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			Palaeomagnetic data from Klasies River main site Cave 1 (Eastern Cape Province, South Africa) are reported. Natural remanent magnetisation directions obtained from 77 oriented samples were determined by progressive alternating field demagnetisation methodology. Three palaeomagnetic samplings from the Witness Baulk from the Middle Stone Age (MSA) Late Pleistocene White Sand member and the Holocene Later Stone Age (LSA) middens in Cave 1 were dated and analysed to obtain the palaeomagnetic directions recorded in the sediments. Here we provide new optically stimulated luminescence (OSL) dates for the White Sand Member, and new accelerator mass spectrometry (AMS) radiocarbon dates for the LSA midden of areas not previously dated. The palaeomagnetic analysis took into account rock magnetism and directional analysis. The former reveals that the main magnetic carrier was magnetite; the latter shows that characteristic remanent magnetisation of normal and anomalous directions were observed in the lower portion of the White Sand Member and LSA midden. Normal directions correspond to the palaeosecular variation record for South Africa during the Late Pleistocene. On the other hand, the anomalous directions recorded in the LSA midden might represent the likely Sterno-Etrussia geomagnetic field excursion which occurred during the Late Holocene and is observed in other places on the planet. Finally, the directional data obtained are a potential tool for discussing the age of deposits corresponding to those periods.

			Significance: 

			
					•	New dates confirm and extend previous age determinations for the LSA and White Sand Member from Klasies River 
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			Introduction

			In earth’s history, the Late Pleistocene and Holocene cover the last ca 126 000 years. This period has seen major cultural developments as recorded in the Middle Stone Age (MSA) and Later Stone Age (LSA). A number of techno-complexes are used to describe such changes on a broad level; for example, Still Bay and Howiesons Poort in marine isotope stage (MIS) 4 (75 000–58 000 years ago)1-3 of the MSA and Wilton and post-classic Wilton of the LSA that occur within marine isotope stage 14. Refining chronologies are vital to understand cultural change. For example, while the technological characteristics of the MSA Still Bay and Howiesons Poort are comparatively well described, its chronostratigraphic boundaries are debated as different dating methods indicate longer or shorter chronologies.5-7 For the LSA, discussions revolve around nomenclature more than temporal boundaries,4 but here too there could be a closer understanding of cultural change through time. There is thus an opportunity to expand the methodological range to obtain more perspectives on chronological resolution in the South African MSA and LSA. Here we focus on the use of palaeomagnetic features as distinguishing and chronological markers at Klasies River main site for a Late Pleistocene MSA and a post-classic Wilton occurrence. 

			During the rock and sedimentary sequences formation process, certain minerals lock in a record of the direction and intensity of the geomagnetic field (GMF). Diverse kinds of palaeomagnetic investigations are carried out on sedimentary deposits, because at the moment of its formation, magnetic minerals were magnetised parallel to the GMF. In this way, the sediments provide data on different GMF features, such as palaeosecular variations, excursions and reversals occurring through the history of the earth.8 Actually, the GMF has alternated between periods of normal polarity, in which its direction was the same as it is at present, and reverse polarity, in which the field was the opposite. These periods are called chrons, and their durations vary from thousands to millions of years. If compared with high magnitude modifications such as reversals, secular variations are the small changes occurring slowly and progressively in all parts of the GMF with time scales in the order of decades to millennia. The strength and direction of the total field vary as a result of changes in strength and direction of the dipole and non-dipole components. Hence, there is a global signature to the secular variation but also significant differences.9 Disturbances spanning a short time period that do not result in reversal are called geomagnetic excursions. Detailed knowledge of these excursions has important geomagnetic and stratigraphic implications, becoming useful as a magnetostratigraphic geochronological tool.10-15 

			Spanning the last 780 000 years, during the Brunhes Chron, the GMF polarity has been ‘normal’ as it is now. However, there has been a number of occasions when the GMF either briefly reversed or behaved anomalously. This fact indicates that this normal polarity has been interrupted by significant departures from the dipole field configuration.10,16-18 These departures are considerably larger than those seen in secular variations observed during historical times, and sometimes even attain opposite polarity, originating in GMF excursions. By definition, the excursions are short intervals of anomalous field directions that occur within a broader period of ‘stable’ normal or reversed magnetic polarity.18-22 However, while certain excursions are known to be global, others may have been on a continental scale only. During the Brunhes Chron, several anomalous records were observed in different materials, times and places.16,17,19,23

			In South Africa, palaeomagnetic research related to palaeoanthropological and archaeological investigations was employed to date sites and localities that yielded evidence of the oldest hominin remains going back to the terminal Miocene and Pliocene.24-26 However, its use in sequences spanning the Pleistocene and Holocene is scarce. As part of a research programme aimed to deepen the knowledge of the GMF behaviour during these geological epochs in different places of the world,27-32 a number of archaeological and geological sedimentary sections in South Africa were sampled. As a result of this investigation, here we report the preliminary results of the detailed research performed at the Klasies River (KR) main site on the southern coast of South Africa. 
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			Site description and sampling

			KR is situated on the Tsitsikamma coast between the mouth of the Klasies River and Druipkelder Point in the Eastern Cape Province (Figure 1). Main site (34°06.30’S; 24°23.26’E) comprises two caves – Caves 1 and 2 – and two overhangs (termed Caves 1A and 1B) – features within and against a Table Mountain sandstone cliff that faces the Indian Ocean. At KR main site the MSA consists of a well-stratified 20-m sequence33 whereas the LSA was deposited only in Cave 1 between ~4800 BP and 2500 BP34. Main site (Figure 2) was excavated by Wymer in the 1960s34, by Deacon between 1984 and 201033,35,36, and, since 2013, by Wurz. Deacon divided the stratigraphy into a series of members formed by sediments of similar lithology, including the Light Brown Sand (LBS), Shell and Sand (SAS), Rockfall (RF), and Upper and White Sand (WS) members. Above the WS member in Cave 1 a LSA midden occurs that has been excavated and numbered from Layers 12 to 1 by Singer and Wymer34. An area of the LSA midden was excavated by Binneman37. The samples analysed for this paper are from the Witness Baulk in Cave 1 (Figure 2), in particular the WS member, termed Layer 13 by Singer and Wymer34, and the LSA deposits that overlie this member (Supplementary figure 1). 

			[image: Fig._1.jpg]

			Figure 1:	Location of Klasies River sites in South Africa (34°06.30’S; 24°23.26’E).
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			Source (upper panel): Modified after Deacon and Geleijnse33

			Figure 2:	(upper) Map of Cave 1 showing the location of the three palaeomagnetic samplings in the Witness Baulk. (lower) Close-ups of the three palaeomagnetic and dating samplings (OSL and C14).

			The Witness Baulk is located along the central part of the cave in a north–south direction (Figure 2 and Supplementary figure 1) and contains the LBS, SAS, WS members and two LSA middens. The LBS and lower part of the SAS member consists of in-situ deposits, but the upper part (SASW sub-member) was formed by talus material from Cave 1A deposits. These talus deposits blocked the entrance of Cave 1, and during much of MIS 5, 4 and 3, the cave was not open for habitation. During a phase when the cave was open, the WS member was formed on top of the SAS member by clean, light-coloured aeolian sands with silt lenses.34(p.27) The sand is typical of a regressional fine-grained aeolianite, that may indicate a retreating sea level which was initially near the cave but eventually quite distant.38(p.147) Calcareous suspended material that formed in pools of standing water near the rear of the cave associated with this member is also present. The WS member (Layer 13) was presumably deposited after a period of major erosion of the MSA III deposits in Cave 1A. The main reason for this inference is that there is no trace of similar sands in the stratigraphy beneath Cave 1A.34(p.114) Before excavation, the WS member had a maximum thickness of close to 1 m in the western part of the cave34(p.9) and it thinned out towards the east section. The WS member contains what is known as the MSA IV industry with predominantly quartzite artefacts in the size range of those of Howiesons Poort. The MSA IV has proportionally fewer blades than points, with the latter described as ‘unusually small’34(p.114). There are no archaeological features such as hearths supporting a geological origin for the bulk of this member, and archaeological material occurs mostly near the base.38 Bada and Deems39 provided an aspartic acid racemisation date of 65 ka for a sample taken 1.5 m below the surface of the Witness Baulk in the WS member. An optically stimulated luminescence (OSL) date of 70.7±7.4 ka was obtained by Feathers40 (Supplementary table 1). Here we report on new single-grain OSL dating and the palaeomagnetic orientation of samples from this member. New radiocarbon dating of the LSA and WS member in the areas sampled for palaeomagnetic investigation was undertaken to ensure the accurate contextualisation of the palaeomagnetic data. The dates obtained by Singer and Wymer34 and Binneman37 as presented in Table 1 originate from other areas of these deposits. A hiatus, associated with grey flowstones and stalagmitic structures, occurred after the deposition of the WS member, implying that the cave must have been essentially closed off at this time.38 Wave erosion associated with the rise of the sea level in the mid-Holocene removed blocking aeolianite or shell midden deposits and re-opened the cave. 

		

	
		
			

			Table 1:	Uncalibrated radiocarbon dates from Later Stone Age (LSA) Phase I and II in Klasies River Cave 134,37 and new radiocarbon dates for the LSA midden (bolded)

			
				
					
					
					
					
					
					
				
				
					
							
							Cultural attribution 

						
							
							Depth 

						
							
							Type of sample 

						
							
							Laboratory reference 

						
							
							BP

						
							
							Calibration BP 

						
					

					
							
							LSA I

						
							
							Layer 7

						
							
							Charcoal

						
							
							GX-0973 

						
							
							4695±180 

						
							
							X

						
					

					
							
							LSA I 

						
							
							Layer 10

						
							
							Charcoal

						
							
							GX-0970 

						
							
							4755±95 

						
							
							X

						
					

					
							
							LSA I

						
							
							Binneman base

						
							
							Charcoal

						
							
							Pta-3905

						
							
							3780±60

						
							
							X

						
					

					
							
							

						
							
							-120 mm from current surface

						
							
							Charcoal

						
							
							Poz-64220

						
							
							3425±35

						
							
							3812–3800, 3721–3550 (94%), 3534–3492 (5%) (curve SHCal13) 

						
					

					
							
							

						
							
							-120 mm from current surface

						
							
							Charcoal

						
							
							Poz-64221

						
							
							3605±35

						
							
							3974–3810 (77%), 3802–3720 (23%) (curve SHCal13) 

						
					

					
							
							LSA II 

						
							
							Layer 1 

						
							
							Charcoal

						
							
							GX-0969 

						
							
							2525±85 

						
							
							X

						
					

					
							
							

						
							
							-150 mm from current surface

						
							
							Shell

						
							
							Poz-64222

						
							
							2655±30

						
							
							2451–2280 (mean prob. = 2340) (marine 13 curve - Delta R = 400) 

							2276–1932 (mean prob. = 2084) (marine 13 curve - Delta R = 615) 

						
					

					
							
							LSA II 

						
							
							Surface of Layer 7

						
							
							Shell

						
							
							GX-0971 

						
							
							2795±85 

						
							
							x

						
					

				
			

			

			The three new C14 samples were calibrated with Calib radiocarbon package. Poz-64220 and Poz-64221 samples (both charcoal samples) were calibrated with SHCal13 curve. The multiple age ranges for Poz-64220 and Poz-64221 refer to different intersections of the dates in one of the SHcal13 curve plateaus. The shell sample Poz-64222 was calibrated with the default Delta R=400 and from the data from south of Hout Bay (the nearest reference for KR) where the Delta R is 615.

			Table 2:	New dates based on optically stimulated luminescence

			
				
					
					
					
					
					
					
					
				
				
					
							
							Laboratory reference

						
							
							Depth below top of White Sand Member (mm)

						
							
							Number of grains

						
							
							Equivalent dose†

						
							
							Over-dispersion from central age model (%)

						
							
							Dose rate (Gy/ka)

						
							
							Date (ka)

						
					

					
							
							UW3113

						
							
							150

						
							
							146

						
							
							60.2±2.6

						
							
							45±4

						
							
							0.90±0.05

						
							
							66.5±4.8

						
					

					
							
							UW3114

						
							
							450

						
							
							106

						
							
							55.7±2.9

						
							
							36±5

						
							
							0.99±0.05

						
							
							56.3±4.6

						
					

				
			

			

			†Determined from central age model for UW3114, and by the largest component of the finite mixture model for UW3113.

			The LSA shell midden debris formed in two major episodes, documented in Layers 1 to 12.34 Singer and Wymer34 excavated a significant portion of the LSA middens, and subsequently Binneman37 undertook a square-metre excavation of the middens in the eastern profile of the Witness Baulk, approximately at Square B of Singer and Wymer’s Main Cutting34(Figure 3.2) (Supplementary figure 1). The lower midden, LSA I (Layers 7–12), consists of abundant marine shell with thin ash layers34,38 (also see Supplementary figure 1). The lower midden is more compact than the upper midden. The top of Layer 7 contains crushed shell and lime cementation that had occurred on the surface, indicating a break in deposition. Carbon-14 (C14) dating undertaken by Singer and Wymer34 for Layers 7 and 10, and a further date by Binneman37 for the base of the midden, indicate occupation at between 4800 BP and 3700 BP (Table 1). 

			The upper LSA midden – LSA II (Layers 1–6) – originally had a depth of about 1.5 m, but a part of this deposit has been eroded away from the Witness Baulk (Supplementary figure 1). A temporary high sea level (+4 m) that occurred not too long after 2450 BP between Layers 4 and 3 destroyed much of the MSA and LSA deposits as a result of storm-wave erosion.38(p.146) The top midden dates to between 2500 BP and 2800 BP (see below Table 1). As explained above, new accelerator mass spectrometry (AMS) dates for charcoal and shell samples associated with the palaeomagnetic studies have been obtained for the LSA middens, and are reported on below. 

			The LSA middens are associated with typical ‘informal’ southern Cape coastal stone tool assemblages characterised by low levels of curation and ‘unstandardised’ artefacts and described as the ‘Kabeljous’ industry. This industry sometimes occurs contemporaneously with the Wilton industry on the coast.37(p.151) In the Kabeljous industry, formally retouched tools are few, but the thick-backed scraper-knives, sometimes termed giant crescents34(p.127), are quite distinctive.37 In addition to stone artefacts, Singer and Wymer34 recorded and described querns, pounders, a bored stone, a grooved stone, a slate palette, ostrich egg shell beads, a perforated cowry and sinkers. Bone tools occur in significant proportions in both the upper and lower middens. 
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			Dating

			The palaeomagnetic research performed in KR Cave 1 provided an opportunity to obtain additional AMS and single-grain OSL dates for the LSA middens and the upper part of the WS member of the Witness Baulk relating to the sampling. However, the main purpose of the new dating samples was to accurately contextualise all the palaeomagnetic results that will be discussed below.

			Both LSA middens and the WS member have been dated previously. The previous and new C14 and OSL dating results are synthesised in Tables 1 and 2 and Supplementary table 1. For the new AMS dates – Poz-64220 and Poz-64221 – a similar age should be expected, as the charcoal samples taken were from a similar height (Figure 2). Indeed, this is the case; in Table 1 it is shown that both samples date to ~3500 BP. The date for Square D Poz-64222 is more recent (~2600 BP). The LSA midden thinned out towards the back of the cave (Supplementary figure 1). What is preserved at present is an uneven eroded surface of the deposit that Singer and Wymer excavated (Supplementary figure 1). Poz-64222 therefore represents a more recent layer of the LSA midden, even if it is slightly lower than those of the other two layers. 

			The new C14 and OSL dates largely confirm previous chronological assessments. Our C14 dates for phase I are somewhat younger than those obtained by Singer and Wymer34, but similar to that of Binneman37. Poz-64220 and Poz-64221 date to ~3500 BP, the Binneman37 date is 3780±60 BP, whereas the Singer and Wymer date is about 4800 BP. It must be taken into account that the dates by Singer and Wymer and Binneman result from conventional C14 dating whereas the new dates were obtained with the AMS technique. For LSA II, our date for Poz-64222 is 2655±30 BP – also slightly younger than that obtained by Singer and Wymer (2795±85 BP) for the surface of Layer 7. These dates may indicate that the LSA I at Klasies River occurred until 3500 BP, and that LSA II lasted until closer to 2000 BP than previously estimated. 

			For the Witness Baulk, two samples for OSL dating were taken at different depths adjacent to palaeomagnetic sampling KR1 and KR2 (Table 2, Supplementary tables 2–7 and Supplementary figure 2). The two OSL dates, UW3113 and UW3114, were derived from 180–212-µm single-grain quartz. The equivalent dose was determined on more than 100 grains for each sample. Using an over-dispersion of 30% (from dose recovery) as typical for a single-aged sample, a finite mixture model showed that all grains for UW3114, and 94% of grains for UW3113, were consistent with a single component (Supplementary figure 2). This argues for well-bleached, unmixed samples. Using a weighted average (central age model) for the equivalent dose and dividing through by the bulk dose rate provides the ages given in Table 2. While nearly within 1σ error terms, the two dates are inverted stratigraphically. Both, however, are within 1σ of the date reported by Feathers40. This inversion might be partially caused by the dose rate. The dose rate of the sample was assumed to be characteristic of the samples’ entire radioactive environment, which may not be fully true, especially for UW3113 which is close to the shell midden. Details of the dating method are given in the supplementary material.
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			Palaeomagnetic study

			Sampling procedures

			The palaeomagnetic samples were taken from the fine sediments of the eastern profile exposed by Singer and Wymer’s main cutting (see their Figure 2.134; see also Figure 2 and Supplementary figure 1). Most of the deposit is formed by fine-grained sand with lenses of silt and clay, which are interbedded by thin lenses of fine gravel. The sampling was performed in the upper layers of the WS member and the back slope area of the overlying LSA midden relating to Singer and Wymer’s Squares C and D.

			Three palaeomagnetic samplings named KR1 (n=43), KR2 (n=28) and KR3 (n=8) were taken (Figure 2). KR1 and KR2 were collected in Singer and Wymer’s Square C, and KR3 in a well-defined, and apparently undisturbed, stratum from Square D close to the stalagmite (Figures 2 and 3). The LSA midden was sampled in KR1 (#1–9), KR2 (#1–4) and KR3 (#1–8). The WS member was sampled in the same areas in KR1 (#10–43) and KR2 (#5–28) below the LSA. In the WS member, the interbedded levels of gravels were not sampled, and cores (KR1 #25–27, #37–42 and KR2 #26–30) were taken from the silt and clay levels. The cores were taken vertically using 25-mm long and 20-mm diameter cylindrical PVC plastic containers. In KR1 and KR3, the cylinders were carefully pushed into the sediments, overlapping each other by about 50%. In KR2, each core was sampled continuously without overlapping. The sample’s orientation was measured using a Brunton compass. Samples were consolidated with sodium silicate once removed and they were numbered from the top to the bottom. The depth of each sample is depicted in Figure 2. One sampling – named RM – was taken nearby to KR1 for rock magnetic analysis. The samples (n=12) were taken with an interval of ~50 mm. 

			Rock magnetic study

			This analysis was performed using the variation of magnetic suscep­tibility with frequency, which is a tool to identify small magnetic particles in the superparamagnetic state (SP). Because the grain size distribution follows a lognormal distribution, the presence of these SP particles is indicative of bigger particles whose grain size is in the stable single domain state (SSD),41,42 and which are very good magnetic carriers of remanence.

			Samples were measured in the susceptibilimeter AGICO model MK1-FA. Several amplitude fields ranging from 5 A/m to 700 A/m in f1 (=1000 Hz), 5 A/m to 350 A/M in f2 (=4000 Hz) to 200 A/m in f3 (=16 000 Hz) were used. The parameter χfd% (percentage difference of susceptibility with frequency) is calculated according to:

			χfd%= 100 x [(χlf - χhf ) / χlf ], 

			where χlf is the magnetic susceptibility in low frequency and χhf is the susceptibility in high frequency. The resulting measurements are shown in Supplementary table 8. 

			For magnetite, the parameter χfd% was correlated with grain size in the limit SP/SSD when the frequencies ranged between 1000 Hz and 16 000 Hz at ambient temperatures. Figure 3 shows the variation of susceptibility with temperature for the RM2 sample; the drop near 580 °C is an indicator of magnetite as the main magnetic carrier. When SSD concentration is high, a peak near 580 °C is apparent – this is named Hopkinson peak. The fact that the Hopkinson peak is suppressed can be related to SP grains, because this sample has the higher χfd%. Most of the samples show values higher than 10% in f1f3 frequencies and values higher than 6% in f1f3 frequencies; only two samples – RM10 and RM12 – exhibited lower values for χfd% in both differences in frequency. In these samples it can be argued that the concentration of SP fraction is lower; therefore the concentration of viscous grains is also lower. 

			[image: Fig._3.jpg]

			Figure 3:	Thermomagnetic curve showing the variation of magnetic susceptibility with temperature for sample RM2.

		

	
		
			

			Remanence directions analysis

			All samples were subjected to detailed stepwise alternating field (AF) demagnetisation in progressive steps of 3, 6, 9, 12, 15, 20, 25, 30, 40 and 60 mT with a three-axis static degausser attached to a 2G cryogenic magnetometer (755 R). Additional steps of 80 mT, 100 mT and 120 mT were used for some specimens. The KR samples showed a common pattern with similar reliable magnetic behaviour. Most samples from the LSA midden had a gradual decrease of magnetisation with almost all remanence erased at 30 mT (KR1 1; KR2 1; KR3 3, 5; Figure 4a,k,o–p); from the WS member, a few samples at 30–40 mT (KR1 27, 31, 33, 42; Figure 4f–g,i–j), and most samples between 50 mT and 60 mT (KR1 13, 25; Figure 4d–e), while a few indicate a drop at 80–120 mT (KR1 32; KR2 9, 10; KR3 7; Figure 4h,m,n,q). 

			[image: Fig._4.jpg]

			NRM, natural remanent magnetisation

			Figure 4:	Vector component diagrams of alternating-field demagnetisation behaviour for representative samples from KR Cave 1: (a–j) KR1, (k–n) KR2 and (o–q) KR3. The totality of the vector projection diagrams illustrated in the figures is directional data with corrected field. Blue and green symbols correspond to projection on the horizontal and vertical planes, respectively.

			Palaeomagnetic directions were determined by the ‘Remasoft 3.0 palaeo­magnetic data browser and analyzer’ computer program.43 Some specimens were not processed because their orientation marks were lost (KR2 1 and 2), or because they were too unstable to isolate directions (KR1 30; KR3 4; Figure 5). The characteristic remanent magnetisation (ChRM) directions were calculated using principal components analysis.44 In most cases, a ChRM could be defined trending in the Zijderweld diagrams towards the coordinate’s origin (e.g. KR1 1, 5, 13; KR2 10; KR3 5, 7; Figure 4a–c,n,p–q). The samples shown in Figure 4 were highly reliable, displaying similar patterns of univectorial behaviour in the vector diagrams projection (KR1 4, 27, 33; KR2 10; Figure 4b,f,i,n). Others had two magnetic components with one decaying to the origin in the vector diagrams projection (KR1 1, 5, 32; KR3 5; Figure 4a,c,h,p). Four samples (namely KR1 5, 32; KR3 5; Figure 4c,p) displayed two magnetisation components with different directions. As described in Supplementary table 9, the secondary (‘soft’) component in three samples recorded a normal GMF position while the ‘hard’ magnetisation is interpreted as an early remanence acquired during formation of the sedimentary deposit. A viscous secondary component easily removed in a few samples (KR1 1; KR2 1; KR3 7; Figure 4a,k,q) between 3 mT and 12 mT was not considered further. There was one sample with three magnetic components; one of which (KR1 13; Figure 4d) appears to decay to the origin. Finally, a few specimens exhibited residual directions not erased at demagnetisation fields of 40–50 mT, causing some deviation away from the origin. Nevertheless, they do not affect the isolated ChRM (e.g. KR1 25, 31; Figure 4e,g). Despite the rejection, it is important to point out that the KR1 30 stereoplot illustrated in the upper panel of Figure 5 shows more than one component contained in a very low inclination plane. In this regard, the two magnetisations observed in this rejected sample are in agreement with the two components recorded in a nearby specimen (i.e. KR1 32; Figure 4h) and the anomalous directions observed until KR1 33. Many samples showed either a high (e.g. KR2 10; Figure 4n) or a low negative (e.g. KR1 1, 27, 33; Figure 4a,f,i), and positive inclinations (e.g. KR1 32; KR3 7; Figure 4h,q). Most samples yielded a normal direction (KR1 1, 4, 13, 27; KR2 1, 3; Figure 4a–b,d,f,k–l), a few samples showed northwesterly (KR1 5; Figure 4c), northeasterly or easterly directions (KR1 1, 31; KR2 10; Figure 4a,g,n), several of which had steep inclinations (KR1 1, 27, 33; KR2 1; Figure 4a,f,i,k). Oblique reverse and reversed or ‘anomalous’ southward directions were found in various cores from KR3 (7; Figure 4q) and the upper portions of KR2. The maximum angular deviations were generally within low values, ranging from 0° to 5° (KR1=71.4%, KR2=64.3% and KR3=57.1%) and from 5.1° to 10° (KR1=28.6%, KR2=39.7% and KR3=43.9%). 
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			Figure 5:	(upper) Example of an unreliable sample to isolate directions from KR1 (#30) showing more than one component, contained in a very low inclination plane: (a) stereographic projection, (b) Zijderveld diagram and (c) demagnetisation curve. (lower) Stereographic projections of directional data with field correction of characteristic remanent magnetisations of each sample for the sections reported in this paper. Negative inclination is indicated by open circles and positive inclination by solid circles.

			The number and intervals of demagnetisation steps used to isolate the ChRM of each sampling are given in Supplementary table 10. This analysis shows that the KR samples display normal, intermediate and reverse magnetic remanence of low negative and positive inclination values, mostly in KR2. Figure 5 (lower panel) illustrates the stereographic projection of ChRM for the three KR samplings. They show a cluster of normal directions and intermediate and reversed directions in KR1 to KR3. Magnetograms of the declination and inclination profiles from each sampled section are exhibited in Figure 6. KR3 and the upper part of the KR1 and KR2 sites yielded records with anomalous directions. Between samples 3 to 15, the upper portion of KR2 varies widely with transitional positions between samples 9 to 13 gradually changing to normal positions; KRM3 mostly shows anomalous directions far from the present GMF; KR1 and KR2 exhibit wide amplitude pulses both in declination and inclination. Remarkably consistent is the declination agreement on specific specimens such as KR2 7 and KR3 7. From KR1 13 and KR2 16, a significant but gentle eastward shift in the declination over 60° is observed. Most of the specimens of the WS member display normal GMF positions; however, there are also anomalous directions far from the present GMF. Normal directions in the central part of KR1 (#6–31) and KR2 (#14–29) show the record of the palaeosecular variation of the normal GMF. In the lowermost part of KR1, a wide pulse with transitional positions both in declination and inclination between normal samples KR1 29 and 35 is observed. Differences in KR1 and KR2 logs might be for several reasons. On the one hand, samples KR2 1 and 2 were not processed. On the other hand, the sampling interval in KR2 is different from that in KR1; these facts might explain in part the differences between the upper and lower portions. The record of inclination in the WS member presents a certain similar behaviour ranging between ~-40° and 70°. The two anomalous and the normal features observed in the logs are shown respectively by the Greek letters α, β and γ in Figure 6. After checking that the directional data from KR was useful to assess a Fisherian distribution, the site mean directions of KR1 and KR2 were computed using Fisher’s45 statistic. Additionally, a mean direction was calculated using the normal directions from both samplings. From this study, it is observed that KR mean directions show a consistent agreement; they are also located close to the International Geomagnetic Reference Field (IGRF) direction (D=332.86°, I=-64.55°) for 2014 – the year in which the sampling was performed (Supplementary table 10; Figure 7). Supplementary tables 8 and 9 depict the virtual geomagnetic pole positions (VGP) calculated from the directions of the sites reported here. When plotted on a present world map, VGPs show intermediate and reverse positions from the rotation axis of the earth (Figure 8). 
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			Figure 6:	Declination and inclination logs according to depth and the absolute dates determined through accelerator mass spectrometry and optically stimulated luminescence from (a) KR1, (b) KR2 and (c) KR3. Greek letters denote the features with more conspicuous long direction departures from its upper (α) and lower (γ) portions, and the normal directions recorded in the middle part (β).
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			Figure 7:	Site mean magnetisation directions for (1) KR1, (2) KR1 #6–31, (3) KR2 and (4) KR2 #14–30. The International Geomagnetic Reference Field direction is indicated by the square.
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			●, KR1; ▲, KR2; ■, KR3. The stars represent samples KR31 to 33 and the asterisk shows the VGPs calculated from the secondary direction of KR3 #5.

			Figure 8:	Virtual geomagnetic pole (VGP) paths plotted on a world map for the sections mentioned in the text: (a) KR1, (b) KR2, (c) KR3 and (d) all VGPs from Klasies River.

			The virtual poles in the northern hemisphere are located in northern North America, Greenland, and north, east and southeastern Asia. VGPs in the southern hemisphere are situated in South America, west of central Africa, Australia and Antarctica. As seen in Figure 8d, VGPs from KR show a consistency between the apparent systematic in VGP location observed in other places during the Pleistocene–Holocene transition and Holocene.46(Figure 12b) Interestingly, in earth’s history, longitudinal bands across Australasia and the Americas have been observed in transitional records since the early Jurassic.47 
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			Discussion and conclusion

			Palaeomagnetic data obtained in the fine-grained sediments have shown anomalous and normal directions. Normal directions were mostly recorded in the WS member, and anomalous directions in the lowermost portion of KR1. The intermediate, oblique reverse and reverse polarity far from the present GMF were recorded in the upper part of KR1 and KR2, representing LSA I, and the totality of KR3, relating to LSA II.

			Anomalous palaeomagnetic records may occur for a number of reasons. Actually, various causes can give rise to the measurement of anomalous directions of remanent magnetism which does not reflect the true GMF behaviour, such as diverse deposition processes, chemical alterations as well as sedimentary physical disturbances.22,48 Also, the anomalous directions may reflect true GMF excursions, which are defined when VGPs differ by more than 45° from the geographic pole during normal or reverse polarity, signifying that they may be considered a major deviation in GMF behaviour.14,18,22 Hence, if the anomalous directional data observed at KR are not a result of a sedimentary artefact and/or perturbations, they correspond to the Late Holocene GMF record at southern Africa during the ~≤3.5 ka to 2.5 ka interval; on the other hand, the normal directions occurring at the middle portion of KR1 and most of KR2 of the WS member logs represent the Late Pleistocene palaeosecular variation record during ~60–65 ka. Regardless of the relative scarcity of samples with anomalous directions in the lower portion of KR1, these samples might presumably represent an anomalous Late Pleistocene GMF record with a similar age. 

			The directions recorded in the LSA middens may suggest that the likely GMF excursion observed in other parts of the earth during the Holocene31,49 might also be present in southern Africa. Particularly at ~2.5–3.0 ka, a number of localities in the world yielded records of the excursion named Etrussia or Sterno-Etrussia.50-53 Additionally, sea cores from Tahiti provided data on this recent event.54 In the southern hemisphere, Late Holocene deposits also produced records with reverse positions.49,55,56 However, the above-mentioned dates obtained at KR Cave 1 allow inquiry into the possibility that the likely Late Holocene GMF excursion in South Africa might have started earlier, at ~≤3.5 ka. At a similar latitude to KR, but in the western hemisphere, a Holocene declination and inclination log with wide swings similar to KR are present in the Misiones Province, northeastern Argentina.31 Even though this event is not dated, it may be significant. Therefore, the polarities recorded in the LSA midden sections of KR1 and KR2 as well KR3 might be a manifestation of the above-mentioned geomagnetic anomaly occurring during the Late Holocene. In the lower portion of KR1, marked with the letter γ in Figure 6, there are some samples that may also be a manifestation of possibly anomalous GMF behaviour observed in other places of the world during the Late Pleistocene. At that time, a well-known excursion is the Laschamp geomagnetic event, dated at ~40 ka.18,57,58 However, considering the new OSL dates obtained in the WS member, the aforementioned anomalous record may correspond to an older GMF event. Actually, Nowaczyk and colleagues25(Table 5) informed a number of records with dates ranging from 65 ka to 86 ka corresponding to the Norwegian-Greenland Sea event. Interestingly, Lund and colleagues16(Table 1) estimated an age of 61±2 ka for this excursion. Also, resulting from Ocean Drilling Program Leg 172, Lund and associates16(Figure F1) reported 14 plausible excursions within the Brunhes Chron recorded at sites 1060 to 1063, separated by more than 1200 km. During the Late Pleistocene, they yielded evidence of an undated excursion labelled as 5a, which is placed between two anomalies dated at ~40 kya (3b) and ~125 kya (5b). The anomalous directions observed in the lower portion of KR1 may likely correspond to the above-mentioned Late Pleistocene events.

			Because anomalous directions may be a result of sedimentological or rock magnetic effects, and because of the scarcity of similar records around the world, most scholars do not accept as real GMF behaviour the anomalies reported for the last ~11 ka BP. However, there is growing evidence suggesting the hypothesis of the global excursional state of the GMF with no contemporaneous intermediate or reverse directions during this time span31,32, and the possible occurrences of other excursions during the Pleistocene16,17,54. Hence, if the KR records represent true GMF behaviour, they have provided valuable insights. 

			Palaeomagnetic directions recorded in sedimentary deposits may be used as chronostratigraphic tools11,13,14, which might be helpful for archaeological relative and absolute dating10,11,59,60. In the case of the record of the LSA midden overlying the WS member, it may be useful to correlate LSA deposits from South Africa. The anomalous directions of the lower portion of KR1, in the WS member, may be instrumental to relate MSA deposits. The palaeosecular variation observed in the middle part of KR1 and KR2 magnetograms, relating to the MSA, may also be used with a similar aim.10,61,62 Hence, the observed likely palaeomagnetic features have much potential to be useful as a marker for deposits containing LSA and MSA remains, respectively, in the region.
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