
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.7554/eLife.24231.001
http://dx.doi.org/10.7554/eLife.24231
https://creativecommons.org/
https://creativecommons.org/
http://elife.elifesciences.org/
http://elife.elifesciences.org/
http://en.wikipedia.org/wiki/Open_access
http://en.wikipedia.org/wiki/Open_access


Introduction
The fossil assemblage attributed to Homo naledi from the Rising Star Cave in the Cradle of Human-

kind, UNESCO World Heritage Area, South Africa (CoH) (Berger et al., 2015), represents one of the

richest and most unusual taphonomic assemblages yet discovered in the hominin fossil record

(Dirks et al., 2015). The remains are exceptionally well preserved and represent the largest collec-

tion of fossils from a single primitive hominin species ever discovered in Africa. The H. naledi fossils

occur without a direct association with non-hominin macrofossil remains, and are found deep inside

the difficult to access U.W.101-Dinaledi Chamber (Dirks et al., 2015). The Dinaledi Chamber is char-

acterised by a sedimentary environment that is geochemically and sedimentologically distinct from

the rest of the Rising Star Cave (Dirks et al., 2015), and the fossiliferous deposit it contains is pro-

foundly different from other known hominin-bearing cave assemblages in the CoH (e.g.,

Reynolds and Kibii, 2011; Dirks et al., 2010; Pickering et al., 2011a; Dirks and Berger, 2013;

Bruxelles et al., 2014). The fossils occur as a dense bone accumulation in mostly unconsolidated

muddy sediment that largely originated from within the cave through weathering of the dolomite

host rock (Dirks et al., 2015). The fossils have not been dated until now.

In this paper we present results of uranium-thorium (U-Th) disequilibrium, electron spin resonance

(ESR), radiocarbon, and optically stimulated luminescence (OSL) dating in combination with palaeo-

magnetic analyses, to provide ages for the fossils and surrounding deposits in the Dinaledi Chamber,

and build upon the geological context described in Dirks et al. (2015). Dates acquired via U-Th and

ESR techniques were obtained using a double blind approach for each technique to ensure robust,

eLife digest Species of ancient humans and the extinct relatives of our ancestors are typically

described from a limited number of fossils. However, this was not the case with Homo naledi. More

than 1500 fossils representing at least 15 individuals of this species were unearthed from the Rising

Star cave system in South Africa between 2013 and 2014. Found deep underground in the Dinaledi

Chamber, the H. naledi fossils are the largest collection of a single species of an ancient human-

relative discovered in Africa.

After the discovery was reported, a number of questions still remained. Not least among these

questions was: how old were the fossils? The material was undated, and predictions ranged from

anywhere between 2 million years old and 100,000 years old. H. naledi shared several traits with the

most primitive of our ancient relatives, including its small brain. As a result, many scientists guessed

that H. naledi was an old species in our family tree, and possibly one of the earliest species to evolve

in the genus Homo.

Now, Dirks et al. – who include many of the researchers who were involved in the discovery of H.

naledi – report that the fossils are most likely between 236,000 and 335,000 years old. These dates

are based on measuring the concentration of radioactive elements, and the damage caused by

these elements (which accumulates over time), in three fossilized teeth, plus surrounding rock and

sediments from the cave chamber. Importantly, the most crucial tests were carried out at

independent laboratories around the world, and the scientists conducted the tests without knowing

the results of the other laboratories. Dirks et al. took these extra steps to make sure that the results

obtained were reproducible and unbiased.

The estimated dates are much more recent than many had predicted, and mean that H. naledi

was alive at the same time as the earliest members of our own species – which most likely evolved

between 300,000 and 200,000 years ago. These new findings demonstrate why it can be unwise to

try to predict the age of a fossil based only on its appearance, and emphasize the importance of

dating specimens via independent tests. Finally in two related reports, Berger et al. suggest how a

primitive-looking species like H. naledi survived more recently than many would have predicted,

while Hawks et al. describe the discovery of more H. naledi fossils from a separate chamber in the

same cave system.
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deposition from water flowing down fractures and side walls. All units and sub-units are time-trans-

gressive, meaning that they are lithostratigraphic units and not chronostratigraphic units that occur

in strict temporal order. Periods of sedimentation alternated with periods of erosion, during which

sediments were either redeposited or removed from the chamber via floor drains, resulting in ero-

sional remnants of all units occurring in a variety of stratigraphic positions (Dirks et al., 2015).

Stalactites have formed at drip points along the roof and associated stalagmites formed below

these points. In one area below the entrance to the chamber, these drip points repeatedly formed

flowstone aprons over cave sediments that dip towards the deeper part of the chamber. Flowstone

also formed as cascades and curtains that developed where water seeped down fractures and ran

along the walls to locally spread out, horizontally, across the sediments comprising the cave floor

(Dirks et al., 2015). The flowstones have preliminarily been sub-divided into three groups demarcat-

ing semi-contemporaneous generations of formation, which we named Flowstone Groups 1, 2 and 3

based on their appearance and relationships with each other, and with the floor sediments and other

litho-stratigraphic units in the chamber. In making this subdivision it was realised that each group of

flowstones will probably comprise a range of ages representing separate flowstone forming events

(Dirks et al., 2015), a fact borne out by the ages presented below (Table 1).

Flowstone Group 1 (FS1 in Table 1; Figures 1b, 2 and 3) includes remnants of what are inter-

preted to be generally older flowstone units that were partly dissolved and resorbed to leave behind

rims or aprons along the side walls of the cave chamber, some with sediment attached below them.

Flowstone remnants interpreted as Flowstone Group 1 are mostly restricted to five staggered rem-

nants (Flowstones 1a-e), one above the other in reverse stratigraphic order (oldest on top, youngest

at the bottom), near the entry shaft into the Dinaledi Chamber (Figure 2b). Flowstone Group 2, the

most extensive group of flowstones in the chamber (FS2 in Table 1, and Figures 1b, 2 and 3), com-

prises wall aprons and sheets that have spread out across the floor of the Dinaledi Chamber

together with drip pools, cascades, curtains, stalactites and stalagmites that connect to these sheets,

and, therefore, formed in conjunction with them. Flowstone Group 3 (FS3 in Table 1 and

Figures 1b, 2 and 3) comprises the flowstone deposits that are actively forming below existing drip

points, and include fresh growth of delicate crystals of aragonite and calcite in floor sediments and

along cave walls.

Sedimentary deposits within the Dinaledi Chamber can be organized into three primary strati-

graphic units (Dirks et al., 2015). Unit 1 consists of deposits of non-lithified, laminated, orange mud

interpreted as suspension deposits in standing water (Facies 1a of Dirks et al., 2015), and laminated

mud with fine sand containing small-scale ripple cross laminations and rodent remains (Facies 1b of

Dirks et al., 2015), reflecting deposition by shallow, flowing water along the cave floor, with addi-

tional sandy material accumulating near local entry points, where fractures higher in the chamber act

as sediment conduits (Dirks et al., 2015, Dirks et al., 2016a).

Within the Dinaledi Chamber Unit 1 deposits can be divided into three sub-units provisionally

called sub-units 1a, 1b and 1c. It is assumed that Unit 1 is time-transgressive and future work may

reveal additional sub-units. Sub-unit 1a is composed of laminated orange mudstone with isolated

lenses of sandy material, occurs as erosion remnants along the cave floor, and is possibly more

extensive beneath younger deposits in the chamber. Sub-unit 1b is dominated by sandy orange mud

deposits that are rich in micro-faunal remain, stratigraphically overlies deposits of sub-unit 1a

(Figure 2c and d), and may have formed through the partial erosion and re-deposition of sub-unit

1a. Deposits of sub-unit 1c are similar in appearance and composition to the laminated, muddy sedi-

ments of sub-unit 1a, but they occur along chert ledges, solution pockets and fractures in the cham-

ber walls and along the entry shaft, higher up in the cave chamber (Figure 2). The orange mud is

mostly the product of the cave formation process, representing the insoluble residue left over when

cavities develop via dissolution of dolomite (Dirks et al., 2015). Some of the mud-bearing waters

seeping out of the fractures would have flowed as water films along the cave walls to deposit mud

on ledges and in fractures to form sub-unit 1c, whilst elsewhere this water would have dripped to

the floor to contribute to the deposition of sub-unit 1a and 1b.

Unit 2 is composed of largely lithified mud clast breccia consisting of angular to sub-angular

clasts of laminated orange mudstone (similar to that found in Unit 1), embedded in a brown mud

matrix (Facies 2 of Dirks et al., 2015). The mud clasts are interpreted to be derived locally due to

wetting and drying of orange mud deposits, which led to auto-brecciation, and subsequent erosion

and re-deposition of angular mud clasts (Dirks et al., 2015). We hypothesize that the mud clasts
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Table 2. U-Th data table for James Cook University. Uncertainties include: analytical error, decay constant uncertainty, and uncertainty

on initial 230Th/232Th. Ages are reported relative to 1950 and assume an initial 230Th/232Th activity of 0.83 ± 0.5, and the equation given

in Placzek et al. (2006). Decay constants for 234U and 230Th are from Cheng et al. (2013).

Sample ID U (ppm) 234U/238U 2s
230Th/238U 2s

232Th/238U 2s Age (ka BP) 2s (ka) 234U/238Uinitial 2s

(activity) (activity) (corrected) (activity)

RS11 2.314 1.772 0.050 0.144 0.001 0.0001088 0.0000005 9.05 0.06 1.8184 0.0003

RS19 0.652 1.855 0.001 0.387 0.002 0.002176 0.000008 24.7 0.2 1.989 0.001

RS21 0.421 1.946 0.001 0.460 0.004 0.001920 0.000015 28.4 0.4 2.109 0.002

RS10 0.846 1.885 0.001 0.466 0.003 0.000792 0.000003 30.1 0.3 2.053 0.001

RS20 0.795 1.855 0.001 0.463 0.003 0.001363 0.000005 30.4 0.2 2.022 0.001

RS6 0.560 1.966 0.001 0.747 0.003 0.000974 0.000002 49.8 0.3 2.263 0.002

RS15 0.400 1.912 0.001 1.164 0.008 0.00472 0.00001 92.6 1.0 2.484 0.007

RS8 0.328 1.813 0.003 1.120 0.008 0.00316 0.00002 95.0 1.0 2.373 0.007

RS14 0.734 1.639 0.095 1.039 0.008 0.00298 0.00002 100.1 1.2 2.175 0.008

RS17 0.680 1.609 0.001 1.032 0.005 0.000679 0.000001 102.6 0.8 2.150 0.005

RS16 0.973 1.583 0.000 1.024 0.011 0.000403 0.000006 104.0 1.9 2.12 0.01

RS18 0.152 1.848 0.001 1.856 0.013 0.01175 0.00005 242 5 3.66 0.05

RS5 0.090 1.728 0.001 1.818 0.009 0.01732 0.00005 290 6 3.92 0.07

RS23 0.314 1.187 0.002 1.315 0.011 0.00346 0.00002 >400 – –

RS22 0.367 1.209 0.001 1.322 0.008 0.000125 0.000001 >400 – –

RS9 0.737 1.007 0.002 1.029 0.004 0.000462 0.000001 >400 – –

DOI: 10.7554/eLife.24231.007

Table 3. U-Th data table for the University of Melbourne. Activity ratios are determined after Hellstrom (2003) and Drysdale et al.

(2012). Ages are corrected for initial 230Th using Equation 1 of Hellstrom (2006), the decay constants of Cheng et al. (2013), and an

initial 230Th/232Th activity of 1.5 ± 1.5. The initial 234U/238U ratios are calculated using corrected ages, which are reported relative to

1950.

Sample ID U (ppm) 234U/238U 2s
230Th/238U 2s

232Th/238U 2s Age (ka BP) 2s (ka) 234U/238Uinitial 2s

(activity) (activity) (corrected) (activity)

RS11 1.518 1.808 0.003 0.1597 0.0009 0.0000875 0.0000004 9.946 0.063 1.831 0.004

RS19 0.501 1.884 0.011 0.3916 0.0026 0.004322 0.000010 24.53 0.43 1.947 0.011

RS21 0.361 1.968 0.011 0.4654 0.0030 0.0011342 0.0000019 28.62 0.29 2.049 0.011

RS20 0.626 1.878 0.011 0.4925 0.0032 0.0023837 0.0000040 32.12 0.38 1.961 0.011

RS6 0.276 2.023 0.004 0.7856 0.0021 0.00496 0.00010 50.82 0.43 2.181 0.004

RS13 0.076 2.006 0.004 1.1837 0.0047 0.004786 0.000058 88.46 0.67 2.291 0.005

RS15 0.381 1.934 0.004 1.1661 0.0029 0.00639 0.00012 91.37 0.65 2.209 0.005

RS14 0.665 1.626 0.003 1.0010 0.0015 0.001262 0.000014 96.24 0.36 1.822 0.003

RS8 0.257 1.831 0.004 1.1397 0.0034 0.005746 0.000060 96.29 0.69 2.091 0.004

RS17 0.517 1.637 0.009 1.0248 0.0066 0.0023963 0.0000037 98.6 1.4 1.841 0.010

RS16 0.905 1.590 0.010 0.9963 0.0067 0.0017099 0.0000037 99.1 1.4 1.780 0.011

RS18 0.104 2.001 0.011 2.0320 0.0140 0.020557 0.000041 242.9 6.6 2.987 0.027

RS22 0.324 1.228 0.007 1.3017 0.0083 0.0001201 0.0000008 478 +107/–41 – –

RS23 0.206 1.225 0.007 1.3016 0.0093 0.007818 0.000016 502 +181/–53 – –

RS9 0.896 1.010 0.002 1.0204 0.0018 0.000916 0.000012 – – – –

DOI: 10.7554/eLife.24231.008
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Table 4. Summary table of U-Th disequilibrium ages obtained for the three H. naledi teeth (samples 1767, 1788 and 1810) and the

baboon tooth (sample 1841) from the Dinaledi Chamber obtained by SCU-UoW. No age calculations were carried out for U concentra-

tions of �0.5 ppm or U/Th �250 (indicated in red and underlined). Mean values in this table only incorporate values from which mean-

ingful ages could be calculated (indicated in black), however all values (i.e., red and black) were averaged to obtain the relevant mean

values reported in Table 4. All uncertainties are given as 2s.

Sample1767
U
(ppm) U/Th 230Th/238U 2s

234U/238U 2s

Age
(ka)

2s
(ka)

(234U/238U)
i 2s

1767-1 D 7.22 685 2.167 0.024 6.259 0.009 43.5 1.1 6.949 0.026

1767-2 D 7.75 996 2.261 0.023 6.282 0.010 45.5 1.1 7.009 0.030

1767-3 D 8.03 196 2.225 0.825 6.276 0.012 – – – –

1767-4 D 8.55 951 2.209 0.031 6.301 0.009 44.1 1.4 7.007 0.030

1767-5* E 3.69 1238 2.259 0.031 6.197 0.055 46.2 1.8 6.924 0.126

1767-6* E 1.76 108 2.239 1.133 6.165 0.038 – – – –

1767-7* E 2.15 109 2.337 0.947 6.231 0.024 – – – –

1767-8* E 2.46 518 2.276 0.021 6.253 0.019 46.1 1.1 6.986 0.048

Mean:

1767 D 7.84 877 2.212 0.026 6.281 0.009 44.5 1.2 6.988 0.029

1767 E 3.08 878 2.268 0.026 6.225 0.037 46.2 1.4 6.955 0.087

Sample1788 U (ppm) U/Th 230Th/238U 2s
234U/238U 2s Age (ka) 2s (ka) (234U/238U)i 2s

1788-1 D 6.67 390 2.967 0.026 6.423 0.011 61.4 1.5 7.453 0.054

1788-2 D 7.08 176 3.370 0.833 6.441 0.010 – – – –

1788-3 D 7.17 60 3.206 3.126 6.394 0.049 – – – –

1788-4 D 7.45 1391 3.313 0.023 6.445 0.010 70.3 1.4 7.645 0.056

1788-5 D 5.52 4423 3.269 0.023 6.349 0.010 70.4 1.4 7.531 0.052

1788-6 D 5.07 4090 3.416 0.014 6.378 0.014 74.1 1.1 7.634 0.054

1788-7 D 5.39 4729 3.385 0.020 6.400 0.014 72.9 1.4 7.640 0.054

1788-8 D 5.93 3209 3.427 0.015 6.393 0.013 74.2 1.1 7.654 0.054

1788-9 D 5.24 4329 3.449 0.014 6.413 0.014 74.5 1.0 7.685 0.052

1788-10 D 4.89 3161 3.390 0.010 6.403 0.011 73.0 0.9 7.645 0.052

1788-11 D 4.8 2556 3.394 0.014 6.416 0.014 72.9 1.0 7.659 0.052

1788-12 D 5.48 1606 3.356 0.017 6.384 0.014 72.3 1.1 7.609 0.052

1788-13 D 5.04 838 3.317 0.025 6.420 0.014 70.7 1.5 7.623 0.058

1788-14 D 5.69 93 3.281 2.426 6.408 0.013 – – – –

1788-15 D 5.03 72 3.315 3.731 6.427 0.014 – – – –

1788-16 E 0.13 3 1.786 18.149 3.834 0.267 – – – –

1788-17 E 0.68 25 0.752 9.149 6.248 0.273 – – – –

1788-18 E 0.4 16 0.801 13.053 6.236 0.050 – – – –

1788-19 E 0.08 3 1.783 36.231 4.301 0.288 – – – –

1788-20 E 1.02 306 2.990 0.117 5.541 0.154 75.1 9.3 6.617 0.394

1788-21* E 0.33 50 2.041 27.135 5.793 0.141 – – – –

1788-22* E 0.12 30 1.513 24.801 5.975 0.098 – – – –

1788-23* E 0.25 34 1.368 17.071 5.988 0.079 – – – –

1788-24* E 0.36 90 1.237 13.555 6.167 0.055 – – – –

1788-25* E 0.41 107 1.084 8.672 6.206 0.033 – – – –

1788-26* E 0.48 102 1.302 11.333 6.384 0.081 – – – –

1788-27* E 0.49 165 0.686 7.733 6.367 0.037 – – – –

1788-28* E 0.31 167 1.615 6.975 5.602 0.246 – – – –

Table 4 continued on next page
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http://dx.doi.org/10.7554/eLife.24231.009Table%204.Summary%20table%20of%20U-Th%20disequilibrium%20ages%20obtained%20for%20the%20three%20H.%20naledi%20teeth%20(samples%201767,%201788%20and%201810)%20and%20the%20baboon%20tooth%20(sample%201841)%20from%20the%20Dinaledi%20Chamber%20obtained%20by%20SCU-UoW.%20No%20age%20calculations%20were%20carried%20out%20for%20U%20concentrations%20of&x00A0;&x2264;0.5%20ppm%20or%20U/Th&x00A0;&x2264;250%20(indicated%20in%20red&x00A0;and&x00A0;underlined).%20Mean%20values%20in%20this%20table%20only%20incorporate%20values%20from%20which%20meaningful%20ages%20could%20be%20calculated%20(indicated%20in%20black),%20however%20all%20values%20(i.e.,%20red%20and%20black)%20were%20averaged%20to%20obtain%20the%20relevant%20mean%20values%20reported%20in%20Table%204.%20All%20uncertainties%20are%20given%20as%202&x03C3;.%2010.7554/eLife.24231.009Sample1767U%20(ppm)U/Th230Th/238U2&x03C3;234U/238U2&x03C3;Age%20(ka)2s%20(ka)(234U/238U)i2&x03C3;1767-1%20D7.226852.1670.0246.2590.00943.51.16.9490.0261767-2%20D7.759962.2610.0236.2820.01045.51.17.0090.0301767-3%20D8.03196%202.2250.8256.2760.012&x2013;&x2013;&x2013;&x2013;1767-4%20D8.559512.2090.0316.3010.00944.11.47.0070.0301767-5&x002A;%20E3.6912382.2590.0316.1970.05546.21.86.9240.1261767-6&x002A;%20E1.76108%202.2391.1336.1650.038&x2013;&x2013;&x2013;&x2013;1767-7&x002A;%20E2.15109%202.3370.9476.2310.024&x2013;&x2013;&x2013;&x2013;1767-8&x002A;%20E2.465182.2760.0216.2530.01946.11.16.9860.048Mean:%201767%20D%207.84%20877%202.212%200.026%206.281%200.009%2044.5%201.2%206.988%200.029%201767%20E%203.08%20878%202.268%200.026%206.225%200.037%2046.2%201.4%206.955%200.087%20Sample1788%20U%20(ppm)%20U/Th%20230Th/238U%202&x03C3;%20234U/238U%202&x03C3;%20Age%20(ka)%202s%20(ka)%20(234U/238U)i%202&x03C3;%201788-1%20D6.673902.9670.0266.4230.01161.41.57.4530.0541788-2%20D7.08176%203.3700.8336.4410.010&x2013;&x2013;&x2013;&x2013;1788-3%20D7.1760%203.2063.1266.3940.049&x2013;&x2013;&x2013;&x2013;1788-4%20D7.4513913.3130.0236.4450.01070.31.47.6450.0561788-5%20D5.5244233.2690.0236.3490.01070.41.47.5310.0521788-6%20D5.0740903.4160.0146.3780.01474.11.17.6340.0541788-7%20D5.3947293.3850.0206.4000.01472.91.47.6400.0541788-8%20D5.9332093.4270.0156.3930.01374.21.17.6540.0541788-9%20D5.2443293.4490.0146.4130.01474.51.07.6850.0521788-10%20D4.8931613.3900.0106.4030.01173.00.97.6450.0521788-11%20D4.825563.3940.0146.4160.01472.91.07.6590.0521788-12%20D5.4816063.3560.0176.3840.01472.31.17.6090.0521788-13%20D5.048383.3170.0256.4200.01470.71.57.6230.0581788-14%20D5.6993%203.2812.4266.4080.013&x2013;&x2013;&x2013;&x2013;1788-15%20D5.0372%203.3153.7316.4270.014&x2013;&x2013;&x2013;&x2013;1788-16%20E0.13%203%201.78618.1493.8340.267&x2013;&x2013;&x2013;&x2013;1788-17%20E0.6825%200.7529.1496.2480.273&x2013;&x2013;&x2013;&x2013;1788-18%20E0.4%2016%200.80113.0536.2360.050&x2013;&x2013;&x2013;&x2013;1788-19%20E0.08%203%201.78336.2314.3010.288&x2013;&x2013;&x2013;&x2013;1788-20%20E1.023062.9900.1175.5410.15475.19.36.6170.3941788-21&x002A;%20E0.33%2050%202.04127.1355.7930.141&x2013;&x2013;&x2013;&x2013;1788-22&x002A;%20E0.12%2030%201.51324.8015.9750.098&x2013;&x2013;&x2013;&x2013;1788-23&x002A;%20E0.25%2034%201.36817.0715.9880.079&x2013;&x2013;&x2013;&x2013;1788-24&x002A;%20E0.36%2090%201.23713.5556.1670.055&x2013;&x2013;&x2013;&x2013;1788-25&x002A;%20E0.41%20107%201.0848.6726.2060.033&x2013;&x2013;&x2013;&x2013;1788-26&x002A;%20E0.48%20102%201.30211.3336.3840.081&x2013;&x2013;&x2013;&x2013;1788-27&x002A;%20E0.49%20165%200.6867.7336.3670.037&x2013;&x2013;&x2013;&x2013;1788-28&x002A;%20E0.31%20167%201.6156.9755.6020.246&x2013;&x2013;&x2013;&x2013;1788-29&x002A;%20E0.44%206%202.31111.8985.5760.306&x2013;&x2013;&x2013;&x2013;1788-30%20E0.44%2062%200.9885.3106.0890.075&x2013;&x2013;&x2013;&x2013;1788-31%20E0.29%208%201.06619.2566.1510.056&x2013;&x2013;&x2013;&x2013;1788-32%20E0.23%2095%200.99417.4516.3520.064&x2013;&x2013;&x2013;&x2013;1788-33%20E0.41%206%201.10321.6516.3440.049&x2013;&x2013;&x2013;&x2013;1788-34%20E0.28%2051%201.34011.4506.3820.061&x2013;&x2013;&x2013;&x2013;1788-35%20E0.35%204%201.28621.0886.3210.062&x2013;&x2013;&x2013;&x2013;1788-36%20E0.4%20115%201.21612.8966.3720.041&x2013;&x2013;&x2013;&x2013;1788-37%20E0.3%2061%201.10617.0596.3130.073&x2013;&x2013;&x2013;&x2013;1788-38%20E0.542792.8100.2376.3000.06458.912.27.2620.270Mean:%201788%20D%205.59%202793%203.335%200.018%206.402%200.013%2071.5%201.2%207.616%200.054%201788%20E%200.78%20293%202.900%200.177%205.920%200.109%2067.0%2010.8%206.936%200.332%20Sample1810%20U%20(ppm)%20U/Th%20230Th/238U%202&x03C3;%20234U/238U%202&x03C3;%20Age%20(ka)%202s%20(ka)%20(234U/238U)i%202&x03C3;%201810-1%20D7.073483.2310.0215.8140.01777.91.67.0030.0561810-2%20D8.294113.1120.0305.8630.01073.42.16.9860.0621810-3%20D8.889793.1060.0275.9290.01072.11.87.0460.0601810-4%20D9.198333.0490.0445.9930.01169.42.67.0790.0661810-5%20D9.175082.9370.0475.9900.00766.22.87.0200.0661810-6%20D9.1255%203.1436.9195.9810.012&x2013;&x2013;&x2013;&x2013;1810-7%20D7.954323.0990.0185.9770.01371.11.37.0890.0541810-8%20D8.844892.9860.0746.0350.060674.17.0880.0841810-9%20D9.39159053.1220.0135.8700.00673.61.16.9990.0521810-10%20D9.7878393.1650.0175.8730.01174.81.37.0240.0541810-11%20D9.0372423.1740.0305.8880.01574.82.07.0430.0581810-12%20D9.5396263.1570.0195.8890.00974.31.47.0360.0541810-13%20D10.19102403.0940.0185.9040.00872.21.37.0160.0521810-14%20D10.64144633.1550.0305.9580.01073.11.97.0990.0581810-15%20E0.005%201%20&x2212;0.384146.0361.9650.186&x2013;&x2013;&x2013;&x2013;1810-16%20E0.002%202%20&x2212;1.06048.1681.0140.108&x2013;&x2013;&x2013;&x2013;1810-17%20E0.004%201%205.40317.5732.3570.194&x2013;&x2013;&x2013;&x2013;1810-18%20E0.24%2055%203.1959.1094.0540.062&x2013;&x2013;&x2013;&x2013;1810-19%20E0.544264.0090.1865.0540.109130.821.86.8720.4661810-20%20E0.853283.6250.1194.2870.137146.822.75.9840.5241810-21%20E0.41%2048%205.0094.4744.4940.186&x2013;&x2013;&x2013;&x2013;1810-22%20E0.15%207%207.6908.2254.3490.351&x2013;&x2013;&x2013;&x2013;1810-23%20E0.03%202%209.9121.8435.1530.599&x2013;&x2013;&x2013;&x2013;1810-24%20E0.01%200%200.661166.0561.8770.144&x2013;&x2013;&x2013;&x2013;1810-25%20E0.02%202%207.4089.3864.9640.557&x2013;&x2013;&x2013;&x2013;1810-26&x002A;%20E0.733%203.7624.1004.7350.100&x2013;&x2013;&x2013;&x2013;1810-27&x002A;%20E0.14%203%205.2714.5104.2550.112&x2013;&x2013;&x2013;&x2013;1810-28&x002A;%20E0.18%205%203.5418.0794.5620.081&x2013;&x2013;&x2013;&x2013;1810-29&x002A;%20E0.25%209%203.5117.0954.5620.058&x2013;&x2013;&x2013;&x2013;1810-30&x002A;%20E0.21%203%204.0275.2914.0730.149&x2013;&x2013;&x2013;&x2013;1810-31&x002A;%20E0.09%201%203.87539.1364.0290.072&x2013;&x2013;&x2013;&x2013;1810-32&x002A;%20E0.05%202%202.4699.0994.1870.072&x2013;&x2013;&x2013;&x2013;1810-33&x002A;%20E0.06%201%202.60224.1694.4260.141&x2013;&x2013;&x2013;&x2013;1810-34&x002A;%20E0.9120103.1310.0684.5610.032105.27.05.7980.1281810-35%20E1.01%203%204.29115.5144.0850.025&x2013;&x2013;&x2013;&x2013;1810-36%20E0.04%2099%206.2978.8904.0600.242&x2013;&x2013;&x2013;&x2013;1810-37%20E0.14%205285.7533.9324.3850.234&x2013;&x2013;&x2013;&x2013;1810-38%20E0.02%2055%205.68728.4904.2110.437&x2013;&x2013;&x2013;&x2013;1810-39%20E0.01%2017%204.20331.0484.4740.314&x2013;&x2013;&x2013;&x2013;1810-40%20E2.0915863.9930.0494.9930.037132.56.26.8140.146Mean:%201810%20D%209.07%205332%203.107%200.030%205.922%200.0145%2072.3%201.9%207.040%200.060%201810%20E%201.10%201088%203.690%200.105%204.724%200.0788%20128.8%2014.4%206.595%200.316%20Sample1841%20U%20(ppm)%20U/Th%20230Th/238U%202&x03C3;%20234U/238U%202&x03C3;%20Age%20(ka)%202s%20(ka)%20(234U/238U)i%202&x03C3;%201841-1%20E2.5178%204.4153.2525.8510.035&x2013;&x2013;&x2013;&x2013;1841-2%20E1.9651%204.2687.6315.8420.044&x2013;&x2013;&x2013;&x2013;1841-3%20E2.372184.3190.0415.8710.021115.53.57.7580.0901841-4%20E1.883504.2610.0465.8910.016112.63.67.7300.0821841-5%20E2.52144.3780.0455.8460.032118.74.37.7840.1241841-6%20E2.512%204.4282.7445.8810.044&x2013;&x2013;&x2013;&x2013;1841-7%20E2.463%204.4841.7445.9460.044&x2013;&x2013;&x2013;&x2013;1841-8%20E2.1447%204.4992.4675.9620.037&x2013;&x2013;&x2013;&x2013;Mean:%201841%20E%202.25%20261%204.319%200.044%205.869%200.023%20115.6%203.8%207.757%200.099%20
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http://dx.doi.org/10.7554/eLife.24231.010Table%205.Summary%20table%20of%20U-Th%20disequilibrium%20ages%20obtained%20for%20two%20H.%20naledi%20teeth%20(samples%201788%20and%201810)%20from%20the%20Dinaledi%20Chamber%20obtained%20by%20GU-ANU.%20No%20age%20calculations%20were%20carried%20out%20for%20U%20concentrations%20of&x00A0;&x2264;0.5%20ppm%20or%20U/Th&x00A0;&x2264;250%20(indicated%20in%20red&x00A0;and&x00A0;underlined).%20Negative%20U/Th%20values%20are%20due%20to%20the%20Th%20background%20being%20higher%20than%20the%20measured%20values.%20Mean%20values%20in%20this%20table%20only%20incorporate%20values%20from%20which%20meaningful%20ages%20could%20be%20calculated%20(indicated%20in%20black).%20All%20uncertainties%20are%20given%20as%202&x03C3;.%20CS%20=%20Closed%20System;%20Diff%20=%20diffusion%20(i.e.,%20calculated%20ages%20are%20based%20on%20the%20assumption%20of%20continuous%20diffusion%20after%20Sambridge%20et�al.%20(2012).%2010.7554/eLife.24231.010Sample%201810a%20U%20(ppm)U/Th230Th/238U%202&x03C3;234U/238U%202&x03C3;Age%20&x2013;%20CS%20(ka)2&x03C3;%20(ka)Age%20&x2013;%20Diff%20(ka)2&x03C3;%20(ka)(234U/238U)i&x002A;2&x03C3;&x2003;1%20E0.03%20&x2212;27%203.71131.25084.43020.8881n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;2%20E0.02%20&x2212;19%203.16480.93904.20830.4703n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;3%20E0.04%20&x2212;33%203.02571.05315.12200.4988n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;4%20E0.05%20&x2212;35%203.63521.38974.92240.4912n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;5%20E0.19%20&x2212;258%203.45040.19654.81060.1376n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;6%20D6.07&x2212;2972%203.29090.06665.98010.055977.22.387.32.77.190.11&x2003;7%20D6.10&x2212;5354%203.26180.08245.97680.031276.32.686.23.37.170.08&x2003;8%20D6.3911436%203.31690.08005.98270.051477.92.688.33.37.210.11&x2003;9%20D6.476193%203.33180.08995.94700.087379.03.289.73.87.180.17&x2003;10%20D6.65&x2212;5055%203.49850.10486.04620.040382.53.494.44.57.370.11&x2003;11%20D6.955149%203.54650.09106.05310.040683.83.096.34.07.400.11&x2003;12%20D7.153244%203.52380.09976.05010.042383.23.395.44.37.390.11Mean:%201&x2013;5%20E%200.07&x00A0;&x00B1;&x00A0;0.06%203.4321%200.3003%204.7962%200.1504%20112.0%2015.7%20137.1%2025.5%20&x2013;&x2013;6&x2013;12%20D%206.54&x00A0;&x00B1;&x00A0;0.31%203.4018%200.0749%206.0070%200.0428%2080.1%202.5%2091.1%203.2%207.27%200.11%20Sample%201810b%20U%20(ppm)U/Th230Th/238U%202&x03C3;234U/238U%202&x03C3;Age%20&x2013;%20CS%20(ka)2&x03C3;%20(ka)Age%20&x2013;%20Diff%20(ka)2&x03C3;%20(ka)(234U/238U)i&x002A;2&x03C3;&x2003;1%20E0.01%20176.844214.04350.02285.5626n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;2%20E0.00%2039.233016.2333&x2212;2.2838%204.6085n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;3%20E0.00%20&x2013;216.168827.6564&x2212;0.1033%207.6336n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;4%20E0.00%20&x2013;314.9980967.0421&x2212;0.7695%20259.2590n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;5%20E0.02%20&x2212;182%207.1338296.11363.625048.0742n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;6%20E0.86&x2212;2493%204.51760.17864.65880.0795189.116.7381.3137.97.240.44&x2003;7%20E0.98&x2212;603%204.87970.14164.87370.0681201.414.00.00.07.840.40&x2003;8%20D4.4920423%203.57780.06705.93270.077387.12.7100.83.17.310.15&x2003;9%20D5.35&x2212;10128%203.30460.06595.91420.067778.72.489.22.87.140.13&x2003;10%20D5.67&x2212;4197%203.40770.07775.94800.045981.32.692.83.37.230.10Mean:%201&x2013;5%20E%200.01&x00A0;&x00B1;&x00A0;0.01%208.7750%20204.6988%201.6547%2093.9630%20n/a%20-%20-%20-%20-%20-%206&x2013;7%20E%200.92&x00A0;&x00B1;&x00A0;0.12%204.7101%200.1465%204.7730%200.0602%20195.7%2013.8%20471.0%20269.4%207.54%200.42%208&x2013;10%20D%205.17&x00A0;&x00B1;&x00A0;0.70%203.4214%200.0790%205.9319%200.0523%2082.1%202.7%2093.7%203.6%207.23%200.13%20Sample%201788a%20U%20(ppm)U/Th230th/238U%202&x03C3;234U/238U%202&x03C3;Age%20&x2013;%20CS%20(ka)2&x03C3;%20(ka)Age%20&x2013;%20Diff%20(ka)2&x03C3;%20(ka)(234U/238U)i&x002A;2&x03C3;&x2003;1E0.03%204877%202.10953.30583.57401.6107n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;2E0.01%20&x2212;21%203.78455.52711.35252.7713n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;3E0.00%20&x2013;110.503027.8940&x2212;2.4909%2010.1171n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;4E0.00%20&x2013;19.0249113.8912&x2212;0.7120%2032.3636n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;5E0.00%20&x2013;26.679566.27500.776918.7506n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;6E0.01%20&x2013;63.02310.98442.19040.4875n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;7E0.24%20&x2212;105%202.81390.20766.37910.1624n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;8E0.24%20&x2212;204%201.64951.58116.01230.2961n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;9E0.19%205792.40754.26206.33411.3187n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;10E0.48%201893.17172.28626.10060.1341n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;11E1.3413833%203.87920.28646.35210.102488.59.2102.912.67.870.32&x2003;12E2.577554.17700.06096.32750.097298.63.0117.73.18.040.19Mean:%201&x2013;6%20E%200.01&x00A0;&x00B1;&x00A0;0.01%203.5188%204.4531%202.3471%207.1463%20n/a%20-%20-%20-%20&x2013;&x2013;7&x2013;10%20E%200.29&x00A0;&x00B1;&x00A0;0.13%202.6484%200.2469%206.1824%200.0978%2056.2%206.5%2061.0%207.7%20&x2013;&x2013;11&x2013;12%20E%201.96&x00A0;&x00B1;&x00A0;1.23%204.0746%200.0941%206.3361%200.0482%2095.1%203.2%20112.3%204.7%207.96%200.26%20Sample%201788b%20U%20(ppm)U/Th230Th/238U%202&x03C3;234U/238U%202&x03C3;Age%20&x2013;%20CS%20(ka)2&x03C3;%20(ka)Age%20&x2013;%20Diff%20(ka)2&x03C3;%20(ka)(234U/238U)i&x002A;2&x03C3;&x2003;1E0.02%2042.39451.87743.50401.4368n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;2E0.02%20141.96561.32993.30990.9022n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;3E0.01%20&x2013;82.81562.10342.53590.8082n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;4E0.02%201602.102458.18543.23427.4009n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;5E0.03%20&x2212;31%202.38591.40844.12851.5222n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;6E0.03%20&x2212;20%202.895111.29114.10463.9747n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;7E0.02%20&x2212;10%202.84863.53834.93622.3343n/a&x2013;&x2013;&x2013;&x2013;&x2013;&x2003;8E0.03%20&x2212;18%202.83251.61135.70520.7139n/a&x2013;&x2013;&x2013;&x2013;&x2013;Mean:%201&x2013;8%20E%200.02&x00A0;&x00B1;&x00A0;0.01%202.5597%206.7618%204.1308%201.2209%20n/a%20&x2013;&x2013;&x2013;&x2013;&x2013;Sample%201788c%20U%20(ppm)U/Th230th/238U%202&x03C3;234U/238U%202&x03C3;Age%20&x2013;%20CS%20(ka)2&x03C3;%20(ka)Age%20&x2013;%20Diff%20(ka)2&x03C3;%20(ka)(234U/238U)i&x002A;2&x03C3;&x2003;1D5.4421578%203.92810.07076.42600.074088.62.6103.03.17.970.15&x2003;2D5.39155037%203.89080.05656.44160.052487.22.0101.02.47.960.11&x2003;3D4.951708%203.89010.08286.40850.079287.83.0102.03.67.930.16&x2003;4D3.871653%203.80330.08596.37860.106885.83.399.03.67.850.20&x2003;5D4.251168%203.95690.08006.40510.095790.03.1105.03.67.970.19&x2003;6D5.121493%203.94330.05796.49510.096187.82.5102.02.58.040.17&x2003;7D5.342659%203.80200.05816.47130.058184.02.096.72.47.940.11&x2003;8D5.061093%203.99480.06726.44790.063090.32.4105.53.08.030.13&x2003;9D4.781018%204.04810.07186.44680.058692.02.5108.03.38.060.13&x2003;10D5.228173.90110.05826.51870.081386.12.399.62.48.040.15&x2003;11D5.254253.88720.08506.44150.062487.12.8101.03.67.960.14&x2003;12D5.463453.95610.05846.46580.073388.82.3103.32.58.030.14Mean:%201&x2013;12%20D%205.01&x00A0;&x00B1;&x00A0;0.28%203.9175%200.0796%206.4479%200.0461%2087.9%202.6%20102.0%203.6%207.98%200.06%20
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Analyses and results from both labs are presented in Table 7 and Figures 10, 11 and 12. Results

are presented for two scenarios: scenario 1 in which the teeth are fully covered in sediment that con-

tains 25 ± 10% water and experienced 80% Rn loss; and scenario 2 in which the teeth are fully cov-

ered in sediment that contains 25 ± 10% water and experienced no Rn loss. Scenario 1 reflects the

measured present-day situation and is interpreted as a maximum age estimate. Scenario 2 provides

a minimum age estimate (Table 7). Together these scenarios provide our best estimate for the age

range of the fossil teeth.

Combined US-ESR ages determined by SCU for samples 1810, 1788 and 1767 under scenario 1

conditions (i.e., the maximum age scenario) are 284 ± 51 ka, 247 ± 41 ka and 104 ± 29 ka (2s uncer-

tainty), respectively (Table 7). Combined US-ESR ages determined by CENIEH-GU for samples 1810

and 1788 under scenario 1 conditions are 267 ± 68 ka and 211 ± 28 ka (2s uncertainty), respectively

(Table 7).

Combined US-ESR ages determined by SCU for samples 1810, 1788 and 1767 under scenario 2

conditions (i.e., the minimum age scenario) are 230 ± 40 ka, 194 ± 34 ka and 87 ± 22 ka (2s

Figure 7. Photographs of the baboon (cf. Papio) tooth (sample 1841), recovered from the sondage in the

excavation pit, and used for ESR dating. Views are: (a) buccal, (b) occlusal, (c) lingual, and (d) internal.

DOI: 10.7554/eLife.24231.014
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uncertainty), respectively (Table 7). Combined US-ESR ages determined by CENIEH-GU for samples

1810 and 1788 under this scenario are 210 ± 50 ka and 163 ± 24 ka (2s uncertainty), respectively

(Table 7).

Results for sample 1767 are based on anomalously high (~20 times) U concentrations in enamel,

and probably yield anomalously low age estimates (Duval et al., 2012). This result is, therefore, con-

sidered to be unreliable and has been excluded from final age estimates (see Discussion).

The observed difference in age estimates obtained by SCU and CENIEH-GU for samples 1788

and 1810, are most likely explained by natural dose variations within the tested enamel layers (see

Discussion and methodology sections), and we have no reason to prefer one age result over another.

The optimal age estimate for the H. naledi fossils, therefore, combines the results from both labora-

tories with average maximum (i.e., scenario 1) age estimates for samples 1788 and 1810 of

229 + 60/–46 ka and 276 + 59/–77 ka (2 s uncertainty) respectively, and average minimum (i.e., sce-

nario 2) age estimates of 179 + 49/–40 ka and 220 + 50/–60 ka (2 s uncertainty) respectively.

Together these results provide an age range of 139–335 ka for the H. naledi remains, although dat-

ing of flowstone encasing H. naledi bones helps to better constrain this range (see Discussion).

Combined US-ESR ages for the baboon tooth (sample 1841) determined by SCU using scenario 1

and 2 conditions are 723 ± 181 ka and 635 ± 148 ka respectively. The tooth contained no inner den-

tine (Figure 7), and was filled with sediment. In calculating the age it was, therefore, assumed that

sediment occurred on both sides of the enamel layer. Sample 1841 was recovered from sub-unit 3a

directly below the occurrence of articulated H. naledi remains in the excavation pit (Dirks et al.,

2015). The age results provide an upper age limit for the deposition of the H. naledi bearing layer,

and mark an earlier stage of deposition of mud clast breccia in the cave assigned to sub-unit 3a,

which predates the entry of H. naledi fossils into the cave.

OSL dating
Optically stimulated luminescence (OSL) dating of three samples of sediment from Unit 1 in the

Dinaledi Chamber (samples OSL3 and OSL4 from sub-unit 1b, and sample OSL5 from sub-unit 1a;

Figure 5) was performed at the University of the Witwatersrand (Wits). The measurements were car-

ried out on small aliquots containing ~30 grains. Summaries of the OSL analytical data and ages are

reported in Table 8.

The reported dose rates for the samples range from 0.7 to 0.9 Gy ka�1 (Table 8), with significant

within-sample scatter, resulting in uncertainties on age estimates of 15–18%. Overdispersion in De

ranges from 50–70%, which is much higher than would be expected for a well-bleached sample, and

indicates that it is most appropriate to apply a Minimum Age Model (MAM) to the dataset, in which

the MAM age is likely to represent a maximum estimate for the age of the sediments (see Discus-

sion). As with ESR, significant Rn loss was detected in the samples of Unit 1, and corrections to the

measured U concentrations were applied (Table 8). The MAM calculations for the three samples

yield maximum age estimates for the sediments of 231 ± 41 ka (OSL3), 241 ± 37 ka (OSL4), and

353 ± 61 ka (OSL5). The MAM apparent ages for OSL3 and OSL4 were obtained from the sandy

facies of sub-unit 1b sediments and yield ages that are younger than the age of a Flowstone 1 sheet

(sample RS5 at 290 ± 4 ka; Table 1) that covers the outcrop of sub-unit 1a from which sample OSL4

was taken (Figure 2c). This discrepancy can be attributed to inverted stratigraphy associated with

erosion of the top of the older sub-unit 1a after the deposition of Flowstone 1 (RS5) by running

water and subsequent deposition of sub-unit 1b between sub-unit 1a and the flowstone (Figure 2c).

Sample OSL5 was obtained from muddy sediment of sub-unit 1a, and yields an older age than the

covering flowstones (RS5 and RS20). Note that if a Central Age Model (CAM) is applied to the OSL

data, results are significantly older at 560 ± 102 ka (OSL3), 546 ± 79 ka (OSL4), and 849 ± 132 ka

(OSL5), however, this model is considered unrealistic within a cave environment (Galbraith et al.,

1999).

Palaeomagnetic analysis of flowstone
Palaeomagnetic analysis of one composite sample of Flowstone 1a (Figure 13), covering erosional

remnants of Unit 2 near the entry shaft into the Dinaledi Chamber, was performed at La trobe Uni-

versity, Melbourne (LTU). The palaeomagnetic results for Flowstone 1a are presented in Figure 13

and Table 9. The palaeomagnetic sample from Flowstone 1a comprises three distinct phases of
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analyses are possible (Duller, 2008), but far more labour intensive and, for the purpose of this study,

were not required. Moreover, this is the first time that OSL has been applied to cave deposits in the

CoH, and there is no comparative data available for this area. However, the results are consistent

with the interpreted stratigraphy and other dating in the chamber, and highlight the potential for

additional work.

To assure that all US-ESR results obtained by the different laboratories can be compared in an

objective manner, we standardized the à priori model assumptions (Table 6), that is, the same ana-

lytical results for sediment chemistry, back ground radiation, water content, radon-loss and cosmo-

genic radiation, needed to calculate the environmental dose rate, were used by both laboratories.

Therefore, any differences in age estimates relate to the measured equivalent dose (DE) and labora-

tory methodologies, and are not the result of model assumptions. Both laboratories also applied the

same combinations of model parameters that would most likely result in either maximum or mini-

mum age estimates. These are presented as two scenarios in which the determined age range will

overlap with the true age of the fossils (Table 7).

When examining the US-ESR results for the teeth (Table 7), two trends are apparent: (i) The

results for samples 1810 and 1788 from SCU and CENIEH-GU agree well within the listed uncertain-

ties; and (ii) The calculated ages for sample 1767 are much younger than the other teeth. Regarding

the second issue, samples 1767 and 1788 were collected from the top of sub-unit 3b within 1.3 m

from one another, with the difference that sample 1767 lay directly on surface in the centre of the

floor, whereas sample 1788 lay to the side under a cover of 2 cm of loose sediment (Figure 4). Given

their position in the cave the teeth are expected to be of similar age. However, their ages as

obtained by SCU vary by a factor of >2 (scenario 1: 104 ± 29 vs 247 ± 42 ka; scenario 2: 87 ± 22 ka

vs 194 ± 34 ka; Table 7). The main difference between the two samples is that the internal dose rate

of sample 1767 is ~20 times higher (Table 7), due to the high U concentration in the enamel (~2.5

ppm). Such high concentrations can lead to dose rate overestimations due to inappropriate alpha

efficiency values (Duval et al., 2012). The high U values in sample 1767 are probably the result of its

greater exposure to water, confirmed by its extremely weathered nature (Figure 6a). Given these

factors, we do not trust the reliability of the age results for sample 1767 and have excluded this

tooth from the final age estimates for the fossils.

The age estimates from the maximum and minimum age scenarios as calculated here are depen-

dent on the amount of estimated Rn loss over time, that is, in assessing the best age estimate for

the H. naledi fossils a major issue is whether 222Rn degassing was a process that operated continu-

ously over the past 300 ka or not. 222Rn is a noble gas, radio-isotope that forms as part of the 238U

decay chain, and its escape has a major effect on the total amount of gamma radiation generated by

the sediments (e.g., Guérin et al., 2011), and consequently, the calculated US-ESR age (Table 7).

The reason why 222Rn degassing occurs so readily probably relates to the crystallographic position

occupied by U atoms. Uranium and Th are chiefly hosted in very thin Fe-Mn oxy-hydroxide coatings

on grains within the sediments (Dirks et al., 2015; Makhubela et al., 2017), and given (alpha)-recoil

in the 226Ra decay, escape of 222Rn (half-life 3.82 days) is likely. This process will have occurred

throughout the history of the cave given that the formation of Fe-Mn oxy-hydroxides is an integral

part of the chemical process that occurs within the unconsolidated cave sediments as a result of oxi-

dation, auto-brecciation and weathering reactions (Dirks et al., 2015). It is, therefore, assumed that

effective Rn degassing will have been an important process in the cave throughout the accumulation

history of the Unit 3 sediments, although it seems unlikely that an extreme degassing environment

similar to the 80% measured today was maintained during the entire history of burial. Therefore, we

interpret the maximum US-ESR age estimates calculated for scenario 1 conditions to be the closest

to the true age of the H. naledi fossils. If Rn degassing was somewhat less in the past, the older age

bracket would move into the direction of 270 ka (i.e., the maximum age limit calculated under sce-

nario 2 conditions).

The OSL results are more difficult to interpret than the US-ESR results, not only because we have

to assume model parameters to estimate the environmental dose rate, but also because we have

few constraints on the origin and provenance of the quartz grains that were sampled. OSL analyses

were carried out for aliquots of ~30 grains and each analysis, therefore, is an average of the signals

contained in the grains. There is significant within-sample scatter in measured total dose (De) values

between different aliquots, meaning that age estimates are imprecise (uncertainties of 15–18%).

Overdispersion in De ranges from 50–70%, which is much higher than would be expected for a well-
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nature of sedimentary cave fill in many cave systems (e.g., Wilkinson, 1985; Brain, 1993; Sasow-

sky, 1998; Stock et al., 2005; Stratford et al., 2014; Sutikna et al., 2016) involving repeated cycles

of deposition, erosion and reworking, leading to complex and sometimes contradictory age results

(e.g., Granger et al., 2015; Kramers and Dirks, 2017). This problem is well illustrated with the on-

going debate on the age of Stw 573 (‘little foot’) in the nearby Sterkfontein Cave, where after 20

years of dating efforts no definitive age is yet established (see Partridge et al., 1999,

2003; Berger et al., 2002; Walker et al., 2006; Herries and Shaw, 2011; Pickering and Kramers,

2010; Granger et al., 2015; Kramers and Dirks, 2017). Another good example illustrating the diffi-

culties of linking cave stratigraphy to a definitive age for the hominin fossils they contain is presented

by the H. floresiensis remains in the Liang Bua cave, Indonesia (Morwood et al., 2004;

Roberts et al., 2009; Sutikna et al., 2016).

The stratigraphy within the Dinaledi Chamber has been previously described by Dirks et al.

(2015). The ages presented here help to resolve outstanding questions about the stratigraphy in the

Dinaledi Chamber, and allow us to more closely define the distribution of correlative stratigraphic

units (Figure 14), and thus constrain the age of the H. naledi fossils.

Table 7. Summary of ESR dating results (2s uncertainties) for two end-member scenarios: (i) complete burial of the samples, 80% Rn

loss in the sediment and post Th-230 equilibrium in dental tissue (i.e., maximum age scenario); (ii) complete burial of the samples and

post-Rn equilibrium in sediment (i.e., minimum age scenario). See text for detailed discussion.

Sample: 1767 1788 1810 1841

Laboratory: SCU SCU Cenieh-gu SCU Cenieh-gu SCU

Scenario 1: 25 ± 10% Water, complete burial and 80% 222Rn degassing (maximum age scenario)

internal dose rate (mGy a�1) 1142 ± 515 190 ± 129 47 ± 47 323 ± 175 176 ± 176 1411 ± 596

alpha (mGy a�1)* 0 0 8 ± 2 0 8 ± 2 0†

beta dose rate, dentine (mGy a�1) 73 ± 33 91 ± 62 64 ± 16 75 ± 41 51 ± 14 –‡

beta dose rate, sediment (mGy a�1) 101 ± 24 105 ± 31 86 ± 17 95 ± 24 86 ± 18 358 ± 74

gamma and cosmic (mGy a�1) 549 ± 69 549 ± 69 549 ± 69 549 ± 69 549 ± 69 549 ± 69

total dose rate (mGy a�1) 1865 ± 521 935 ± 162 754 ± 87 1042 ± 194 870 ± 190 2318 ± 606

p enamel �0.03 0.49 �0.02 �0.70 �0.77 0.91

p dentine 0.08 0.13 �0.06 1.02 0.54 –

Age (ka) 104 ± 29 247 ± 42 211 ± 28 284 ± 51 267 ± 68 723 ± 181

Combined SCU/CENIEH-GU age (ka) 229 + 60/–46 276 + 59/–77

Average age for 1788 & 1810 (ka) 253 + 82/–70

Scenario 2: 25 ± 10% Water, complete burial and no 222Rn degassing (minimum age scenario)

internal dose rate (mGy a�1) 1277 ± 552 216 ± 165 51 ± 51 335 ± 193 184 ± 184 1520 ± 630

alpha (mGy a�1)* 0 0 8 ± 2 0 8 ± 2 0

beta dose rate, dentine (mGy a�1) 82 ± 35 102 ± 78 69 ± 18 87 ± 50 59 ± 16 –

beta dose rate, sediment (mGy a�1) 132 ± 26 134 ± 33 111 ± 19 126 ± 26 112 ± 19 380 ± 81

gamma and cosmic (mGy a�1) 739 ± 116 739 ± 116 739 ± 116 739 ± 116 739 ± 116 739 ± 116

total dose rate (mGy a�1) 2230 ± 586 1191 ± 219 978 ± 129 1287 ± 232 1102 ± 219 2639 ± 647

p enamel �0.31 0.06 �0.37 �0.83 �0.91 0.67

p dentine �0.22 �0.22 �0.40 0.54 0.10 –

Age (ka) 87 ± 22 194 ± 34 163 ± 24 230 ± 40 210 ± 50 635 ± 148

Combined SCU/CENIEH-GU age (ka) 179 + 49/–40 220 + 50/–60

Average age for 1788 & 1810 (ka) 200 + 70/–61

*using alpha attenuation values of Grün (1987).
†considered as negligible given the low radioelement concentrations in the sediment and the high total dose rate value.
‡for 1841, the beta dose rate on both sides of the enamel layer is derived from the sediment.
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confirmed with the dating. Therefore, we reinterpret the H. naledi-bearing sediments below Flow-

stones 1b-e as part of Unit 3 (sub-unit 3b), which means that all H. naledi-bearing sediments in the

chamber are now part of sub-unit 3b (Figure 8).

Apart from the poorly consolidated erosional remnants below Flowstones 1b-e, hominin-bearing

Unit 3 sediments also cover most of the floor of the Dinaledi Chamber. The layer of sub-unit 3b sedi-

ment has been interpreted as a relatively thin sheet (~20 cm) of rubbly mud clast breccia material

mixed with H. naledi fossils based on outcrops in the excavation pit and preliminary ground pene-

trating radar results (Naidoo, 2016; Figures 2 and 8). Age brackets for sub-unit 3b were obtained

by dating underlying outcrops of sub-units 1a and 1b via OSL, and by dating overlying flowstone

units. In this context sample OSL5 is the most relevant for obtaining a maximum age estimate for

sub-unit 3b, because it was taken from an outcrop of Unit 1 that is overlain by Unit 3. Here, a maxi-

mum age limit of 414 ka (the upper error limit of OSL5) can be assigned to sub-unit 3b if the OSL

ages are taken at face value. Note however, that the maximum age limits for sub-unit 1b as deter-

mined from samples OSL3 and OSL4 are significantly less at 272 ka and 278 ka (upper error limits),

respectively (Table 8), which supports the interpretation that sub-unit 1b formed due to erosion and

redeposition on top of sub-unit 1a. The minimum age limit of sub-unit 3b can be more confidently

constrained as it is overlain by flowstones with age ranges between 97 ka and 24 ka (Table 1). More

importantly, a hanging remnant of sub-unit 3b with hominin material is covered by Flowstone 1c

with a lower age limit of 236 ka obtained from the core of a stalactite overlying the rim of the flow-

stone remnant. This age provides the best minimum age estimate for sub-unit 3b, and by extension

a minimum age for the H. naledi fossils.

U-Th dating of an erosional remnant of Flowstone 1 that occurs directly above an outcrop of sub-

unit 1b from which sample OSL4 was taken, and appears to cover it, provides an age of 290 ± 6 ka,

suggesting that Unit 1 in this location must be older than 284 ka. The OSL results (using the MAM

model), however, suggest that the Unit 1 sediments in this location must be younger than 278 ka

(Table 8; using MAM age models). This apparent paradox may indicate that the OSL ages are unreli-

able, but could mean that sub-unit 1b was deposited in an inverse stratigraphic order in relation to

the flowstone. This is supported by physical evidence in the chamber in which a gap between the

flowstone drape and underlying sediment widens towards the back of the outcrop (Figure 2c),

implying that sub-unit 1b was deposited below an erosional remnant of Flowstone 1, and is, there-

fore, younger than this flowstone. Recrystallization-dissolution textures, and anomalously high
234U/238U ratios (>3) suggest that the age reported for this flowstone sample (RS5) should be

treated as a minimum age.

Although the age constraints for sub-units 1a and 1b are imprecise they do suggest that Unit 1 in

this part of the chamber is younger than Unit 2, and that the red mud clasts forming Unit 2 sediment

were derived from source material matching our description of sub-unit 1a, but positioned higher up

in the cave. This source material was possibly part of sub-unit 1c, or it could represent part of an

older and as yet undefined sub-unit of Unit 1. No age assessment for sub-unit 1c deposits were

done, because accumulations are too small to be tested with OSL or too difficult to access.

The U-Th ages from flowstones and teeth place constraints on the changing physical environment

experienced in the cave chamber over time. Flowstone deposition in the Dinaledi Chamber occurred

during discrete periods including 24–32 ka, 50 ka, 88–105 ka, and during older events around 242

ka, 290 ka, between ~437 ka and 683 ka, and >780 ka. The flowstones are associated with relatively

low initial 234U/238U ratios of 1.8–2.4 (Tables 2 and 3). Flowstones formed in different parts of the

chamber as drip points shifted, but no clear pattern in age distribution is apparent (Figure 1b) other

Table 9. Final mean palaeomagnetic data for all subsamples analysed from each phase of Flowstone 1a as shown in Figure 13. MAD

= mean maximum angular deviation for individual samples; K = precision/sample dispersal parameter; Plat = palaeolatitude).

Flowstone
1a

Declination
(O)

Inclination
(O) MAD K Plat. Polarity

Phase C 15.5 �39.7 3 70.8 75.4 N

Phase B 26 �28.1 7.4 156.2 63.3 N

Phase A 156.4 15.9 5.7 30.2 �60.0 R

DOI: 10.7554/eLife.24231.018
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Dembo et al., 2016). Detailed geological investigations are critical before any attempt to ascribe an

age to the fossils is made, and even then great care must be taken in interpreting results, which may

not always be conclusive (e.g. see famous examples such as Sterkfontein or Liang Bua;

Partridge et al., 2003; Wilkinson, 1985; Walker et al., 2006; Roberts et al., 2009; Pickering and

Kramers, 2010; Granger et al. 2015; Sutikna et al., 2016; Kramers and Dirks, 2017).

It is generally assumed that all African fossil hominins producing Middle Stone Age archaeological

industries in the past 300 ka were part of a single variable species of early H. sapiens or an immedi-

ate precursor (e.g., Mcbrearty and Brooks, 2000; Lahr and Foley, 2001; Stringer, 2002). The new

ages now show that H. naledi existed at the same time as the first Middle Stone Age tools were pro-

duced in southern and eastern Africa, whilst skeletal evidence shows that H. naledi was probably

capable of tool use (Berger et al., 2015; Hawks et al., 2017). This raises the possibility of H. naledi

being responsible for some of the MSA traditions. The implications of the new ages for H. naledi are

discussed in detail in Berger et al., 2017.

Material and methods

Flowstone samples for U-Th dating
A total of seventeen flowstone samples (RS1, RS5-6, RS8, RS10-11, and RS 13–23) from the Dinaledi

Chamber were dated via U-Th geochronology, including one set of blind duplicates (RS1 and RS15;

Table 1, Figures 1b and 3). In addition, one flowstone sample (RS9) was taken on the surface

(WGS84 571240–7121866) from a shallow pit about 11 m SW of the projected surface position of

the excavation pit in the Dinaledi Chamber (Figure 3d). For each sample a powder was prepared

and then split, with one half being dated at JCU and the other half being dated at UoM; that is, for

each sample both JCU and UoM dated the same material.

In the Dinaledi Chamber samples of Flowstone Groups 1, 2 and 3 were collected from a variety of

stratigraphic positions (Figures 1b, 2 and 3). All the sampled flowstones formed as sheets, crusts, or

drapes overlying older sediment units, with the exception of samples RS13 and RS18, which were

taken from a small stalactite that formed along the lip of an erosional remnant of Flowstone 1c.

Additionally, samples RS14, RS16 and RS17 were taken from a flowstone drape along a dolostone

side-wall of the chamber. In all instances the flowstones have a free upper surface, that is, they are

not overlain or covered by sediment, and all flowstones are interpreted to be younger than the sedi-

ment units they cover. The one exception to this rule could be RS5, which comes from a partly

resorbed erosion remnant of Flowstone 1 that appears to overlie Unit 1, but is separated from the

top surface of Unit 1 by a small opening that widens with depth (Figure 2c). This leaves the possibil-

ity that this flowstone is an erosional remnant, and that Unit 1 (sub-unit 1a) sediments built up below

it after it had been deposited. The location of each sample within the Dinaledi Chamber is shown in

Figure 1b, and outcrop and close-up photos of the sampled flowstones are shown in Figure 3.

RS1 and RS15 are blind duplicate samples taken from a hanging remnant of Flowstone Group 2

that occurs in a N-trending fracture, ~10 m N of the excavation pit and ~3 m N of a major outcrop of

sub-unit 1a sediment from which sample OSL3 was collected. The flowstone overlies largely uncon-

solidated floor sediments of Unit 3, which in this locality have eroded from underneath the flowstone

to leave a hanging remnant ~8 cm above the current floor level (Figure 3i). The flowstone consists of

a 15–18 mm-thick layer of calcite overlying an irregular surface of mud clast breccia, locally incorpo-

rating and growing around large mud clasts that were lying on the palaeo-surface. The flowstone is

grey-white in colour and preserves 3–6 mm scale laminations visible due to subtle colour variations.

The flowstone is recrystallized with elongated, acicular crystals of calcite growing from the base to

the top of the layer across all internal laminations. The upper surface of the flowstone has a rough,

pitted appearance as a result of partial resorption or dissolution of calcite along the grain bound-

aries of the needle-like crystals. Samples RS1 and RS15 were taken from a 3 mm-thick zone, 3 mm

above the basal contact of the flowstone layer (Figure 3i).

RS5 was sampled from a thin sheet of Flowstone Group 1 in a WNW-trending fracture, ~4 m W

of the excavation pit (Figure 1b). The flowstone overlies orange sandy mudstone belonging to sub-

unit 1b from which sample OSL4 was taken (Figure 3a), but appears to be separated from this unit

by a narrow opening that widens to the back of the outcrop (Figure 2c). The flowstone consists of

an 8–22 mm thick, cream white layer of carbonate with a sponge-like, porous, sugary texture that
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These crystals overgrow mm-scale laminations defined by white to brown colour variations. RS21

was sampled from the basal-to-central segment of this layer. The basal layer is overlain by an 8–16

mm thick layer of finely laminated (sub-mm scale) white speleothem. The basal 2–3 mm of this layer

is recrystallized with fine aragonite needles radiating out from the base. Above that the flowstone

consists of fine lamellae defined by subtle grey to white colour variations. Each lamina is composed

of botryoidal aggregates of acicular aragonite. RS11 was taken from the top 3 mm of this white flow-

stone (Figure 3f).

RS13 and RS18 are two samples taken from the same stalactite developed along the lip of an

erosional remnant of Flowstone 1c near the entrance into the Dinaledi Chamber (Figure 1b). In this

location, Flowstone 1c covers the erosional remains of a mud clast breccia containing a long bone

consistent with the H. naledi assemblage (Figure 3g), and interpreted as Unit 3. The stalactite con-

nects to part of the speleothem layers that cover the bone.

The stalactite preserves well-developed internal layering, with layers asymmetrically developed

around a core, in which layers thicken towards the outward facing side of the stalactite. From core

to rim the stalactite reaches a maximum thickness of 53 mm and includes three separate zones that

can be distinguished based on internal texture, layering, and colour (Figure 3g). The innermost zone

forms an 8 mm-thick, finely laminated (sub-mm scale) core centred on a small mud clast and is termi-

nated by a thin brown, mud-rich rim. This core is surrounded by a ~23 mm-thick central zone that

consists of more coarsely layered (3–10 mm-thick), cream to grey-white coloured calcite with layering

preserved as subtle colour variations, which at its base shows replacement by radiating sheaves of

aragonite needles. This zone is mantled by a ~22 mm-thick outer zone of white calcite preserving

only remnants of internal layering. This outermost zone is characterized by extensive replacement of

abundant, older aragonite needles by coarse-grained calcite, creating a patchy texture. The sample

has been affected by recrystallization resulting in the formation of radiating acicular crystals of calcite

that grow from the core outward. The white outer layer also shows evidence of further recrystalliza-

tion, with the formation of coarse (2–4 mm), equant calcite grains, many with highly irregular grain

boundaries that overgrow the acicular grains. The outer surface of the stalactite has a rough, pitted

appearance as a result of partial resorption/dissolution along the surface with dissolution along the

grain boundaries of the acicular crystals. RS18 was sampled from a 3 mm-thick horizon near the base

of the central zone. RS13 was sampled from the outermost part of the outer zone (Figure 3g).

RS14 was sampled from an irregularly shaped, cascade-like crust of Flowstone Group 2, along

the side-wall of the main floor drain, between the entry shaft and excavation pit (Figures 1b and

3h). The sample of flowstone crust consists of an 8–11 mm thick layer of cream coloured carbonate

displaying mm-scale laminations and a sugary, recrystallized texture with numerous, fine pore spaces

along laminar surfaces. Sample RS14 was taken from a 3 mm-thick zone encompassing several fine

laminations, ~5 mm above the base of the flowstone layer (Figure 3h).

RS16 and RS17 are two separate samples from a cascade-like crust of Flowstone Group 2 that

formed within the main floor drain between the entry shaft and excavation pit (Figure 1b). This flow-

stone developed on top of the dolomite back-wall of the drain (Figure 3h). The sample consists of a

mostly cream coloured flowstone that is up to 73 mm thick, with a massive sugary, recrystallized tex-

ture, preserving mm-scale laminations visible due to subtle colour variations. Many of the equant cal-

cite grains contain remnant aragonite needles, reflecting an earlier phase of aragonite growth.

Laminations along the basal 3–4 mm of this flowstone are brown in colour, whereas the top 10–12

mm of this flowstone layer consists of what is possibly a separate, younger unit of laminated grey-

brown carbonate with small pore spaces developed along some of the laminar surfaces. Sample

RS16 was taken from a 3–4 mm-thick layer directly above the basal zone with brown laminations.

Sample RS17 was taken from a 4 mm-thick zone at the top of the cream-coloured laminated flow-

stone, immediately below the darker coloured top unit (Figure 3h).

RS19 was taken from a wedge-shaped sample of Flowstone Group 2 that formed along the lip of

a drip pool directly overlying Unit 3 sediments, 1.2 m S of the excavation pit (Figure 1b). The flow-

stone is cream-coloured and up to 30 mm thick, and overlies a flat sediment surface. It preserves

complex internal layering and a variety of textures (Figure 3j). A basal 2–4 mm-thick layer character-

ised by fine calcite needles growing at right angles to layering is overlain by an irregular mass of

darker cream coloured, unstructured calcite with a sugary texture and numerous fine voids. Towards

its top this unstructured mass is interlayered with and covered by several 1–4 mm-thick lamellae

characterised by fine calcite needles growing at right angles to layering similar to the basal layer,
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sample taken at a depth of 55–60 cm below the original ground surface of the cave floor near the

base of the sondage dug in the centre of the excavation pit (Figures 1b, 2d and 4). This tooth

occurs in sub-unit 3a, ~40 cm below the stratigraphically lowest occurrence of partly articulated

remains of H. naledi, and represents the only non-hominin macrofossil recovered from Unit 3.

Sediment samples for OSL dating
Three OSL samples (OSL3, OSL4 and OSL5) were collected in the Dinaledi Chamber from erosion

remnants of sub-unit 1a, in which sandy, laminated mudstones are exposed (Figures 1b and

5). These sandy intercalations were targeted because they contain fine-grained quartz and feldspar

grains that can be extracted for analysis. For each sample a 30 cm length of aluminium piping with a

diameter of 5 cm was hammered into the sediments in a horizontal direction or parallel to sedimen-

tary laminations visible within the units. A core sample within the pipe was extracted for OSL analy-

ses together with a sediment sample from the same unit to determine background radiation from

measured values of U, Th and K.

Sample OSL3 comes from an erosion remnant of sediments of sub-unit 1b collected near the

intersection point of two fractures trending N and E respectively, ~6 m N of the excavation pit

(Figure 1b). Samples OSL4 and OSL5 come from an erosion remnant of Unit 1 sediment along an

ENE-trending fracture, ~3 m W of the excavation pit. Sample OSL4 is obtained from sub-unit 1b

directly below a thin, partly resorbed flowstone sheet attributed to Flowstone Group 1 (Figure 3a).

Sample OSL5 occurs as an erosional remnant of sub-unit 1a, 1 m E, and stratigraphically 10–20 cm

below sample OSL4. The Unit 1 sediments in this location are partly covered by Unit 3 sediments

and a cascade of Flowstone Group 2 (Figure 3k).

Flowstone sample for palaeomagnetic analysis
The speleothem sampled for palaeomagnetic analysis comes from Flowstone 1a near the entry zone

into the Dinaledi Chamber (Figure 2b). The sample is layered and comprises three distinct phases

(from base to top: A-C) separated by thin clastic horizons that mark disconformities (Figure 13a,b).

The lower phase (phase A) is interstratified with visible clastic laminations. The internal lamina-

tions are truncated along the lower surface of the sample indicating that phase A flowstone was

partly dissolved during a phreatic event after the flowstone had been deposited. The middle phase

(phase B) consists of intercalated flowstone speleothem and detrital sediment layers, with the detri-

tal layering concentrated towards the downslope part of the sample. Detrital material is generally

less than in phase A, indicating decreasing amounts of clastic contamination. Like phase A, the inter-

nal layering of phase B is truncated along the lower surface of the sample, indicating that the phre-

atic dissolution event occurred after deposition of phase B. There is no apparent truncation surface

between phase A and B flowstone, indicating that phase B formed on top of phase A after a period

of non-deposition during which detrital material accumulated on top of phase A. The upper surface

of phase B truncates internal layering reflecting dissolution during a phreatic event. This was fol-

lowed by a period of non-deposition of flowstone during which a thin layer of detrital clastic material

accumulated, before deposition of the upper layer (phase C) of flowstone occurred. Phase C com-

prises younger, cleaner flowstone which displays extensive recrystallization along the base of the

unit with the formation of elongated calcite crystals. This zone of recrystallization could potentially

also indicate a younger infill of a cavity that had formed between phase B and C flowstone, and has

been avoided during sampling. Phase C flowstone contains little to no detrital inclusions, and sug-

gests that sediment influx into the chamber was not occurring during its deposition.

Phase B and phase C flowstone correlate with samples RS23 and RS22 respectively, that were col-

lected for U-Th dating. The top of the sample was oriented in the cave to magnetic N (�18.2o

degrees from true N at this location with a �62.9o inclination). The inclination was accounted for by

marking the sample on a completely flat surface of the block.

Bone samples for radiocarbon dating
Three weathered bone fragments of H. naledi were collected for radiocarbon dating including: (i) a

tibia shaft fragment, 53 mm in length (U.W. 101–567); (ii) a femur shaft fragment comprising the

whole circumference of the shaft, 79 mm in length (U.W. 101–857), and; (iii) a metatarsal or
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isotopes, samples were bracketed with standard solutions of CRM-145 and corrected using the mass

bias determined for the U standard. For isotopes measured on the SEM, we corrected for tails using

the log mean of the relevant half masses. For isotopes measured on the Faradays detectors, the

shape of the tail and tailing parameters were defined daily using a >25 V of a solution of U005A;

with these parameters a correction for the family of U tails was made.

We represent age uncertainties that include propagated 2s envelopes on isotope ratios and

decay constants, as well as an error envelope on the assumed initial 230Th/232Th. The assumed value

for initial 230Th/232Th is 0.83 ± 0.50 (2s). These are the main sources of uncertainty for the age esti-

mates, and we treat them as three sources of uncorrelated uncertainty. Uncertainty on measured iso-

tope ratios reflects counting errors and variability within a mass spectrometric analysis. Decay

constant uncertainty envelopes are after Cheng et al. (2013), and we propagate uncertainty on

tracer (spike) isotope concentrations. Uncertainties are represented as symmetric in both the older

and younger direction and are expressed in ka.

Methodology: The University of Melbourne (UoM)
Sample preparation – Samples were prepared at JCU as described above, and sent to UoM for

analysis.

Dating protocol – Analyses at UoM were done by multi-collector inductively coupled plasma

mass spectrometry (MC-ICP-MS), using the analytical methods of Hellstrom (2003). An assumed

value for the initial 230Th/232Th activity ratio of 1.5 ± 1.5 (2s) was used to calculate corrected ages in

conjunction with the decay constants of Cheng et al. (2013). All ages are expressed in ka and cor-

rected for initial 230Th using Equation 1 of Hellstrom (2006). 234U/238U activity ratios were deter-

mined after Hellstrom (2003) and Drysdale et al. (2012). All uncertainties are presented as 2s.

ESR dating
Background to ESR dating
Electron spin resonance (ESR) dating in combination with U-series data offer a largely non-destruc-

tive approach for direct dating of human fossil remains (e.g., Grün, 1989, 1997, 2009; Joannes-

Boyau et al., 2010; Joannes-Boyau and Grün, 2011; Joannes-Boyau, 2013). The basic principles of

ESR dating can be found in Grün (1989), (1997), and are briefly summarized here with reference to

hominin teeth.

When the highly crystalline material (hydroxyl-apatite) that forms tooth enamel is exposed to ion-

izing radiation, resulting from the radioactive decay of naturally occurring radiogenic isotopes

(mainly U, Th and K) and cosmogenic rays, unpaired electrons in the crystal lattice can be moved

from their normal valence band to a higher energy level or excitation state. Some of these excited

electrons become trapped in charge deficit sites within the crystal structure to form paramagnetic

centres that can be measured with ESR spectroscopy. The number of trapped electrons builds up

over time as a function of the strength of the gamma ray intensity (or dose rate) in the surrounding

environment. For teeth buried in cave sediment deep underground, radiation is mainly derived from

radioisotopes contained in the surrounding sediments and the tooth itself. Thus, a tooth acts as a

natural dosimeter in which the total accumulated dose and dose rate can provide an age estimate

(Grün, 1989, 1997). The ESR signal contained within a tooth and the dose rate can be measured

directly. However, the dose rate can vary over time as U can be highly mobile in wet cave environ-

ments (e.g., Grün, 2009), and can move in and out of teeth (Grün et al., 2008a). The environmental

dose rate can be measured using in situ gamma ray spectrometry, or can be determined from mea-

sured values of natural isotopes (mainly U, Th and K) and calculations of the cosmic ray contributions

following models. The internal dose rate (inside the tooth) can be determined by measuring the

present day 230Th/234U-ratios from which an uptake history for the tooth can be modelled (as

opposed to applying assumed uptake models).

Using the combined results of U-Th analyses and ESR measurements, more accurate age esti-

mates can be obtained than would be possible with ESR dating alone. To overcome the problem of

not accurately knowing the complex U uptake history of a tooth, the U-Th data is used to establish

the relationship between the ESR equivalent dose and apparent U-Th age as defined by the

equation:

U tð Þ ¼ Um t=Tð Þpþ1 (1)
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In which U(t) is the U concentration at t, Um is the measured U concentration, T is the age of the

sample and p the uptake parameter linked to the uptake model determined from U-Th measure-

ments in the tooth (closed system or early uptake: p= �1; linear uptake: p=0, late uptake: p>0

(Grün, 2009).

The methodologies used to obtain U uptake models and ESR dates are explained separately for

each of the laboratories. For all reported ages, decay constants for 234U and 230Th are from

Cheng et al. (2000).

Methodology for combined U-series and ESR dating: Southern Cross
University (SCU)
Sample preparation – Small fragments of enamel were removed from each of the four teeth with

the help of a hand-held diamond saw following protocols in Grün et al. (2008b) and Joannes-

Boyau, 2013. Any dentine attached to the enamel fragment was removed (1841 had no observable

dentine), after which a layer of 100 mm was removed from the outer surface of each fragment with a

rotary tool. For each tooth, the enamel fragments and a section of dentine directly underlying each

enamel fragment were analysed for U and Th concentrations. U-series analyses were also performed

on enamel and dentine from the remaining tooth in the immediate vicinity of the fragment to assess

variations in U/Th isotopic ratios and calculate ESR ages.

Dating protocols: ESR dose evaluation – ESR dating was performed at room temperature on a

Freiberg MS5000 ESR X-band spectrometer at a 0.1mT modulation amplitude, 10 scans, 2 mW

power, 100G sweep, and 100 KHz modulation frequency. At SCU, the samples were irradiated with

X-rays in a Freiberg X-ray irradiation chamber, with a Varian VF50 X-ray gun at a voltage of 40KV

and 0.5mA current, with dose rate calibrations depending on the output value of the X-ray gun. ESR

intensities were extracted from T1-B2 peak-to-peak amplitudes of the ESR signal of enamel

(Grün, 2000a).

Each enamel fragment was mounted into a para-film mould within a Teflon sample holder to

record the angular dependency in the ESR response. Irradiation was performed by exposure to the

X-ray gun with no shielding of the source. To estimate the equivalent dose (DE), each fragment was

irradiated in steps with exponentially increasing irradiation times (for samples 1767, 1788 and 1810,

these steps were: 90s, 380s, 1080s, 1800s, 3600s, 7200s, 14400s, 2,8800s and 7,9200s, and for sam-

ple 1841: 90s, 380s, 1080s, 1800s, 3690s, 7200s, 1,4400s, 2,8800s, 4,3200s and 9,9000s). During

each irradiation step, the output of the X-ray gun was recorded to calculate the dose rate received

by the sample (for samples 1767, 1788, 1810 and 1841 these values were 0.178Gy/s, 0.169Gy/s,

0.188Gy/s and 0.240Gy/s respectively. For each irradiation step the fragment was measured over

180o in x, y and z-configurations (Joannes-Boyau and Grün, 2011; Joannes-Boyau, 2013). Isotropic

and baseline corrections were applied uniformly across the measured spectra. The amount of

NOCOR’s in the natural signal was estimated using the protocol of Joannes-Boyau (2013). The ESR

dose response curves were obtained by using mean ESR intensities and associated standard devia-

tions from the repeated measurements.

Fitting procedures were carried out with MCDOSE 2.0 software using a Markov Chain Monte

Carlo (MCMC) approach based on the Metropolis-Hastings algorithm. The program uses a Bayesian

framework, where the solution is presented as a full probability distribution of the equivalent dose

(Metropolis et al., 1953). DE values were obtained by fitting a Single Saturating Exponential (SSE)

at the appropriate maximum irradiation dose (Dmax) following Duval and Grün (2016) (using 1767

Dmax = 1264 Gy, 1788 Dmax = 2465 Gy, 1810 Dmax = 2735 Gy and 1841 Dmax = 3526 Gy).

Dating protocols: U series analysis – The U and Th concentrations in each of the enamel frag-

ments and surrounding dentine were measured by laser ablation, using an ESI NW193 ArF Excimer

laser coupled to a MC-ICPMS Neptune Plus at the UoW. Sections of enamel and dentine were

mapped using small rasters to document compositional variability in the teeth and constrain diffu-

sion processes (Figure 9a).

A total of 86 separate U-series analytical runs were performed across the dentine and enamel sur-

face for the three H. naledi teeth. Each individual run consists of an average value obtained across a

raster or ablation track measuring 200 mm x 700 mm in size; that is, a succession of short measure-

ments was taken along a raster and then averaged into one value. Measurements were performed at

an ablation rate of 20 Hz and a translation speed of 50 mm/s.
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Palaeomagnetic dating
Methodology for palaeomagnetic dating: La Trobe University (LTU)
The procedures for palaeomagnetic analysis of the speleothem sample from Rising Star Cave follow

those outlined in Herries and Shaw (2011) and a comprehensive review of speleothem magnetism

can be found in Lascu and Feinberg (2011).

Sample preparation – The sample was drilled vertically, across the layering, using a non-magnetic

rock drill to produce three 2.5 cm by ~5–6 cm cores from the upper, purer part of the flowstone.

Care was taken to remove recent contamination. The surface of the flowstone has a calcified cover-

ing of fine clastic dust that is likely to be much younger. Therefore, the upper ends of the cores were

removed to make sure that only primary flowstone was measured. The cores were then cut in half at

their midpoint where more recent contamination has seemingly occurred within the sample (at the

interface between different growth phases; Figure 13). This was done using an ASC Scientific non-

magnetic saw with bronze saw blades to produce a total of six 2.5 by 2.5 cm subsample cores from

the upper part of the flowstone; 3 from the uppermost 2.5 cm (phase C flowstone) and 3 from the

lower 2.5 cm (phase B flowstone). Thinner samples could not be produced as the samples were

weak. Only a small part of the lowest, clastic rich layer (phase A flowstone) was preserved on the

base of the block sample (Figure 13a) and this layer was cut into two 2 � 2 cm cubes for analysis.

Palaeomagnetic field determinations – Because the samples all consist of flowstone speleothem,

alternating field (AF) demagnetisation was the sole method of magnetic cleaning that was used on

the samples. AF has been shown to be effective for recovering the primary palaeomagnetic signal

formed within South African speleothems for both detrital inclusions deposited during phases of

flooding or within the water forming the speleothem itself (detrital remanent magnetisation; DRM),

and for chemical precipitation (Chemical Remanent Magnetisation; CRM) of iron phases within drip-

water (Herries and Shaw, 2011; Pickering et al., 2013). Samples were demagnetised using an

AGICO LDA5 AF demagnetiser and measured using an AGICO JR6 spinner magnetometer on the

high speed setting. Samples were analysed using the program Plotcore to establish the primary rem-

anence direction using principle component analysis of Zijderveld plots. Multiple samples were taken

from each layer within the flowstone speleothem and analysed using Fisher statistics and the Pro-

gram FISH2 to establish the Palaeolatitude (Plat.) for each layer. This was then used to assign the

polarity of each layer, with Plat. Values > + 60o/�60o are considered to represent normal or reversed

polarity.

Radiocarbon dating
Methodology for radiocarbon dating
Radiocarbon dating is a commonly used method for dating materials that contain carbon, by using

the decay of the radioactive carbon isotope 14C with a half-life of ~5730 years. Because of the rela-

tively short half-life of 14C, this technique generally only returns reliable results for ages less than 50

ka, and it is widely used in Archaeological applications (e.g., Taylor and Bar-Yosef, 2014).

Sample preparation – Two bone fragments collected along the floor of the Dinaledi Chamber

near the top of sub-unit 3b were sent to Beta Analytic Inc. in Miami, Florida. Here, the outer surfaces

of the bone fragments were acid etched with 10% HCl (at room temperature) after which samples

were rinsed to a neutral pH and dried. Samples were then ground to a powder and pre-treated with

1N acetic acid for 24 hr, rinsed, dried and weighed.

The pre-treated bone powder was acidified in 85% phosphoric acid at 70˚C in a closed chemistry

line that had been purged of any CO2 (to <10�15 atoms). CO2 produced from the sample was intro-

duced into a reaction vessel containing an aliquot of cobalt metal catalyst. Hydrogen was introduced

and the cocktail heated to 500˚C, to crack CO2 and form carbon (graphite). The graphite was

pressed into a pellet for analysis.

Analyses and data processing – Analyses for radiocarbon dating were performed using accelera-

tor mass spectrometry (AMS). Analyses were calibrated with graphite produced from the NIST-

4990C modern reference standard. Reported d13C was measured relative to the PDB-1 on the sam-

ple itself. Total fractionation using the AMS d13C correction was done to derive at a ‘conventional

radiocarbon age:’ Ages are calculated using BetaCal 3.17 provided by Beta Analytic following proce-

dures outlined in Bronk Ramsey (2009) and using the SHCAL13 database (Hogg et al., 2013).

Dates are reported as radiocarbon years before present (‘BP’ with ‘present’ taken as AD 1950).
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Figure 13. Samples and results of palaeomagnetic analyses forFlowstone 1a. (a) Outcrop photo of hanging

erosion remnant of Flowstone 1a from which the palaeomagnetic sample was taken. The three flowstone phases

separated by detrital horizons are clearly visible, and their magnetic polarity has been marked (N = normal; R =

reverse). The stratigraphic top is towards the top of the photo; (b) close-up of a hand sample taken for

palaeomagnetic analysis from Flowstone 1a in the Dinaledi Chamber. The sample is layered and comprises three

distinct phases (from base to top: A-C marked in yellow) separated by thin clastic horizons that mark

disconformities indicated with red dashed lines. The larger-scale extent of the three phases can be seen in (a); (c)

intensity spectra, Zijderveld plots, and stereo plots for samples from phases A to C taken from (b). Phases B and C

show normal polarity and phase A shows reversed and intermediate polarity directions.

DOI: 10.7554/eLife.24231.025
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Guérin G, Mercier N, Adamiec G. 2011. Dose rate conversion factors: update. Ancient TL 29:5–8.
Hawks J, Berger LR. 2016. The impact of a date for understanding the importance of Homo naledi. Transactions

of the Royal Society of South Africa 71:125–128. doi: 10.1080/0035919X.2016.1178186
Hawks J, Elliott M, Schmid P, Churchill SE, de Ruiter DJ, Roberts EM, Hilbert-wolf H, Garvin HM, Williams SA,
Delezene LK, Feuerriegel EM, Randolph-Quinney P, Kivell TL, Laird MF, Tawane G, DeSilva JM, Bailey SE,
Brophy JK, Meyer MR, Skinner MM, et al. 2017. New fossil remains of Homo naledi from the Lesedi Chamber,
South Africa. eLife 6:e24232. doi: 10.7554/eLife.24232

Hellstrom J, Pickering R. 2015. Recent advances and future prospects of the U–Th and U–Pb chronometers
applicable to archaeology. Journal of Archaeological Science 56:32–40. doi: 10.1016/j.jas.2015.02.032

Hellstrom J. 2003. Rapid and accurate U/Th dating using parallel ion-counting multi-collector ICP-MS. Journal of
Analytical Atomic Spectrometry 18:1346–1351. doi: 10.1039/b308781f

Hellstrom J. 2006. U–Th dating of speleothems with high initial 230Th using stratigraphical constraint.
Quaternary Geochronology 1:289–295. doi: 10.1016/j.quageo.2007.01.004

Herries AI, Adams JW, Kuykendall KL, Shaw J. 2006. Speleology and magnetobiostratigraphic chronology of the
GD 2 locality of the Gondolin hominin-bearing paleocave deposits, North West Province, South Africa. Journal
of Human Evolution 51:617–631. doi: 10.1016/j.jhevol.2006.07.007, PMID: 16949648

Herries AI, Adams JW. 2013. Clarifying the context, dating and age range of the Gondolin hominins and
Paranthropus in South Africa. Journal of Human Evolution 65:676–681. doi: 10.1016/j.jhevol.2013.06.007,
PMID: 23911292

Herries AI, Shaw J. 2011. Palaeomagnetic analysis of the Sterkfontein palaeocave deposits: implications for the
age of the hominin fossils and stone tool industries. Journal of Human Evolution 60:523–539. doi: 10.1016/j.
jhevol.2010.09.001, PMID: 21392817

Herries AIR, Curnoe D, Adams JW. 2009. A multi-disciplinary seriation of early Homo and Paranthropus bearing
palaeocaves in Southern Africa. Quaternary International 202:14–28. doi: 10.1016/j.quaint.2008.05.017

Dirks et al. eLife 2017;6:e24231. DOI: 10.7554/eLife.24231 56 of 59

Research article Genomics and Evolutionary Biology

http://dx.doi.org/10.1016/j.quascirev.2005.07.006
http://dx.doi.org/10.1016/1359-0189(93)90185-C
http://dx.doi.org/10.1111/j.1475-4754.1999.tb00987.x
http://dx.doi.org/10.1016/j.radmeas.2004.03.023
http://dx.doi.org/10.1016/j.gca.2014.09.008
http://dx.doi.org/10.1038/nature14268
http://dx.doi.org/10.1038/nature14268
http://www.ncbi.nlm.nih.gov/pubmed/25830884
http://dx.doi.org/10.1016/j.gca.2008.08.007
http://dx.doi.org/10.1016/1350-4487(94)90057-4
http://dx.doi.org/10.1016/j.palaeo.2014.07.023
http://dx.doi.org/10.1016/j.quageo.2007.09.004
http://dx.doi.org/10.1016/1359-0189(88)90071-4
http://dx.doi.org/10.1016/1040-6182(89)90010-4
http://dx.doi.org/10.1016/1040-6182(89)90010-4
http://dx.doi.org/10.1016/S1350-4487(99)00281-4
http://dx.doi.org/10.1016/j.radmeas.2009.02.011
http://dx.doi.org/10.1080/0035919X.2016.1178186
http://dx.doi.org/10.7554/eLife.24232&x00A0;
http://dx.doi.org/10.1016/j.jas.2015.02.032
http://dx.doi.org/10.1039/b308781f
http://dx.doi.org/10.1016/j.quageo.2007.01.004
http://dx.doi.org/10.1016/j.jhevol.2006.07.007
http://www.ncbi.nlm.nih.gov/pubmed/16949648
http://dx.doi.org/10.1016/j.jhevol.2013.06.007
http://www.ncbi.nlm.nih.gov/pubmed/23911292
http://dx.doi.org/10.1016/j.jhevol.2010.09.001
http://dx.doi.org/10.1016/j.jhevol.2010.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21392817
http://dx.doi.org/10.1016/j.quaint.2008.05.017
http://dx.doi.org/10.7554/eLife.24231


http://dx.doi.org/10.1590/sajs.2014/20130102
http://dx.doi.org/10.2458/azu_js_rc.55.16783
http://dx.doi.org/10.1016/0003-2670(93)85194-O
http://dx.doi.org/10.1016/0003-2670(93)85194-O
http://dx.doi.org/10.1016/0003-2670(92)85276-C
http://dx.doi.org/10.1016/0003-2670(92)85276-C
http://dx.doi.org/10.1016/j.apradiso.2010.03.015
http://dx.doi.org/10.1016/j.apradiso.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20409724
http://dx.doi.org/10.1016/j.quageo.2010.09.001
http://dx.doi.org/10.2478/s13386-013-0132-7
http://dx.doi.org/10.17159/sajs.2017/20160085
http://dx.doi.org/10.17159/sajs.2017/20160085
http://dx.doi.org/10.1016/0012-821X(94)90259-3
http://dx.doi.org/10.17159/sajs.2016/20160032
http://dx.doi.org/10.1016/j.quascirev.2011.08.004
http://dx.doi.org/10.1016/j.quascirev.2011.08.004
http://dx.doi.org/10.1016/S0168-1176(97)00136-5
http://dx.doi.org/10.1016/j.margeo.2004.10.034
http://dx.doi.org/10.5038/1827-806X.32.1.4
http://dx.doi.org/10.1006/jhev.2000.0435
http://www.ncbi.nlm.nih.gov/pubmed/11102266
http://dx.doi.org/10.1111/j.1475-4754.1979.tb00241.x
http://dx.doi.org/10.1063/1.1699114
http://dx.doi.org/10.1038/nature02956
http://www.ncbi.nlm.nih.gov/pubmed/15510146
http://dx.doi.org/10.1016/S1350-4487(99)00253-X
http://dx.doi.org/10.1016/j.jhevol.2009.04.002
http://dx.doi.org/10.1016/j.jhevol.2009.04.002
http://www.ncbi.nlm.nih.gov/pubmed/19647856
http://dx.doi.org/10.1016/j.geomorph.2003.09.020
http://dx.doi.org/10.1126/science.1081651
http://www.ncbi.nlm.nih.gov/pubmed/12714736
http://dx.doi.org/10.7554/eLife.24231


Partridge TC, Shaw J, Heslop D, Clarke RJ. 1999. The new hominid skeleton from Sterkfontein, South Africa: age
and preliminary assessment. Journal of Quaternary Science 14:293–298. doi: 10.1002/(SICI)1099-1417(199907)
14:4<293::AID-JQS471>3.0.CO;2-X

Partridge TC. 1973. Geomorphological dating of Cave Openings at Makapansgat, Sterkfontein, Swartkrans and
Taung. Nature 246:75–79. doi: 10.1038/246075a0

Pickering R, Dirks PH, Jinnah Z, de Ruiter DJ, Churchil SE, Herries AI, Woodhead JD, Hellstrom JC, Berger LR.
2011a. Australopithecus sediba at 1.977 Ma and implications for the origins of the genus Homo. Science 333:
1421–1423. doi: 10.1126/science.1203697, PMID: 21903808

Pickering R, Hancox PJ, Lee-Thorp JA, Grün R, Mortimer GE, McCulloch M, Berger LR. 2007. Stratigraphy, U-Th
chronology, and paleoenvironments at Gladysvale Cave: insights into the climatic control of South African
hominin-bearing cave deposits. Journal of Human Evolution 53:602–619. doi: 10.1016/j.jhevol.2007.02.005,
PMID: 17920104

Pickering R, Jacobs Z, Herries AIR, Karkanas P, Bar-Matthews M, Woodhead JD, Kappen P, Fisher E, Marean
CW. 2013. Paleoanthropologically significant south african sea caves dated to 1.1–1.0 million years using a
combination of U–Pb, TT-OSL and palaeomagnetism. Quaternary Science Reviews 65:39–52. doi: 10.1016/j.
quascirev.2012.12.016

Pickering R, Kramers JD, Hancox PJ, de Ruiter DJ, Woodhead JD. 2011b. Contemporary flowstone development
links early hominin bearing cave deposits in South Africa. Earth and Planetary Science Letters 306:23–32.
doi: 10.1016/j.epsl.2011.03.019

Pickering R, Kramers JD, Partridge T, Kodolanyi J, Pettke T. 2010. U–Pb dating of calcite–aragonite layers in
speleothems from hominin sites in South Africa by MC-ICP-MS. Quaternary Geochronology 5:544–558. doi: 10.
1016/j.quageo.2009.12.004

Pickering R, Kramers JD. 2010. Re-appraisal of the stratigraphy and determination of new U-Pb dates for the
sterkfontein hominin site, South Africa. Journal of Human Evolution 59:70–86. doi: 10.1016/j.jhevol.2010.03.
014, PMID: 20605190

Placzek C, Patchett PJ, Quade J, Wagner JDM. 2006. Strategies for successful U-Th dating of paleolake
carbonates: an example from the Bolivian Altiplano. Geochemistry, Geophysics, Geosystems 7:n/a. doi: 10.
1029/2005GC001157

Prescott JR, Hutton JT. 1994. Cosmic ray contributions to dose rates for luminescence and ESR dating: large
depths and long-term time variations. Radiation Measurements 23:497–500. doi: 10.1016/1350-4487(94)90086-
8

Reynolds SC, Kibii JM. 2011. Sterkfontein at 75: review of palaeoenvironments, fauna, dating and archaeology
from the hominin site of sterkfontein (Gauteng Province, South Africa). Palaeontologia Africana 46:59–88.

Roberts RG, Westaway KE, Zhao JX, Turney CS, Bird MI, Rink WJ, Fifield LK. 2009. Geochronology of cave
deposits at Liang Bua and of adjacent river terraces in the Wae Racang valley, western Flores, Indonesia: a
synthesis of age estimates for the type locality of Homo floresiensis. Journal of Human Evolution 57:484–502.
doi: 10.1016/j.jhevol.2009.01.003, PMID: 19254806

Sambridge M, Grün R, Eggins S. 2012. U-series dating of bone in an open system: the diffusion-adsorption-
decay model. Quaternary Geochronology 9:42–53. doi: 10.1016/j.quageo.2012.02.010

Sasowsky ID. 1998. Determining the age of what is not there. Science 279:1874. doi: 10.1126/science.279.5358.
1874

Shao Q, Bahain J-J, Dolo J-M, Falguères C. 2014. Monte Carlo approach to calculate US-ESR age and age
uncertainty for tooth enamel. Quaternary Geochronology 22:99–106. doi: 10.1016/j.quageo.2014.03.003

Singer BS. 2014. A quaternary geomagnetic instability time scale. Quaternary Geochronology 21:29–52. doi: 10.
1016/j.quageo.2013.10.003

Stock GM, Granger DE, Sasowsky ID, Anderson RS, Finkel RC. 2005. Comparison of U–Th, paleomagnetism, and
cosmogenic burial methods for dating caves: Implications for landscape evolution studies. Earth and Planetary
Science Letters 236:388–403. doi: 10.1016/j.epsl.2005.04.024

Stratford D, Grab S, Pickering TR. 2014. The stratigraphy and formation history of fossil- and artefact-bearing
sediments in the Milner Hall, Sterkfontein Cave, South Africa: new interpretations and implications for
palaeoanthropology and archaeology. Journal of African Earth Sciences 96:155–167. doi: 10.1016/j.jafrearsci.
2014.04.002

Stringer C. 2002. Modern human origins: progress and prospects. Philosophical Transactions of the Royal Society
B: Biological Sciences 357:563–579. doi: 10.1098/rstb.2001.1057, PMID: 12028792

Sutikna T, Tocheri MW, Morwood MJ, Saptomo EW, Jatmiko, Awe RD, Wasisto S, Westaway KE, Aubert M, Li B,
Zhao JX, Storey M, Alloway BV, Meijer HJ, Meijer HJ, van den Bergh GD, Grün R, Dosseto A, Jungers WL,
Jungers WL, et al. 2016. Revised stratigraphy and chronology for Homo floresiensis at Liang Bua in Indonesia.
Nature 532:366–369. doi: 10.1038/nature17179, PMID: 27027286

Taylor RE, Bar-Yosef O. 2014. Radiocarbon Dating. 2nd edn. Walnut Creek, California: Left Coast Press.
Thackeray FJ. 2016. Estimating the age and affinities of Homo naledi. South African Journal of Science 111:1–2.
doi: 10.17159/sajs.2015/a0124

Tobias PV. 2000. The fossil hominids. In: Partridge T. C, Maud R. R (Eds). The Cenozoic of Southern Africa,
Oxford Monographs on Geology and Geophysics. Oxford: Oxford University Press. p. 252–276.

Vrba ES. 1975. Some evidence of chronology and palaeoecology of Sterkfontein, Swartkrans and Kromdraai from
the fossil Bovidae. Nature 254:301–304. doi: 10.1038/254301a0

Dirks et al. eLife 2017;6:e24231. DOI: 10.7554/eLife.24231 58 of 59

Research article Genomics and Evolutionary Biology

http://dx.doi.org/10.1002/(SICI)1099-1417(199907)14:4%3C293::AID-JQS471%3E3.0.CO;2-X
http://dx.doi.org/10.1002/(SICI)1099-1417(199907)14:4%3C293::AID-JQS471%3E3.0.CO;2-X
http://dx.doi.org/10.1038/246075a0
http://dx.doi.org/10.1126/science.1203697
http://www.ncbi.nlm.nih.gov/pubmed/21903808
http://dx.doi.org/10.1016/j.jhevol.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17920104
http://dx.doi.org/10.1016/j.quascirev.2012.12.016
http://dx.doi.org/10.1016/j.quascirev.2012.12.016
http://dx.doi.org/10.1016/j.epsl.2011.03.019
http://dx.doi.org/10.1016/j.quageo.2009.12.004
http://dx.doi.org/10.1016/j.quageo.2009.12.004
http://dx.doi.org/10.1016/j.jhevol.2010.03.014
http://dx.doi.org/10.1016/j.jhevol.2010.03.014
http://www.ncbi.nlm.nih.gov/pubmed/20605190
http://dx.doi.org/10.1029/2005GC001157
http://dx.doi.org/10.1029/2005GC001157
http://dx.doi.org/10.1016/1350-4487(94)90086-8
http://dx.doi.org/10.1016/1350-4487(94)90086-8
http://dx.doi.org/10.1016/j.jhevol.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19254806
http://dx.doi.org/10.1016/j.quageo.2012.02.010
http://dx.doi.org/10.1126/science.279.5358.1874
http://dx.doi.org/10.1126/science.279.5358.1874
http://dx.doi.org/10.1016/j.quageo.2014.03.003
http://dx.doi.org/10.1016/j.quageo.2013.10.003
http://dx.doi.org/10.1016/j.quageo.2013.10.003
http://dx.doi.org/10.1016/j.epsl.2005.04.024
http://dx.doi.org/10.1016/j.jafrearsci.2014.04.002
http://dx.doi.org/10.1016/j.jafrearsci.2014.04.002
http://dx.doi.org/10.1098/rstb.2001.1057
http://www.ncbi.nlm.nih.gov/pubmed/12028792
http://dx.doi.org/10.1038/nature17179
http://www.ncbi.nlm.nih.gov/pubmed/27027286
http://dx.doi.org/10.17159/sajs.2015/a0124
http://dx.doi.org/10.1038/254301a0
http://dx.doi.org/10.7554/eLife.24231


Vrba ES. 1995. The fossil record of African antelopes (Mammalia, Bovidae) in relation to human evolution and
paleoclimate. In: Vrba E, Denton G, Burckle L, Partridge T (Eds). Paleoclimate and Evolution with Emphasis on
Human Origins. New Haven: Yale University Press. p. 262–288.

Walker J, Cliff RA, Latham AG. 2006. U-Pb isotopic age of the StW 573 hominid from Sterkfontein, South Africa.
Science 314:1592–1594. doi: 10.1126/science.1132916, PMID: 17158326

Wilkinson MJ. 1985. Lower-lying and possibly older fossiliferous deposits at Sterkfontein. In: Tobias P. V (Ed).
Hominid Evolution: Past, Present and Future. p. 165–170.

Woodroffe CD, Short SA, Stoddart DR, Spencer T, Harmon RS. 1991. Stratigraphy and Chronology of Late
Pleistocene Reefs in the Southern Cook Islands, South Pacific. Quaternary Research 35:246–263. doi: 10.1016/
0033-5894(91)90071-C

Zimmerman DW. 1971. Thermoluminescent dating using fine grains from pottery. Archaeometry 13:29–52.
doi: 10.1111/j.1475-4754.1971.tb00028.x

Dirks et al. eLife 2017;6:e24231. DOI: 10.7554/eLife.24231 59 of 59

Research article Genomics and Evolutionary Biology

http://dx.doi.org/10.1126/science.1132916
http://www.ncbi.nlm.nih.gov/pubmed/17158326
http://dx.doi.org/10.1016/0033-5894(91)90071-C
http://dx.doi.org/10.1016/0033-5894(91)90071-C
http://dx.doi.org/10.1111/j.1475-4754.1971.tb00028.x
http://dx.doi.org/10.7554/eLife.24231

