ρ is air density 135	

and ρs is sediment density. Vt was calculated based on sand samples collected in the field. 136	

Drift potential was calculated for different seasons using the 1985 to 2018 wind data.  137	

 138	

Dune analysis 139	

Supratidal dunes at Kayser’s Beach were mapped from aerial and satellite images acquired 140	

between 2003 and 2018 (Supplementary Table 1). Images sourced through GoogleEarthPro 141	

were saved as high resolution screenshots (6000x4000 pixel, 144 dpi png files) covering the 142	

region of interest. These were georeferenced to the Bing aerial imagery within ArcGIS v10.3 143	

using 15–30 control points (features points common between images). Geoferencing errors 144	

were of the order of 1–2 m RMSE, and the resolution of rectified imagery of the order 0.6–145	

0.8 m pixel size. Dune crests were then digitised from the imagery. The relative positions of 146	

the dunes were assessed along shore-parallel transects. This generated an envelope of relative 147	

positions for each dune crest and time frame, from which the average rate of movement was 148	



7	
	

calculated. Additionally, dune position was analysed from Sentinel-2 imagery, sourced 149	

through the Sentinel Hub EO Browser. Imagery comprising <5% cloud cover were 150	

downloaded (81 images in total between 20 October 2015 and 23 November 2018), and 151	

checked for co-registration using the 2D cross-correlation between each image and the 6 July 152	

2018 image. This was made possible by the presence of clear, spectrally-contrasting features 153	

(roads, buildings, field and woodland boundaries) in the hinterland. Where offsets in geo-154	

registration were found, these were corrected with the necessary pixel shift: these were no 155	

more than 1 or 2 pixels in x and/or y directions. Reflectance from band 4 (central wavelength 156	

665 nm) was then extracted along a single shore-parallel, dune-crossing transect. Band 4 157	

captures the red part of the spectrum, within which the contrast in lighting between the 158	

highlighted north face of the dune ridges and their shadowed south faces is unmistakeable. 159	

Relative positions of the local peaks in the along-transect differential of reflectance, which 160	

denoted the position of the crest, were extracted from each image and crest. Although 161	

Sentinel-2 imagery is coarse resolution (10 m pixel size) relative to the GoogleEarth aerial 162	

imagery, the high revisit time (5–10 days) means that suitable (cloud-free) images can be 163	

obtained at a sub-month frequency. The resolution does preclude a precise analysis of 164	

migration as the scales of change from image to image are <10 m, but over the 2+ years (and 165	

over 60 images), average rates of movement can be derived that compare well with the rates 166	

generated through aerial imagery, with further indication of intra-annual variability 167	

(including some reversal) in dune movement.  168	

 169	

Ventifacts 170	

The regions in which ventifacts were located in this environment were mapped broadly in the 171	

field using a handheld GPS (positional accuracy of ±3 m). Only ventifacts developed on 172	

detached clasts were considered here; wind-eroded facets on bedrock commonly reflect the 173	
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orientation of bedrock structures and thus cannot be considered as truly independent records 174	

of wind direction. In addition, only clasts which were isolated and not touching other clasts 175	

were considered, because microscale boundary layer disturbances such as the presence of 176	

upwind clasts can significantly modify any abrasive imprints on downwind clasts. On such 177	

isolated clasts (n=49), properties noted included clast lithology, length of a, b, c axes, 178	

ventifact keel orientation (using a compass, uncorrected for declination so as to be compatible 179	

with wind data), ventifact micromorphology, and inferred direction of the most 180	

geomorphically-effective wind. Sand samples (n=13) were collected from surrounding beach 181	

and dune surfaces in order to calculate the general threshold velocity of wind transport in the 182	

region. Samples were analysed in the lab for grain size parameters using a Mastersizer 3000 183	

laser granulometer, with a detection range of 0.01–3080 µm. Samples were also analysed for 184	

CaCO3 content by mass loss following combustion at 950oC for 1 hr in a muffle furnace. The 185	

purpose behind these sediment analyses was to characterise regional sediment properties in 186	

order to better understand ventifact formation processes; it was not to model sediment 187	

transport or abrasion rates, and thus these data are not discussed in detail.  188	

 189	

Results 190	

Wind data and surface sediments 191	

Across the time period of analysis (1985–2018 inclusively), winds show a strong WSW–ENE 192	

alignment (Fig. 2); 31% of all winds in this period were from the ENE (30–120º) and 42% 193	

from the WSW (210–300º). A significant proportion also comes from the northwest (9% 194	

from 320–340º). Stronger winds (12 knots and above; 6.17 m s-1) account for 31% of the 195	

record, with 52% of these from the WSW and 40% from the ENE. The wind climate is 196	

strongly seasonal, with 45% of winds during the austral summer (DJF) from the ENE in 197	

comparison to just 16% of winds during the austral winter (JJA). The JJA wind climate 198	
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comprises a distinct NW component (320–340º), accounting for 18% of the austral winter 199	

record in comparison to less than 2% during the austral summer. In detail, winds from the 200	

WSW are, on average, stronger than those from the ENE: 10.6 knots and 8.1 knots 201	

respectively. Southwest wind speeds are less aligned to seasons whereas the northeast speeds 202	

are strongly seasonal (Fig. 3). 203	

 204	

Summary data on the properties of surface sediment samples are given in Supplementary 205	

Table 2. Samples are mainly medium grained and well sorted and with a significant (10–206	

21%) CaCO3 content. Based on grain size values (D50 range 220–304 µm; n=13), the 207	

threshold velocity (Vt) for sediment transport by wind can be calculated. This value varies 208	

from 3.9 m s-1 (7.6 kt) to 4.4 m s-1 (8.5 kt) based on sample grain size. Figure 4 shows the 209	

wind rose corresponding to all winds recorded in the period 1985–2018 where the wind speed 210	

classes highlight those winds that are likely unimportant for sand transport here (<7.6 kt), and 211	

those above this threshold. Considering just those winds capable of transporting the local 212	

sand, 36% from the ENE and 48% from WSW. 213	

 214	

Analysis of the drift potential by season highlights the bidirectionality in wind regime (Fig. 215	

4). It shows that resultant drifts are small relative to gross drifts in different directions. This is 216	

consistent with spatial patterns of dunes seen from remote sensing data (Fig. 5). The seasonal 217	

patterns of drift potential were also examined statistically. A 2-sample Kolmogorov-Smirnov 218	

test was run in order to test the null hypothesis that the distribution of wind direction in each 219	

season is from the same continuous distribution. Results of this analysis show statistically 220	

significant differences in all seasons (Table 1). Thus, the null hypothesis is rejected, and the 221	

seasonal drift potential results are determined to be significantly different to each other.  222	

 223	
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Dune dynamics 224	

The digitised positions of transverse dune crests captured at different time intervals show 225	

their net migration over the period of analysis (2003–2018), and also whether there has been 226	

any change in crestline orientation (Fig. 5). For example, at some periods, dune crestlines 227	

show systematic and uniform translation, in which the dunes have migrated in their entirety 228	

in a particular direction (e.g., to NE in Fig. 5D, H). At other time periods, crestline rotation 229	

takes place, in which the dune crestline changes its angle of orientation with respect to the 230	

beach. Anticlockwise rotation, possibly by stronger or more dominant winds from the south, 231	

is seen in Fig. 5B, and clockwise rotation by increased westerly winds is seen in Fig. 5C, and 232	

by northeasterly winds in Fig. 5I. In most cases, the fulcrum of rotation is the most northwest 233	

end of the dune crests, along the vegetation boundary. This implies that the landward 234	

vegetation here acts as a frictional boundary, reducing mobility and thus impacts of changes 235	

in wind climate preferentially drive dynamics along the seaward boundary. 236	

 237	

It is likely that at this mesoscale view, changes in dune geometry are linked closely to 238	

changes in synoptic climate patterns, determining seasonal wind regimes. By comparison 239	

with the changing balance of NE and SW dominant winds over the time period of analysis 240	

(Fig. 3D), phases of directional change in the dune system are linked to periods in which the 241	

most geomorphically-effective winds come from a dominant direction. For example, 242	

consistent dune translation towards the NE between August 2016 and July 2017 (Fig. 5H) 243	

coincides with a period in which both the 50th and 90th percentiles of winds from the SSW are 244	

stronger than those from the NNE (Fig. 3). Based on Sentinel-2 data, the migration rates of 245	

selected dune crests that are clearly resolved on all images can be analysed (Fig. 6). Over 246	

short (2016–2018) and long (2003–2018) timescales, dunes show different patterns of 247	

migration. These changes are statistically significant (Table 2). Over short time periods, 248	
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average migration rates of 1 to 13 m yr-1 are recorded but there is relatively wide scatter to 249	

these estimates. It is notable however that all of these dunes experience a significant increase 250	

in rate of movement, and some reversal in migration direction, in the year April 2017 to April 251	

2018. The same behaviour can also be seen, though less pronounced, during April 2016 to 252	

April 2017. Both periods exhibit an increased rate in movement to the northeast (April to 253	

September, the austral winter) followed by a reduction in rate, cessation, or even reversal in 254	

direction of movement (October to December/January). This is most clearly illustrated in 255	

dune D where the dune system is at its most constrained between the foreshore and vegetated 256	

hinterland. When the weekly wind climate during these most recent years is considered (Fig. 257	

3D) it is apparent that the periods of enhanced northeasterly movement coincide not with 258	

increased frequency of southwesterlies, but more specifically the reduction in the frequency 259	

of northeasterlies (from ~45% to 20%), and the shift to a northwesterly direction (increasing 260	

from ~10% to 35%). This characteristic of the wind climate occurs in the austral winters of 261	

both 2016 and 2017. Both periods also see a reduction in the frequency of higher wind speeds 262	

from the northeast, but with no appreciable change in the strength of southwesterlies. The 263	

austral summer, when northeasterly winds dominate, aligns with the cessation in dune crest 264	

movement or some reversal to a southwesterly movement. The short-term evidence indicates 265	

that the movement of these dunes is driven by seasonal shifts in wind climate, and the extent 266	

to which net movement occurs year to year is likely dependent on a combination of both 267	

frequency and strength of northeasterlies versus southwesterlies from summer to winter. 268	

 269	

Over longer annual to interdecadal timescales, migration rates are more variable, and in one 270	

case (dune A; Fig. 6) there is weak evidence of a net southwesterly movement over the last 271	

15 years. Overall and based on their morphodynamic behaviour, these dunes can best be 272	

described as translatent dunes, in which they migrate oblique to seasonal wind direction (Fig. 273	
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5) but with no change in the dune outline morphology (Hunter, 1977). Supratidal sediment 274	

pathways to the northeast and southwest of the dune system are limited as the sedimentary 275	

backshore disappears; the foreshore also narrows and becomes dominated by intertidal rock 276	

platforms. It therefore seems likely that northeasterly or southwesterly wind-blown sediment 277	

is transported into the nearshore zone, and subsequently transferred to the adjacent foreshore. 278	

 279	

Ventifacts 280	

Ventifacts were mapped on deflated clast-covered surfaces located between the translatent 281	

dunes and within the supratidal zone (Fig. 7). The deflation surfaces are generally flat to 282	

slightly bowl-shaped, have irregular outlines determined by the margins of adjacent dunes, 283	

and are elongate obliquely perpendicular to the shoreline (e.g., Cooper et al., 2013). The 284	

deflation surfaces themselves are 20–25 m wide and 60–75 m long with clearly defined 285	

landward ends, terminating in ramp dunes, and open and more poorly defined seaward ends. 286	

On these surfaces,	sandstone and mudstone bedrock occasionally outcrops, and detached clast 287	

density and size varies spatially but with no particular patterns. Thermal weathering by 288	

exfoliation and fracturing is observed on both sandstone and basalt clasts (Fig. 8).  289	

 290	

A sample of 49 ventifacts was measured from two adjacent deflation lags (Fig. 1). Not all 291	

morphometric properties were clearly observed on all sampled ventifacts. Most ventifacts 292	

were developed on sandstone (71%) with some also on basalt (22%) and siltstone (6%) 293	

(n=49). Basalt is derived from dikes emplaced into the sedimentary units. Ventifacted clasts 294	

range in size from 8 to 110 cm a-axis length, and have different morphologies, with 37% 295	

being bladed, 35% tabular, 16% roller and 12% equant (n=49), using Zingg’s (1935) scheme 296	

(Fig. 9). Each abraded ventifact face (facet) is separated by a convex ridge (keel). The keel is 297	

most commonly linear and varies from sharp (65%) to rounded (18%). Sometimes the keel is 298	
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curved in plan view (12%). Exceptionally, the keel may be absent (4%) (n=49). 299	

Micromorphological forms are also found on ventifact windward and leeward facets, and 300	

several forms can be identified. Pits caused by direct impact of saltating grains are most 301	

common (observed on 45% of all ventifacts). Polish, caused by abrasive rubbing of saltating 302	

grains, is observed on 37% of all ventifacts. Pits and polish are found mainly on windward 303	

facets. Elongate grooves or frets are also observed (on 16% of all ventifacts) but these are 304	

exclusively on leeside facets. Examples of different ventifacts and their surficial features are 305	

shown in Figure 10. It is notable that, as is observed elsewhere along the South African coast, 306	

sandstone surfaces are commonly affected by the development of tafoni weathering forms 307	

(Fig. 10E, G), likely in concert with ventifaction.  308	

 309	

Analysis of ventifact keel orientation shows a clearly preferred directional alignment (57%; 310	

n=40) between N–S and NE–SW (Fig. 11). Where a marked keel and supporting 311	

micromorphological features are present, the direction of the most geomorphologically-312	

effective wind can be identified (n=28). Based on this evidence from the facing direction of 313	

the most abraded facet, the most common wind direction is from W to NW (Fig. 11B). There 314	

is no clear evidence in the field for clast overturning or movement that may impact on 315	

calculated direction of most abrasive winds. The context of the broader dune system is also 316	

important here, as the ventifacts are located to the east of the rock-anchored foreland where 317	

northwesterly winds are effectively channelled between the dune ridges. Winds that are more 318	

important to dune formation and movement (i.e., from the southwest and northeast) are likely 319	

sufficiently modified by the dune topography to mean that the wind is less effective for inter-320	

dune, surface erosion. Westerlies/northwesterlies, which largely occur during the austral 321	

winter (JJA), likely deflate the surface of troughs in addition to abrading the surfaces of 322	

exposed clasts.  323	
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 324	

Discussion 325	

Wind patterns and dune dynamics 326	

Regional wind regimes show pronounced seasonality (Fig. 2) with the strongest and therefore 327	

most geomorphically-effective winds directed from the west (winter) and northeast 328	

(summer). These wind regimes in terms of both their directions and strength show complex 329	

relationships to dune crest migration, with time periods dominated variously by translation or 330	

rotation (Fig. 5). A significant property of these winter-to-summer imprints is that the dunes 331	

seasonally develop slip faces on the downwind side, which are clearly observed on the 332	

remote imagery. Most commonly slip faces are oriented NE, but sometimes to the SW (Fig. 333	

12). In 2018 imagery, some of the dunes appear to have a flat surface with two slip faces. 334	

These observations are not unexpected given the strongly bimodal wind regime, but although 335	

SW winds seem to be dominant in terms of dune asymmetry, winds from the NE are 336	

sometimes strong enough to flatten the crest. These dunes are thus dynamically similar to 337	

‘reversing dunes’ identified in the McMurdo Dry Valleys, Antarctica (Bristow et al., 2010). 338	

The evidence for dune translation and the relative stability in size and location of the beach–339	

dune sand wedge at Kayser’s Beach over the observation period (2003–2018) suggest that the 340	

dunes are sediment-limited and, although there is consistent northeasterly migration over this 341	

time interval, shorter time intervals show more variable migration rates and directions (Fig. 342	

6). The dune ridges are effectively anchored at the NE and SW ends of the beach (near dunes 343	

A and E respectively; Fig. 6), whereas the dunes in the middle and narrowest section of the 344	

beach (near dunes C and D; Fig. 6) are affected by rips which cause beachface erosion, 345	

reducing supratidal accommodation space and likely recycling sediment along the beach via 346	

longshore currents. This beach behaviour can help explain the relative permanence of the 347	

sandy foreland over this 15-year time period (and longer). 348	
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 349	

Dunes that migrate oblique to the prevailing wind direction were termed oblique dunes by 350	

Hunter et al. (1983); but the term translatent dunes best describes this behaviour in which 351	

bedforms migrate without changes in outline morphology, and migration takes place over an 352	

erosional basal surface (Hunter, 1977) which is marked here by the clast lag. Translatent dune 353	

and ripple forms are commonly reported to develop in interdune locations (e.g., Chakraborty, 354	

1993; Mountney and Thompson, 2002; Jones et al., 2016), similar to the geomorphic setting 355	

described here. The calculated long-term dune migration rates of up to 13 m yr-1 (Fig. 6) are 356	

similar to those recorded elsewhere along the southeast coast of South Africa. La Cock et al. 357	

(1992) report rates of 2.2–9.4 m yr-1 for various coastal dune types and locations 358	

(Kwaaihoek), and Tinley (1985, p.207) of 4 m yr-1 for supratidal dunes in Algoa Bay (Port 359	

Elizabeth). Oliver and Garland (2003) considered how the bimodal wind regime along the 360	

eastern South African coast impacts on calculated wind drift potential, and linked this to 361	

different behaviours of embryonic foredune ridges in the supratidal zone. Of the 23 dune 362	

ridges examined in their study, 14 were morphologically stable, three migrated seaward and 363	

six migrated landward in the period July 1993–February 1996.  364	

 365	

Evidence from drift potential analysis (Fig. 4) shows a dominant directional trajectory from 366	

the northeast through the year, with westerly and southwesterly winds more common during 367	

the austral winter and spring. This latter direction corresponds to the direction of abrasive 368	

winds that result in ventifact formation. Varying directions of dune migration (between the 369	

NE and SW sectors; Fig. 5) likely correspond to seasonal variations in wind strength and/or 370	

period from these sectors (Fig. 3). The seasonal variations in drift potential of unvegetated 371	

desert sand dunes has been identified in previous studies, and shown to accurately reflect 372	

field patterns of dune morphology and movement (Barth, 2001; Wang et al., 2002; Hereher, 373	
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2014). Drift potential has been used less commonly as a method of analysis from coastal dune 374	

fields, however, where other environmental factors such as sediment supply, grain size and 375	

vegetation also impact on drift potential and thus dune dynamics (Tabajara et al., 2006; 376	

Martinho et al., 2010; Levin et al., 2017). The calculated directional variability (RDP/DP; 377	

Fig. 4) is lower than that reported from studies of desert dunes (e.g., Al-Awadhi et al., 2005; 378	

Hereher, 2014), but there is no consistent relationship between drift potential and RDP/DP 379	

ratios (Fryberger and Dean, 1979).  380	

 381	

Wind patterns and ventifact development 382	

Ventifacts present on deflation surfaces at Kayser’s Beach are exceptional examples of the 383	

landform, which is likely a function of the strong winds above threshold velocity, and the 384	

relatively soft sandstone clasts available for abrasion. The range of microforms present on 385	

ventifact surfaces reflects abrasion taking place within the saltation curtain. In detail, the 386	

different forms observed reflect the direct impact of sand grains upon the rock surface (pits) 387	

and transport of sand grains over the rock surface (polish, grooves). Sustained abrasion 388	

results in flattening of the upwind facet and the development and sharpening of the ventifact 389	

keel (Knight, 2019). The variable development of ventifact microforms may reflect 390	

differences in rock hardness or length of clast exposure to abrasive winds. Numerical models 391	

indicate both these parameters can influence ventifact morphology (Várkonyi et al., 2016). 392	

Some ventifacts show evidence for wind abrasion on several clast faces (Fig. 10H–J), 393	

possibly reflecting both summer and winter wind flow directions (Fig. 2), but this is not 394	

conclusive. A NNE–SSW keel orientation (Fig. 11A) is broadly shore-parallel and is ~110° 395	

and ~50° from the direction of the most geomorphically-effective winter and summer winds, 396	

respectively, and ~70° from the orientation of dune crests in this area (between dunes B and 397	

C; Fig. 6). Thus, despite their genetic co-relationships, the directional tendencies of winds, 398	
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dunes and ventifacts do not concur. However, the independent determination of dominant 399	

abrasive wind direction, based on ventifact microforms (Fig. 11B), closely matches dominant 400	

winter winds (Fig. 2A). The deflation lags and ventifacts occur at a point where the beach 401	

system is very wide, but also where the coast changes to a more northerly aspect. The rest of 402	

this system is located on a NE–SW trending coastline, but exposure of the broad foreland to 403	

the north may permit northwesterly winter winds (Fig. 2A) to be more active through the 404	

dune troughs.  405	

 406	

Several ventifacts are also observed to have tafoni cavernous weathering forms (sensu Groom 407	

et al., 2015) that are elongate in the direction of the winter westerly wind, and are found on 408	

both windward and leeward faces (Fig. 10E, G, H). Tafoni have been commonly noted on 409	

sandstone bedrock exposures in South Africa, related to variations in moisture availability 410	

(Mol and Viles, 2012). Sandstone clasts also show exfoliation and fracturing by thermal 411	

weathering (Fig. 8). This weathering can be amplified by moisture changes (Halsey et al., 412	

1998), and Moores et al. (2008) show that moisture at the crack tip can initial clast fracturing. 413	

The generally high temperatures and strong desiccating winds, in combination with seasonal 414	

rainfall and episodic wave splash, likely promote tafoni formation and thermal weathering. It 415	

is not clear based on morphology alone whether ventifact abrasion or tafoni weathering 416	

developed first on these clasts.  417	

 418	

Integrated coastal sediment systems: linking dunes and ventifacts and the role of coastal 419	

topography 420	

Ventifacts are formed by sand that is in transport by wind, whereas dunes are formed of the 421	

same sand that has been deposited. Thus, ventifacts and dunes belong to the same beach–422	

dune sediment system (Knight, 2008). Many studies have been concerned with the sediment 423	
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dynamics of linked beach–dune systems (e.g., Leatherman, 1979; Sherman and Bauer, 1993; 424	

Regnauld and Louboutin, 2002; Aagaard et al., 2004; Houser, 2009; Bauer et al., 2012; 425	

Lynch et al., 2013; Walker et al., 2017), focusing exclusively on the dune depositional end-426	

member and its relationship to wind strength, direction and persistence (e.g., seasonality). 427	

This viewpoint of beach–dune systems can be enhanced by adding consideration of ventifacts 428	

and other net erosional forms such as deflation lags (Cooper et al., 2013). The relationships 429	

between ventifacts and translatent dunes at Kayser’s Beach can be seen in this context, in 430	

which development and migration of the dune form (Fig. 7) gives rise to variations in 431	

supratidal beach topography that in turn influences near-surface wind direction and velocity 432	

(e.g., Bauer et al., 2012; Walker and Shugar, 2013). These interactions are evidenced by the 433	

directional mismatch between prevailing regional winds, dune crest orientation, and facing 434	

direction of ventifact facets.  435	

 436	

Previous studies have discussed the mismatch in direction between ventifacts and prevailing 437	

wind direction. For example, in northwest Ireland, two ventifact locations 30 m apart have 438	

keels oriented 90° difference from each other, and neither corresponds to contemporary wind 439	

direction (Knight, 2005). This therefore raises questions in the interpretation of palaeowind 440	

direction from relict (non-active) ventifacts. Different field and modelling approaches have 441	

been used to examine relationships between the presence of dunes as topographic obstacles, 442	

and near-surface wind directions and velocities. Based on field data, Walker and Shugar 443	

(2013) described how asymmetric transverse dunes – morphologically similar to the 444	

translational dunes described this study – can deflect wind flow on the dune leeside. This can 445	

result in shadow and reverse-flow zones within interdune depressions (Wakes et al., 2010). 446	

Because the translatent dunes observed at Kayser’s Beach are asymmetric with a steeper 447	

prograding leeside slip face, there is a clear recirculation cell and reattachment zone, and thus 448	
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they are more similar to the leeside vortices described by Whitney (1978). Under these 449	

conditions, winds can be directed through the interdune hollow and oblique to the dune long 450	

axis (Laity, 1987). This can help explain the offset in orientations observed between regional 451	

winds, dune crests, and ventifacts (Figs. 2, 11). Ping et al. (2014) showed that, under 452	

bidirectional winds, oblique dunes were developed with crestlines aligned 50o from the 453	

resultant sand flux direction. This may suggest that the movement (and, in some time periods, 454	

the rotation) of translatent dunes is related to the interplay between seasonally bidirectional 455	

winds (Fig. 3). In addition, and this is not discussed in the literature at all, supratidal dunes 456	

develop and migrate across a seaward-dipping surface, hence the leeside recirculation 457	

envelope is asymmetric. Furthermore, the dunes themselves at Kayser’s Beach are 458	

asymmetric, with their crest height rising landward and the interdune deflation lag 459	

broadening seaward,	particularly across the foreland where the ventifacts are located. Based 460	

on this, it may be anticipated that wind direction, persistence and strength vary down the 461	

length of the deflation lag, although this has not been tested from field data. The dune 462	

migration rates calculated in this study (1.4 to 14.0 m yr-1) also have implications for the 463	

availability of deflation lag clasts to be potentially ventifacted: as the leading edge of the 464	

dune migrates across the surface, clasts are covered up, protecting them from abrasion (Fig. 465	

7). Likewise, migration of the trailing edge of the dune will progressively reveal these clasts.   466	

 467	

Conclusions 468	

The study site at Kayser’s beach, South African coast, can offer unique insights into co-469	

relationships between wind forcing, translatent dune migration, and ventifact development on 470	

interdune deflation lags. The directional mismatch between these landforms and wind regime 471	

suggests that microtopographic deflection of near-surface winds is a significant control on 472	

sediment transport and thus dune and ventifact development, and thus there are complex 473	
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feedbacks between these different landforms and their responses to wind climate variability. 474	

These feedbacks have not been well examined in previous studies. Crestline migration of 475	

translatent dunes reflects seasonal shifts in wind direction; the facing direction of the most 476	

abraded ventifact facets reflects dominant winter winds only and these landforms evolved 477	

over longer (unknown) timescales when compared to the dunes between which they are 478	

located. The directional mismatch between dunes, ventifacts and contemporary winds further 479	

suggests these landforms exhibit different sensitivities and time lags to wind forcing, and that 480	

neither can be used uncritically as proxies for wind regime. Instead, these landforms are 481	

elements of integrated coastal sediment systems and should thus be considered in 482	

combination and with respect to beach, intertidal and subtidal landforms and processes.  483	

 484	

A key future research direction is better linking these diverse landforms, because they reflect 485	

different elements of coastal sediment systems. Current sandy coast evolutionary models 486	

exclude the presence of ventifacts, despite their potential for recording the effects of wind 487	

abrasion over longer time frames than is usually recorded in the dynamics of supratidal dunes 488	

alone.  489	
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Table 1. Results of 2-sample Kolmogorov-Smirnov test run on seasonal wind climate data 665	

from East London (1985–2017). All results are statistically significant (p<0.05). 666	

 667	

Table 2. Statistical results of dune migration analysis, over different time scales. 668	

 669	
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Fig. 1. Location of the sand dune complex at Kayser’s Beach, southwest of East London, 670	

Eastern Cape, South Africa. 671	

 672	

Fig. 2. (A) Winter (JJA) and (B) summer (DJF) wind rose recorded in East London (1985–673	

2017) (source: Met Office MIDAS Global Weather Observation Data catalogue). 674	

 675	

Fig. 3. (A) Monthly frequency distribution of winds from the northeast versus those from the 676	

southwest (2003–2018); (B) median wind speeds of winds from the northeast versus those 677	

from the southwest (2003–2018); (C) 90th percentile wind speeds of winds from the northeast 678	

versus those from the southwest (2003–2018); (D) detailed breakdown of dominant wind 679	

directions by quadrant for the period Oct 2015 to July 2018 (time period boxed in panel A), 680	

also indicating dune response (Fig. 4). Italicised time periods B–J shown in panel (A) 681	

correspond to the time periods of dune crestline changes mapped in Fig. 5.  682	

 683	

Fig. 4. Illustration of drift potential (DP) vector unit (VU) results, calculated using the 684	

method of Fryberger and Dean (1979). RDP – resultant drift potential, RDD – resultant drift 685	

direction.  686	

 687	

Fig. 5. Changing position of dune crests, as digitised from aerial photography (2003–2018). 688	

Solid line indicates crestline position at that particular time; dashed line indicates crestline 689	

position at the previous time period.  690	

 691	

Fig. 6. Analysis of dune crest migration patterns (2003–2018) for selected dunes A–E; note 692	

variable scales on y axes of graphs. Intra- to interannual analysis (left column) using Sentinel-693	

2 data: the y axis relates to a south to north relative position. Annual to decadal analysis (right 694	
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column) achieved using high resolution satellite imagery and aerial photography available 695	

through GoogleEarthPro.  696	

 697	

Fig. 7. Examples of deflated supratidal surfaces located between the translatant dune ridges at 698	

Kayser’s Beach. (A–C) Examples of the relationships between deflation surfaces and 699	

adjacent dunes, (D) example of sandstone boulders being progressively buried by migrating 700	

dune margin.  701	

 702	

Fig. 8. Examples of thermal weathering on sandstone clasts. Pencil is 15 cm long, trowel is 703	

32 cm long. (A, B) Exfoliation flakes on ventifact surfaces; (C, D) thermal-induced fractures.  704	

 705	

Fig. 9. Zingg plot of the morphologies of different ventifacts based on measurement of their 706	

a, b and c axes (n=49).  707	

 708	

Fig. 10. Examples of different ventifacts observed at Kayser’s Beach. Pencil is 15 cm long, 709	

trowel is 32 cm long. (A) Basalt clast with polished windward edge (right) and elongate 710	

surface frets; (B) basalt clast with pits and polish; (C) sandstone clast with curved (S-shaped) 711	

keel; (D) sandstone clast with very sharp keel; (E) sandstone clast with sharp keel and large 712	

weathering pits (alveoli); (F) sandstone clast with triangular, sharp keel (dreikanter); (G) 713	

sandstone clast with curved keel and prominent alveoli; (H) sandstone clast with two parallel 714	

keels, frets and alveoli; (I) sandstone clast with polish, frets and a sharp keel that cuts across 715	

bedding planes; (J) sandstone clast with frets and polish; (K) sandstone clast with polish and 716	

a smooth, rounded keel; (L) basalt clast with cross-cutting frets.  717	

 718	
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Fig. 11. (A) Rose plot of the orientation of ventifact keels (n=40), and (B) reconstructed 719	

prevailing wind flow direction, where known, based on ventifact morphologies, including 720	

their keel and micromorphological features (n=28).  721	

 722	

Fig. 12. Illustration from Google Earth imagery of detailed dune face dynamics at different 723	

time slots. Scale bar is appropriate for all panels. 724	

 725	

Supplementary Table 1. Dates of imagery from different sources used in this study. 726	

 727	

Supplementary Table 2. Summary data on surface sediment samples from Kayser’s Beach, 728	

Eastern Cape, South Africa. 729	

 730	

 731	
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 735	
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Table 1. Results of 2-sample Kolmogorov-Smirnov test run on seasonal wind climate data 
from East London (1985–2017). All results are statistically significant (p<0.05). 

Months DJF MAM JJA SON
DJF 0.0173 0.0217 0.0219
MAM 0.1931 0.0165 0.0168
JJA 0.4143 0.2239 0.0213
SON 0.0974 0.1067 0.3306



Table 2. Statistical results of dune migration analysis, over different time scales. 

Intra- to interannual Annual to decadal
Dune Rate (m yr-1) R2 p-value Rate (m yr-1) R2 p-value
A -0.86 0.01 0.55 -3.20 0.60 0.003
B 13.20 0.78 <0.001 12.30 0.97 <0.001
C 7.30 0.50 <0.001 5.50 0.86 <0.001
D 10.20 0.43 <0.001 6.00 0.96 <0.001
E 3.70 0.20 <0.001 4.00 0.95 <0.001



JK designed the study and did the fieldwork. HB did the remote sensing and dune analysis, JK did 
analysis on ventifacts. Both authors wrote the paper. 

This study was previously presented as a talk at EGU in 2018, hence an abstract (Copernicus) probably 
exists somewhere on this topic.



Supplementary Table 1. Dates of imagery from different sources used in this study.

GoogleEarthPro Sentinel-2

2003-03-24 2015-10-20 2017-04-12 2017-10-14 2018-04-02 2018-07-21

2011-09-02 2016-01-08 2017-04-22 2017-10-19 2018-04-07 2018-07-26

2013-09-02 2016-03-28 2017-05-02 2017-10-24 2018-04-12 2018-07-31

2015-08-28 2016-04-27 2017-05-22 2017-11-08 2018-04-22 2018-08-25

2016-04-15 2016-05-27 2017-06-01 2017-11-18 2018-04-27 2018-08-30

2016-08-23 2016-06-06 2017-06-11 2017-11-23 2018-05-17 2018-09-04

2017-07-19 2016-06-16 2017-06-21 2017-11-28 2018-05-22 2018-09-14

2017-10-14 2016-06-26 2017-07-11 2017-12-08 2018-06-01 2018-10-04

2018-05-06 2016-08-25 2017-07-21 2018-01-02 2018-06-11 2018-10-09

2018-09-28 2016-09-24 2017-07-31 2018-01-07 2018-06-16 2018-10-14

2016-10-04 2017-08-10 2018-01-17 2018-06-21 2018-10-19

NGI OSM 2016-11-13 2017-08-15 2018-02-01 2018-06-26 2018-10-24

2010-06 2016-12-03 2017-08-20 2018-02-06 2018-07-01 2018-10-29

Estimated 2016-12-13 2017-08-30 2018-02-16 2018-07-06 2018-11-03

as undefined 2016-12-23 2017-09-19 2018-03-13 2018-07-11 2018-11-08

2017-03-03 2017-09-29 2018-03-28 2018-07-16 2018-11-23

2017-04-02



Supplementary Table 2. Summary data on surface sediment samples from Kayser’s Beach, Eastern Cape, South Africa. 

Sample # Location D50 (D10–D90) (μm) Kurtosis Skewness Sample descriptor CaCO3 
content (%)

1 Intertidal zone 226 (154–332) Mesokurtic Near symmetric Well sorted, fine grained 10.59
2 Intertidal zone 239 (159–363) Mesokurtic Near symmetric Well sorted, fine grained 12.15
3 Intertidal zone 296 (193–449) Mesokurtic Near symmetric Well sorted, medium grained 19.61
4 Intertidal zone 220 (152–317) Mesokurtic Near symmetric Well sorted, fine grained 11.11
5 Dune foot 275 (173–438) Mesokurtic Near symmetric Moderately well sorted, medium grained 19.91
6 Dune windward 

face
252 (161–399) Mesokurtic Near symmetric Moderately well sorted, medium grained 14.60

7 Dune crest 264 (175–398) Mesokurtic Near symmetric Well sorted, medium grained 17.34
8 Dune crest 289 (181–460) Mesokurtic Near symmetric Moderately well sorted, medium grained 21.60
9 Dune foot 261 (173–394) Mesokurtic Near symmetric Well sorted, medium grained 14.21
10 Dune foot 270 (174–422) Mesokurtic Near symmetric Well sorted, medium grained 21.13
11 Dune leeside 260 (169–398) Mesokurtic Near symmetric Well sorted, medium grained 15.48
12 Dune leeside 260 (172–393) Mesokurtic Near symmetric Well sorted, medium grained 20.24
13 Dune foot 304 (193–478) Mesokurtic Near symmetric Moderately well sorted, medium grained 19.58


