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confluence of circumstances contributed to their accumulation. This paper provides the geological
and taphonomic context to the unusual fossil assemblage of H. naledi in the Rising Star cave system,
and provides possible scenarios to explain their deposition.

The Rising Star cave system

The Rising Star cave system lies in the Bloubank River valley, 2.2 km west of Sterkfontein cave. It
comprises an area of 250 x 150 m of mapped passageways situated in the core of a gently west
dipping (17 ) open fold, and is stratigraphically bound to a 15-20 m thick, stromatolitic dolomite
horizon in the lower parts of the Monte Christo Formation ( Eriksson et al., 2006 ; Figures 1B and 2A).
This dolomite horizon is largely chert-free, but contains five thin ( <10 cm) chert marker horizons that
have been used to evaluate the relative position of chambers within the system ( Figure 2B ). The upper
contact is marked by a 1-1.3 m-thick, capping chert unit that forms the roof of several large cave
chambers. Surface mapping indicates that cave openings and flowstone-filled fractures do not
penetrate this capping chert unit, except where a dextral fault truncates the stratigraphy to the south

of the system (Figure 2). The network of cavities is developed along west-northwest, north and
northwest trending fractures and joints.

The fossil-bearing chamber, named the Dinaledi Chamber (‘Chamber of Stars’ in the Sotho language;
Figure 2A), is 30 m below surface and 80 m, in a straight line, away from the present, nearest
entrance to the cave (Figure 2B). It is situated in the central part of the system and was found during
speleological surveys (see methodology section). The only identified access point into the Dinaledi
Chamber involves an exposed, 15 m climb from the bottom of a large ante-chamber (the Dragon’s
Back Chamber), up the side of a sharp-edged dolomite block that has dislodged from the roof (the
Dragon’s Back; Figure 2B ). From the top of the Dragon’s Back, the Dinaledi Chamber is accessed via
a narrow, northeast-oriented vertical fissure, and involvesa 12 mvertical climb down, with squeezes as
tightas 20 cm, to reach the floor (Figure 2B,C). The main passage forming the Dinaledi Chamber is

25-50 cmwide atits narrowestand 10 m long, and expands in width near the intersections with cross-
cutting passages (Figure 2C). The roof of both the Dinaledi and Dragon’s Back chambers is formed by
the capping chert ( Figure 2B ). The Dragon’s Back Chamber can currently be accessed in two ways, both
involving steep climbs along narrow fractures and tight passages ( Figure 2A ): route 1, along an east-
northeast trending passage that follows a fracture for a horizontal distance of 50 m past a narrow
access point called the ‘postbox’; and route 2, along a more complicated set of broadly east-trending
passages, via a network of southeast, east and north trending fractures for 120 m, and past a narrow
access point called ‘superman crawl’. Route 1 is the most direct and contains abundant sediment
accumulations once the deeper part of the cave is accessed (i.e., 20 m into the cave); route 2 has
a gentler gradient, butis longer and involves a descent along narrow fissures largely devoid of sediment
accumulations. An exhaustive search by a professional caving team and researchers has failed to find any
other plausible access points into the Dinaledi Chamber, and there is no evidence to suggest that an
older, now sealed, entrance to the chamber ever existed. Furthermore, detailed surface mapping of the
landscape overlying the Rising Star cave system (igure 2A ) illustrates that no large flowstone-filled
fractures occur in the region above the Dinaledi Chamber.

The skeletal material recovered from the Rising Star cave was collected during two field expeditions
in November 2013 and March 2014, and includes 1550 identifiable fossil hominin specimens as well as
six bird and several rodent specimens. Of the 1550 hominin specimens, 300 numbered bone
fragments were collected from the surface of the Dinaledi Chamber, and 1250 numbered fossil
specimens were recovered from a small excavation pit in that chamber.

Results

Sedimentology

Throughout the Rising Star cave system erosional remnants of fossiliferous sediment, breccia, and
flowstone units provide evidence for several cycles of sediment-flowstone fill and removal/dissolution
as the level of the water table in the cave changed repeatedly. On approaching the Dinaledi Chamber
from the closest current cave entrance, sediment deposits in the cave become progressively finer-
grained. The coarse-grained clastic deposits encountered furthest into the cave are in the Dragon’s
Back Chamber, and include channelized sandstone and quartz/chert pebble conglomerate units that
terminate against the Dragon’s Back. The fill generally dips gently west ( <5) in the down slope
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Facies 1b consists of orange-brown mudstone interlaminated with thin lenses of silt to fine- to
medium-grained sand with angular to sub-rounded grains of chert and quartz, and abundant
micromammal fossils. The sandstone/siltstone layers are a few mm thick, and in some places display
small-scale current ripple laminations. Facies 1b is restricted to isolated erosion remnants in the floor
and to crevices in the dolostone above the floor (Figure 3). An extensive search for hominin and other
macro-vertebrate bones in Facies 1a and 1b was conducted within the Dinaledi Chamber, but none
were found.

The horizontally laminated deposits of Facies la have been interpreted as autochthonous
suspension deposits associated with a low energy environment as water laden with mud gradually
filtered into the cave chamber. Deposits of Facies 1la have also accumulated on ledges in isolated
fissures where mud filtered through narrow cracks.

Deposits of Facies 1b are interpreted to represent a higher energy environment involving pulses of
para-autochthonous and/or allochtonous sediment deposited in the cave by minor sheet flow, which
alternated with periods of quiescence during which Facies 1a muds were deposited. The source of
micromammal fossils and sand in Facies 1b has not been determined with any certainty, but
considering that Facies 1b deposits occur in isolated locations within the chamber, we assume that the
sand and fossils may have entered from narrow passageways that drain higher up into the chamber.

Facies 2: unconsolidated to consolidated, orange-brown mud clast breccia in
a mud matrix

Facies 2 consists of massive, that is, non-layered, mud clast breccia surrounded by a matrix of brown
mud with localised patches of sparry carbonate cement. Clasts in Facies 2 are predominantly
composed of laminated, orange-brown mud fragments (Facies 1a), which are weakly consolidated,
angular to sub-angular in shape, and variable in size, but typically <3 cm in diameter (Figure 4D, E).
Facies 2 locally contains pebble to cobble-sized, angular clasts of dolomite and chert, derived from
the surrounding cave walls. No reworked flowstone clasts have been observed in Facies 2 deposits.
Sediments of Facies 2 may be clast-supported (e.g., near the landing zone) or matrix supported (e.g.,
in parts of the cave floor), and the size and angularity of mud clasts varies, as does the degree of
matrix and cementation. Macro-vertebrate bones, including all the remains of H. naledi, are found
within stratigraphic units composed of Facies 2.

Facies 2 deposits are interpreted as accumulations of largely autochthonous debris derived from
within the cave chamber through weathering (auto-brecciation) and erosion of Facies 1 deposits, or
through reworking of older deposits of Facies 2. The typically angular nature of the soft mud clasts in
Facies 2 indicates minimal transport and low-energy processes in the cave chamber. The few
fragments of dolomite and chert were sourced from within the chamber, dropped from the cave roofs
and walls. Deposits of Facies 2 accumulated in the area beneath the fissure that forms the entry point
into the Dinaledi Chamber, to form a debris cone that sloped into the chamber. This debris cone
largely developed in the absence of either sustained flowing or standing water to explain its
topography and the preservation of angular mud fragments.

Flowstones in the Dinaledi Chamber

A number of different flowstone formations can be identified in the Dinaledi Chamber. These formed
at separate times, and help demarcate stratigraphic units. Each type of flowstone is described below
starting with the oldest.

Flowstone 1

The oldest flowstones in the cave are a group of five, spatially associated flowstone drapes
(Flowstones 1a e) that appear to be genetically related, and remain as hanging erosion remnants with
rounded shapes, near the entrance into the chamber (Figure 4C). Remains of Flowstone 1 are
preserved to the east of the entry point into the Dinaledi Chamber, where a large, south dipping,
dripstone apron (Flowstone 1a) and four partly dissolved, closely spaced flowstone sheets 30 100 cm
beneath it (i.e., Flowstones 1b e) build out from the back of the entry point. All remnants of Flowstone
1dip 30 south towards the bottom of the cave chamber. Flowstone 1a, which is the topmost and
thickest (<15 cm) of the early flowstone units covers a 10 15 cm thick remnant of well-indurated Facies
2 sediment assigned to Unit 2 (see below; Figure 4D). Flowstones 1b-e cover poorly consolidated
remnants of Unit 2 sediment that are partly covered themselves by deposits of younger flowstone
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Figure 8. Comparison of selected fragments and electron microprobe analytical data of Facies 2 (Unit 3, floor) sediment in the Dinaledi Chamber, and
floor sediments in the Dragon’s Back Chamber. Analytical spot size is 5 pm diameter, which is generally larger than grain sizes. (A) Chert fragment
impregnated with Mn oxi-hydroxide from the Dragon’s Back Chamber. (B) Shale fragment from the Dragon’s Back Chamber. (C) orange mud clast, typical
of Facies 2 sediments from the Dinaledi Chamber, note much finer grain size than seen in (B). (D-G) Plots of K,O vs Al,O3 for mud clast fragments in Facies
2 samples from both chambers show an important difference between them. M, muscovite compositional field. The samples from the Dinaledi Chamber
(E-G) yield some data close to the muscovite field, probably indicating sericite grains slightly smaller than the spot size, and all show a trend with K/Al
ratios much lower than muscovite, up to a high Al,O3 content >30%, which indicates either illite, or mixtures of sericite and kaolinite or other K-free clay
minerals. In (E) the analysis of the fragment shown in (C) is indicated. The sample from the Dragon’s Back Chamber in (D) shows data in the muscovite field
(data point corresponding to [B] is indicated in [D]), but otherwise only low K- and Al-concentrations, which are typical of Mn oxi-hydroxide impregnation
(data point corresponding to [a] is indicated in [D]). No analytical data in d correspond to mudstone fragments such as shown in (C). (H-K), plots of Fe as
Figure 8. continued on next page
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Figure 8. Continued

FeO vs Mn as MnO show similarity between the chambers with respect to Fe-Mn oxi-hydroxide impregnations and alterations within the fragments: in
both cases, domains with high Fe rarely coincide with domains high in Mn. (L-O), Plots of F vs Mn as MnO. Some elevated F concentrations at zero Mn
values occur, but most data show a correlation for samples from both chambers: elevated Mn content is invariably associated with elevated F, with an
atomic ratio F/Mn  0.14. No Mn oxi-hydroxide minerals with F have been described, but partial substitution of F © for OH® as in apatite might be
suspected. The similarity of the F/Mn ratios in Mn oxi-hydroxide impregnated fragments from Facies 2 sediments in both chambers suggests a uniform
geochemical environment during the Mn oxi-hydroxide alteration event.

DOI: 10.7554/eLife.09561.010

chamber, Flowstone 2 covers Unit 3 along the surface of the cave floor, encasing some hominin bones.
A few hominin bones were also collected from loose sediment accumulated on top of Flowstone 2,
and represent re-deposited material derived from recently eroded and transported deposits of Unit 3.
In situ bone fragments exist in Unit 2, which are hominin and contributed to the assemblage found in
Unit 3.

To date, most hominin bones have been collected from Unit 3. A single excavation of Unit 3 was
conducted ina 0.8 x 0.8 m pit, 20-25 cm deep (with a 50 cm deep central sondage; Figure 2C), near

Figure 9. Taphonomic spatial patterning within the fossil assemblage exposed in the excavation pit. Taphonomic
signatures and spatial orientations suggest that some of the assemblage may be para-authochthonous in nature,
rather than primary or in situ. This scenario provides a mechanism for explaining the combination of near- or
fully-anatomically articulated skeletal material and elements, which are heavily commingled and in a non-horizontal
resting state (from near-vertical to oblique long-axis orientations). (A) Example of an articulated ankle region.

(B) Example of an articulated hand. (C) Example of cluster of skeletal elements showing disarticulated elements in
a non-horizontal resting state. Note long bone fragment in near-vertical alignment, compared to normal horizontal
or near-horizontal alignment of the commingled elements surrounding it. Labels denote specimen numbers.

DOI: 10.7554/eLife.09561.011
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Figure 10. Examples of taphonomic traces recorded on hominin remains. (A) UW101-1288 tibial diaphysis showing
evidence of mineral staining adhering to the cortex. The fossil shows evidence of dark zone sub-aerial or sub-surface
weathering. Specimen shows a central midline crack with sediment infill, which separates conjoined manganese
concretions. (B) UW101-419 (Cranium A[1]) showing iron oxide staining around the external auditory meatus.

(C) UW101-312 and 1040 conjoined fragments of a tibial shaft, showing stepped transverse fracture (post-mortem) of
the mid-shaft; note longitudinal crack, and evidence of invertebrate modification. (D) UW101-1288 tibial diaphysis
showing a weathering pattern typical of Stage 1 evidenced by fine longitudinal cracks, without concomitant flaking,
delamination, or the formation of fibrous texture. (E) UW101-1074 tibial shaft showing manganese mineral
concretions overlying yellow staining across the diaphysis. (F) Specimen UW 101-419 Cranium A(1) displaying tide
lines of dark brown, reddish brown and yellow staining, which extends across different vault fragment.

(G) UW101-498 tibial shaft, showing comminuted post-mortem fracture/crushing preserved by sediment infiltrate.
(H) UW101-1070 segment of tibial diaphysis displaying differential mineral staining patterns between conjoined
fragments.

DOI: 10.7554/eLife.09561.012

a dense surface accumulation of bone where the floor levels out and the chamber widens (Figure 6C,D, 7).
The approximately 1250 specimens recovered from this excavation consist of a variety of articulated,
disarticulated and commingled cranial and postcranial material (Figure 7). Articulated elements
appear more common in the lower 10 cm of the excavation and include critical elements such as
a hand, ankle and foot (Berger et al., 2015; Figure 9). At [13 cm depth, skeletal material was found
less frequently, and after reaching a depth of 20 cm, no further fossil remains were recovered. It is not
presently known whether fossil concentrations and depths are consistent through the remainder of
the chamber.

Within the excavation pit the recovered elements present a mixture of skeletal material in near-
primary (autochthonous) and secondary (re-deposited) context (Figure 9). The excavation revealed
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Figure 11. Taphonomy—surface modifications. (A) Removal of the bone surface with sets of shallow, evenly spaced,
multiple parallel striations on fibula (UW101-1037), which run longitudinal with the main axis of the bone and are
interpreted as gastropod radula damage. (B) Fibula (UW101-1037) showing removal of the bone surface with sets of
shallow, evenly spaced, multiple parallel striations that follow the collagen fibres together with shallow circular pits
ranging from 0.1 to 3 mm in diameter, the bases of which may be smooth, cupped, or covered with multiple parallel
striations. These features have been attributed to gastropod radula damage. (C) Tibia (UW101-484) showing
removal of the bone surface with sets of shallow, striations that show a smooth scalloped edge together with circular
pits ranging from 0.1 to 3 mm in diameter interpreted as the result of gnawing by beetle larvae. (D) Tibia
(UW101-484) with areas of surface removal that have a straight edge associated with scrape marks interpreted as
damage made by a beetle mandible. (E) Fibula (UW101-1037) with sets of shallow, evenly spaced, multiple parallel
striations orientated transverse to the long axis of the bone interpreted as gastropod radula damage, resulting in an
etched surface appearance that exposes underlying structures. (F) Tibia (UW101-484) showing clusters of large
individual striations that are variably arrow-shaped and often overlap, interpreted as damage made by a beetle
mandible. Compare with Figure 12 which shows surface modifications made by modern snails and beetles and their
larvae. The scale bar in all samples equals 1 mm.

DOI: 10.7554/eLife.09561.013

a range of long bones, teeth and various other skeletal fragments as well as a nearly complete, but
highly fragmented cranium at the upper levels of the deposit, immediately underlain by a nearly
complete and articulated lower limb of a child (including articulated tibia, fibula and talus), in turn
underlain by a fully articulated hand of an adult. Within the pit the vast majority of long bones were
found in horizontal to near-horizontal positions, with limited orientational alignment. The horizontal
bones were found interspersed with a small number of long bones positioned in a non-horizontal
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Discussion

Sedimentation processes in the Dinaledi Chamber and deposition of

H. naledi

Whereas Unit 1, is a distinct older stratigraphic unit, Units 2 and 3 appear to have formed in
a continual manner involving the interaction of three separate sedimentary processes: (a) sediment
accumulation below access points into the cave chamber (i.e., near the current vertical entrance shaft);
(b) erosion of the accumulating sedimentary pile, as sediment slumped down-slope, into the chamber
towards floor drains; and (c) stabilisation by flowstone formation.

The accumulation of poorly consolidated Facies 2 sediment in Units 2 and 3, alternated with
periods of flowstone deposition. Each of the Flowstones 1la-e interpreted to have formed as crust on
top of a debris pile of Facies 2 sediment, starting with the formation of Flowstone l1a on top of
a debris cone forming Unit 2. Formation of Flowstone 1a was followed by a period of erosion during
which the poorly consolidated sediment pile, slumped inwards into the cave, probably as a result of
the removal of sediment through floor drains deeper down in the cave chamber. This erosional
process would have undercut the sediment pile of Unit 2, leaving behind partly indurated erosional
remnants of Unit 2 covered by remnants of Flowstone 1la. As the sedimentary pile below this erosion
remnant stabilized and flowstone formation continued, a new crust formed on top of the pile of Facies
2 sediment, to once more, weakly indurate the top-layer. This was followed by the next phase of
erosion, slumping and undercutting of the sediment pile, leaving behind erosional remnants of
Flowstone 1b again covering the remains of partly indurated Facies 2 mudstone breccia assigned to
Unit 2. This progressive erosional process repeated itself at least three more times to form Flowstones
1c-e, as sediment of Unit 2 was gradually reworked and spread out across the floor of the Dinaledi
Chamber, where it accumulated as Unit 3 (Figure 4). This process was concomitant with continued
weathering, auto-brecciation and erosion of remnants of Unit 1, which also contributed to formation
of Unit 3.

Deposition of Unit 3 was followed by a major phase of flowstone formation that formed cascades,
curtains and flowstone crusts atop Unit 3 across the entire chamber (Flowstone 2). In the lower parts of
the chamber and in many of the lower side passages, large areas of the cave floor (i.e., Unit 3) are still
covered by Flowstone 2 (and to a lesser extent, more recent patches of Flowstone 3), including areas
where the flowstone directly covers H. naledi bones. However, in the upper and central parts of the
main chamber, Unit 3 has been locally eroded, undercutting and partly removing the cover of
Flowstone 2; for example, near the fossil excavation pit, erosion remnants of Flowstone 2 along the
chamber wall are positioned several cm s above the present chamber floor surface, indicating erosion
of the uppermost part of Unit 3 since deposition of Flowstone 2 (Figure 4F,G). In addition, collapsed
sediment containing hominin bones derived from hanging remnants of Unit 3 have locally washed
down to be re-deposited atop Flowstone 2 lower down in the chamber, where the floor is level and no
erosion has occurred. Thus, the erosional and re-depositional processes that led to the formation of
Units 2 and 3, is on-going today, and the distribution of fossils on the cave floor is, in part at least, the
result of erosional winnowing.

The remains of H. naledi are concentrated in Unit 3, but remains also occur in Unit 2. Four hominin
bone fragments were observed in situ within Unit 2, and the shafts of a radius and ulna derived from
a juvenile hominin were found in loose material slumped from hanging remnants of Unit 2. The large
number of hominin bones collected from around the weathered base of Unit 2 also suggests that this
unit contained a significant number of the fossils that contributed to the H. naledi assemblage.

However, many of the remains of H. naledi were probably not eroded out of Unit 2 to be re-
deposited in Unit 3. Unlike Unit 2, which is limited to small erosion remnants near the cave entrance,
Unit 3 is distributed across the Dinaledi Chamber and preserves well-articulated skeletal elements that
have not been reworked from older units. This is illustrated by the presence of an articulated ankle,
foot and hand in the excavation pit in Unit 3 (Berger et al., 2015this volume; Figure 9), which
suggests that these remains were deposited in situ during the accumulation of Unit 3. It is highly
unlikely that these remains weathered out from older sediments of Unit 2, because Unit 2 accumulated
near the entrance to the chamber, that is, [I1 m away from the pit (Figure 2C), and there are no
accumulations of Unit 2 above or near the excavation pit. In addition, if a hand or foot would have
weathered out of the unconsolidated sediment of Unit 2, they would not have remained perfectly
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Table 3. Taphonomic recording criteria (after Pokines and Symes, 2013)

Signature Characters or taphonomic traces for recording

Preservational General state of remains (excellent, good, fair, or poor)

Cortical erosion/exposure of cancellous bone

Cortical exfoliation (bone loss in thin, spalling layers)

Postmortem breakage

Perimortem breakage/fragmentation or trauma

Rounding (erosion/tumbling in an abrasive environment)
Decalcified

Postmortem cracking of desiccated tooth enamel
Incidental surface striations/scratches

Soil surface exposure Surface cracking/longitudinal splitting from drying of waterlogged bone

Weathering (bleaching and cracking; sensu Behrensmeyer)

Mineral deposition Copper (green), iron (red), calcium (white), manganese (black), or other mineral
oxide staining

Vivianite formation

Concretion

Water staining (presence of a water line from mineral deposits, colour differential
line)

Mechanical Excavation damage

Micro-abrasion

Soil/burial substrate General soil staining

Warping/flattening of elements (especially the cranial vault)

Crushing/compaction from overburden

Adhering/infiltrating sediments
Faunal Adhering fauna

Carnivore puncture and gnawing

Gastric corrosion, winnowing, or windowing of bone

Rodent gnawing

Invertebrate surface modification and damage

DOI: 10.7554/eLife.09561.017

Description of weathering patterns

The remains of H. naledi were analysed following the six stage classification system of Behrensmeyer
(1978) based on faunal remains that weathered on the landscape in Kenya. Although this classification
system has been developed for surface deposits, and is therefore less suitable for South African cave
deposits, we have chosen to apply this recording system, because it allows us to address issues of
possible bone transport into the Dinaledi Chamber from surface. Behrensmeyer (1978) described six
weathering stages (Stages 0 5) based on the progressive pattern of linear cracking and flaking of the
cortical surface, followed by formation of a rough fibrous texture, and eventual collapse of bone
integrity and structure (i.e., greasy bone with tissue is designated as Stage 0, and splintered fragile
bone falling apart in situ is designated as Stage 5). The progressive weathering stages are broadly
indicative of the period of surface exposure in sub-aerial conditions, with bone exposed to the
elements, including sunlight.
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Additional files

Supplementary files

@ Supplementary file 1. Electron microprobe analyses of spots in fragments of samples UW101-SO-31,
UW101-SO-34, UW101-SO-39 and DB-1. Note that in each of the tables totals below 100% reflect
volatile content or porosity of sample, or both.

DOI: 10.7554/eLife.09561.018

@ Supplementary file 2. Summary table listing surface modifications on all morphologically
informative specimens. A total of 559 bone and dental specimens were examined for surface
modifications. This sample includes all of the larger specimens and most of the complete elements in
the collection, from both surface and excavation contexts. At low magnification (7x) most of the
bones show weathering stage 1 or 2 (Behrensmeyer, 1978), while 18% have an etched appearance
and 11% exhibit dissolution. No bone in this sample has edges consistent with a spiral (fresh) fracture.
Instead, they show weathered (19%) or recent breakage patterns (Villa and Mahieu, 1991). None of
the specimens are burnt (Stiner et al., 1995) or shows signs of trampling (Behrensmeyer et al.,
1986). There is no evidence of stone tool inflicted cut, scrape, impact or chop marks (White, 2014).
Tooth scores and pits, crenulated edges and splintered shafts associated with carnivore damage
(Kuhn, 2011) are absent. The collection bears clear traces of invertebrate activity, with most of the
bones (n = 553) exhibiting microscopic removal of the bone surface, and evenly spaced, multiple
parallel striations (35%) associated with smooth-based pits (34%), a pattern consistent with damage
made to bone by modern gastropods (Figure 12). Sixty-two specimens (10%) record large individual,
variably arrow-shaped and randomly oriented striations, consistent with those made by modern
beetles (Figure 12).

DOI: 10.7554/eLife.09561.019
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